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Preface

Dairy foods include a wide variety of foods such as milk, butter, yogurt, cream, ice cream, and
cheese. These foods represent some of the most important types of foods in Western societies. This
book aims to be a reference book on the analysis of dairy foods with a description of the main ana-
lytical techniques and methodologies and their application to the compounds involved in sensory,
nutritional, and technological quality and safety.

This book contains 41 chapters. Part I (Chapters 1 through 12) focuses on the analysis of the
main chemical and biochemical compounds of dairy foods. Chapter 1 provides an introduction
to the topics discussed in this book.

Part IT (Chapters 13 through 22) describes the analysis of technological quality, including the
use of noninvasive chemical and physical sensors to follow up the process, the analysis of the main
ingredients and additives used for these types of products, and the progress of specific biochemical
reactions and evolution of starter cultures of great importance for the final quality.

Part III (Chapters 23 through 26) deals with the analysis of nutrients in dairy foods, with
some nutrients such as prebiotics and probiotics being particularly relevant to the modern diet.

Part IV (Chapters 27 through 29) is related to the sensory quality of the different dairy prod-
ucts and the description of the main analytical tools and most adequate methodologies to deter-
mine their color, texture, and flavor perception.

Finally, Part V (Chapters 30 through 41) is devoted to safety, especially to analytical tools for
the detection of spoilage and pathogen microorganisms, allergens, adulterations, residues, and
chemical toxic compounds, whether environmental, generated, or intentionally added, that can
be found in these foods.

This book provides a complete overview of the analytical tools available for all kinds of analyses
of dairy foods; the roles of these techniques; and the methodologies for the analysis of technological,
nutritional, and sensory quality as well as of safety aspects. In short, the book discusses and
compiles the main types of analytical techniques and methodologies available worldwide for the
analysis of a wide variety of dairy foods.

The editors thank all the contributors for their outstanding work. Their achievements are very
much appreciated.

Leo M.L. Nollet
Fidel Toldra
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Chapter 1

Introduction to Analysis
in the Dairy Industry

Patrick F. Fox

CONTENT
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Basically, foods are very complex chemical systems and are not merely sources of chemicals. Most
commodities, e.g., drugs, fuels, metals, glass, ceramics, textiles, and paper, consist of one or a few
chemicals, but most natural foods contain hundreds of compounds and their characteristics may
be due to micro- rather than macroconstituents. Many of a food’s constituents interact chemi-
cally, physically, and sensorially during the processing, storage, and ingestion of the food, the
results of which dominate the physical and organoleptic properties of the food. Foods are unstable
systems being susceptible to biological, chemical, and physical deterioration, and act as vectors
for pathogenic and food-poisoning microorganisms and of indigenous or contaminating toxins
or antinutrients. The primary function of foods is to supply all macro- and micronutrients in
adequate and balanced amounts, but for most people, especially those in developed societies, who
consume adequate or even excessive amounts of nutrients, the organoleptic aspects and safety of
foods are most important. Food safety is of utmost importance and in this respect, at least three
aspects are important: (1) freedom from indigenous, endogenous, and exogenous toxins and other
contaminants, (2) freedom from pathogenic and food-poisoning microorganisms, and (3) balance
of nutrients.

w
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Food analysis is important for as least the following reasons:

1. To ensure compliance with local and international standards.

2. To provide information about the concentrations of nutrients, which is useful for consumer
education on dietary matters.

3. To ensure freedom from toxins and antinutrients.

4. To ensure freedom from pathogenic and food-poisoning bacteria.

5. To assess the physicochemical attributes of foods and food ingredients, e.g., rheological
properties, texture, and color.

6. To evaluate the sensoric properties, e.g., flavor, aroma, texture, and color.

7. To protect against fraud, e.g., the addition of water to milk, substitution of cheaper or infe-
rior ingredients for milk constituents, or the use of bovine milk for more expensive caprine
or ovine milk in certain products.

8. To assess the shelflife of products.

9. To enable manufacturers to maximize product yield or optimize the functionality of food
ingredients.

10. To assess the thermal history of a product or the health of the producing animal.
11. In the research on foods, food products, or food ingredients.

Research on all aspects of food science and technology, viz., chemical, physical, and biological,
requires/depends on the application of analytical techniques.

Considering the complexity of foods and the wide range of physical, chemical, and biological
properties to be assessed, it is not surprising that a very wide range of analytical principles have
been used in food analysis; in fact, nearly all analytical principles have been applied very promptly
in food analysis and some have originated from Food Science laboratories. These techniques range
from relatively simple methods for the determination of gross composition to highly sophisticated
methods used mainly in research laboratories. Some methods have been developed specifically for
the analysis of foods, in general, or dairy products, in particular; others are general analytical meth-
ods that have been modified for application to foods in general or specifically. In certain circum-
stances, it is necessary to analyze large numbers of samples quickly, accurately, and cheaply, e.g.,
farm milk supplies, to achieve which automated methods have been developed. In many cases, it is
desirable to obtain the result of the analysis in real time, which can be achieved by measuring some
physical property in-line, e.g., by some form of spectroscopy or by conductimetric methods.

Milk secretion is the characteristic feature of all 4500 species of mammals for nourishing their
young. Man has used the milk of other species, especially cattle, buffalo, sheep, and goats, and to
a lesser extent from five or six other species, as a source of nutrients. In developed countries today,
essentially all milk is processed to at least some extent and much of it serves as a raw material for
the production of a wide range of products—milk is a very flexible raw material, which when
subjected to one of several processing operations can be converted into unique new foods; dairy
products are probably the most diverse of all food groups. Each of these types of food has its own
unique properties and hence requires the application of specific analytical methods.

Foods became items of commerce several thousand years ago and since then have been the
subject of some form of quality control. Laws controlling the manufacture and sale of foods have
existed since Roman times. The first food legislation in England was the Assize of Bread, enacted
in AD 1266 during the reign of Edward III, which fixed the weights and prices of bread. Bread
sellers were sent to the streets with a “Baker’s Dozen” to ensure compliance with regulations; the
13th loaf was the commission for the seller or given to inspectors if the bread was found to be
underweight. The Assizes of Bread were in force until the nineteenth century.
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The adulteration of foods, frequently with very toxic materials, was widespread up to the end
of the nineteenth century [1]. This practice was exposed through the work of Frederick Accum,
Thomas Wakley (founder of 7he Lancet), and Arthur Hassall and led to a series of Acts to prevent
it [Food Adulteration Act, 1860 (revised in 1862); Sale of Food & Drugs Act, 1875]. The Society
of Public Analysts was founded in 1874, with Hassall as its first President; each county in the
United Kingdom was required to appoint at least one Public Analyst. It is fair to state that food
analysis seriously commenced with the enactment of the Sale of Food & Drugs Act, 1875 and the
appointment of Public Analysts.

Industrialization of the dairy industry occurred rapidly following the development of the
mechanical separator by Gustav de Laval in 1878 and created the requirement for easy and rapid
methods for the determination of the fat content of milk as a basis for payment by creameries. The
first method for the determination of fat in foods (and tissues) was developed by Franz von Soxhlet
in 1879 (he also proposed the pasteurization of milk, in 1886). Since the Soxhlet method is not
applicable to liquid samples, including milk, a modified ether-extraction method was developed by
B. Roese in 1884 and modified by E. Gottlieb in 1892, which is still the standard method for the
determination of the fat content of milk and dairy products. The Roese—Gottlieb method is slow
and not suitable for the analysis of large numbers of samples, such as at creameries. Three principles
were used in such situations: (1) the amount of butter produced from a representative sample of
milk or cream, (2) the volume of cream formed in a sample of milk under standard conditions,
or (3) the volume of fat released on dissolving the milk protein and destabilizing the fat emulsion
initially by concentrated NaOH, which was soon replaced by concentrated H,SO,, as used in the
methods developed by N. Gerber and S.M. Babcock around 1890. Other eatly methods for the
quantitative analysis of milk were the use of the lactometer for the determination of the specific
gravity of milk, from which the total solids content of milk could be calculated by using empirical
formulae, by Theodore Auguste Quevenne (1805-1885) around 1840 and for the determination of
nitrogen, and hence protein, by Jean Baptiste Dumas in 1833 and Johann Kjeldahl in 1873. These
methods are still used; in fact, the Roese—Gottlieb and Kjeldahl methods are the reference meth-
ods for the determination of concentration of fat and protein in milk and dairy products, although
they have been replaced by more rapid methods, based on infrared spectroscopy, for routine use.

During the twentieth century, a progression of increasingly more sophisticated techniques for
the compositional analysis of foods and the characterization of food constituents were developed.
Depending on the objective, any one of several analytical principles and almost all physical, chem-
ical, biological, microbiological, and sensory/organoleptic methods may be used in food analysis.
Some methods have been developed specifically for food analysis, but most are generally applicable
methods, modified, if necessary, for application to foods. Some methods are used in food factory
laboratories for quality control/assurance of the product or process, others are used primarily in
industrial or academic/institutional laboratories to characterize the composition, properties, and
functionality of foods and food constituents.

The gross composition (proximate analysis) of foods is of fundamental importance to manufactur-
ers, consumers, and regulatory authorities. In certain cases/situations, more detailed information on
composition is required, e.g., for nutritional purposes, product safety, or product authentication.

For nutritional, toxicological and, in some cases, technological reasons, it is necessary to quan-
tify the inorganic elements in foods, which can be done by colorimetric, titrimetric, or pola-
rographic methods for some elements but is usually done by some form of atomic absorption
spectroscopy. There are at least 30 inorganic elements (at a macro- or microlevel) in milk; some of
these elements are important for technological reasons, mostly for nutritional reasons, but some
trace elements, present as contaminants, are extremely toxic.
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The authentication of foods is very important for the avoidance of fraudulent practices; as
mentioned above, this was the principal reason for introducing food legislation in the nineteenth
century. Important examples of adulteration in the dairy industry are: addition of water to milk
(detected and quantified by the elevation of freezing point), adulteration of butter with cheaper
vegetable fats (detected and quantified by partial or complete fatty acid analysis), or adulteration
of sheep, goat, or buffalo milk with cheaper bovine milk (accomplished by gas chromatography
[GC], polyacrylamide gel electrophoresis, immunological principles, or molecular biology tech-
niques). A recent challenge in the area of food adulteration is the detection of genetically modified
organisms (GMOs) or the products of GMOs in foods, a practice prohibited in many countries;
this is best accomplished by using molecular biology techniques in involving a polymerized chain
reaction (PCR).

Since the late nineteenth century, there has been an incentive to characterize the macro- and
microconstituents of foods, including milk; this has necessitated the isolation and purification of
the constituents to homogeneity. Various chemical methods based on differential solubility were
developed initially, but these have been replaced by various forms of chromatography (adsorption,
ion exchange, size exclusion, hydrophobic, affinity, gas-liquid, liquid-liquid, etc.). Preparative
electrophoresis, including electroblotting, is very useful for the small-scale isolation of proteins.

A very wide range of characterization techniques have been used. The classical techniques of
organic chemistry for elemental analysis, functional group determination, mass determination,
and infrared spectroscopy have been used to characterize molecular weight (MW) compounds,
e.g., sugars, lipids, amino acids, and vitamins. Various forms of chromatography have been used to
identify unknown compounds by comparison with known standards. Electrophoresis may also be
useful, especially immunoelectrophoresis. Initially, mass spectrometry was used mainly to identify
low MW, volatile compounds, usually in GC eluates, but mass spectrometers are now available,
which can be used to determine the mass of very large molecules, including proteins.

The principal constituents of most foods are macromolecules, lipids, polysaccharides, and
proteins. Characterization of these involves identification of the constituent molecular units
and bonds by which they are polymerized. In the case of proteins, the amino acid compo-
sition, and the sequence of amino acids (primary structure) are key characteristics and are
now determined routinely by chromatographic methods. Depending on the primary structure,
polypeptides adopt specific secondary, tertiary, and quaternary structures (conformations).
These higher structures determine the functionality and overall properties of a protein and
are characterized by techniques such as circular dichroism, optical rotary dispersion, viscosity,
and light scattering. Many food-processing operations alter these native structures (i.e., cause
denaturation) and alter the physicochemical properties of the protein. Quantifying the extent
of protein denaturation is a fairly routine procedure in food analysis and can be assessed by
changes in solubility, optical or biological properties.

Many important properties of foods involve phase transitions from liquid to solid or vice versa,
involving crystallization or gelation of polysaccharides or proteins, which may be monitored by
various forms of rheology. Other important functional properties are related to surface activity
(i.e., emulsification or foaming) or water binding. Gelation and/or surface activity are particularly
important properties of polysaccharides or proteins used as food ingredients. Among dairy prod-
ucts, cheese has some rather unique properties, e.g., meltability, stretchability, and flowability;
specific tests have been developed to assess these properties.

Indigenous, endogenous, or exogenous enzymes play very important roles in food processing,
quality, and stability. Milk contains about 70 indigenous enzymes, some of which may cause
spoilage, e.g., lipoprotein lipase and plasmin; some have antibacterial properties, e.g., lysozyme,
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lactoperoxidase, or xanthine oxidoreductase; some serve as markers of mastitis, and hence of
quality, e.g., N-acetylglucosaminidase; some serve as markers of heat treatment, and hence of
safety or quality, e.g., alkaline phosphatase, lactoperoxidase, y-glutamylpeptidase, and catalase.
Therefore, the isolation, characterization, and quantitation of indigenous enzymes in milk has
been an important activity for more than 100 years. Today, several standardized and automated
colorimetric or fluorometric assay methods are used routinely.

Microorganisms (bacteria, yeasts, and molds) that grow in milk or on dairy products secrete
extracellular enzymes, through the action of which they convert high molecular mass materials
into smaller molecules that can be transported into the cell, where they are catabolized for the pro-
duction of energy or used for the synthesis of cellular constituents. From the perspective of a Dairy
Technologist, these enzymes may cause extensive damage and spoilage, e.g., liquefaction, gelation,
or off-flavors (due to lipolysis or proteolysis). However, if propetly controlled, these changes may
be desirable, e.g., in the ripening of cheese.

Most dairy-related microorganisms do not secrete extracellular enzymes, but their intracellular
enzymes are released following the death and lysis of the cell and may cause spoilage or desirable
changes, e.g., the significance of lactic acid bacteria in cheese ripening.

The isolation and characterization of intra- and extracellular enzymes of dairy-related microor-
ganisms is an important aspect of Dairy Science/Technology and such work requires the applica-
tion of a wide range of analytical techniques.

A small number of exogenous enzymes are used in dairy technology, where they play impor-
tant, and in some cases, essential roles. The most important exogenous enzymes in dairy technol-
ogy are rennets (selected proteinases), which are essential in the manufacture of rennet-coagulated
cheeses (-75% of all cheese) and rennet casein, an important food ingredient. The use of rennets
in cheese-making is the largest single use of an enzyme in food processing, and the use of rennets
produced by GMOs was one of the first applications of a GMO for the production of a food ingre-
dient. Other significant exogenous enzymes are other proteinases (for the production of protein
hydrolysates for dietary or pharmaceutical applications), lipases (in the manufacture of certain
cheeses or modification of the structure and physical properties of lipids), and [B-galactosidase
(lactase; for the hydrolysis or structural rearrangement of lactose). Enzymes with minor applica-
tions include catalase, lactoperoxidase, and glucose oxidase.

The analysis of enzyme preparations used in food/milk processing is very important to ensure that
they are of the type required, that their activity is of the required/specified type and strength, that they
are free of contaminating enzyme activities, which may cause undesirable side effects in the product,
and that they are free of undesirable microorganisms and other contaminants.

Milk is a very good substrate for the growth of many types of bacteria, which may cause spoil-
age; it may also serve as a vector of pathogenic bacteria originating from the dairy animals or from
farm or factory personnel. Therefore, the enumeration and characterization of the total or selected
microflora of milk or milk products have been standard procedures for more than 100 years. Until
recently, these analyses involved growth on general or selective media, sometimes after enrich-
ment, or measurement of an intermediate or terminal product, e.g., ATP or lactic acid, or the
consumption of oxygen. Today, molecular biology techniques are widely used for the selective
enumeration of bacteria. In factories that produce cheese or fermented milk products, the growth
rate of bacteria is very important and routine monitoring of inhibitors or bacteriophage is a com-
mon practice.

For most consumers, the ultimate criteria of food quality are its sensoric properties, color/
appearance, flavor (aroma/taste), and texture. These properties can be assessed subjectively using a
trained or untrained taste panel in-house or at dedicated laboratories; probably all food producers
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engage in some form of sensoric assessment of their products, and this work may become highly
scientific with large food processors or food marketing companies. An important aspect of sensory
analysis involves comparison of a company’s products with those of its competitors. Trained taste
panels are subjective, expensive to operate, and limited as to the number of samples they can assess
at one sitting. Consequently, attempts have been made for at least 50 years to develop objective
methods for quantifying food flavor, more usually food aroma, by analyzing the volatiles released
from a food sample; this has become increasingly sophisticated over time and has involved GC,
GC-MS, olfactory-GC (GCO), proton transfer reaction-mass spectrometry (PTR-MS), the elec-
tronic nose, etc. Color may be quantified relatively easily using colorimeters and various aspects
of texture may be quantified by rheological methods integrated as texture profile analysis (TPA),
using conditions that simulate the mastication of a piece of food in the mouth; such objective mea-
surements of food texture are essentially confined to research laboratories. Food producers usually
rely on subjective assessment of food texture by trained or untrained panellists.

In addition to the above more or less widely applicable analytical methods, there are numerous
specific methods that are used only in certain cases. Examples of such methods are the assessment
of digestibility iz vivo or by in vitro methods that simulate iz vivo digestion; toxicity testing in vivo
or using tissue cultures and assessing the nutritional quality of proteins by iz vivo feeding trials.

It will be evident that foods are subjected to a wide variety of analytical procedures for various
reasons. A food sample is very rarely subjected to the full range of analyses; the analytical methods
used depend on the objective of the investigation. In the following chapters, the principal analyti-
cal methods applied to foods will be described.

Reference
1. Coley, N. 2005. The fight against food adulteration, Education in Chemistry, March, 46—49.
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2.1 Introduction

Amino acids constitute important compounds for the formation and maintenance of the body
tissues. Among them, eight amino acids must be supplied in the diet because they cannot be
synthesized in enough amounts inside the organism. These amino acids, which are known as

-]
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essential amino acids, are threonine, methionine, valine, isoleucine, leucine, phenylalanine, lysine,
and tryptophan. Other amino acids are considered “conditionally essential.” This is the case of
histidine, which is essential only during childhood, or tyrosine and cysteine, which are only syn-
thesized from the essential amino acids phenylalanine and methionine, respectively. In general,
foods of animal origin are very rich in essential amino acids and analytical technologies have been
recently reported for muscle foods [1], meat products [2], and seafoods [3].

Amino acids may be found free or forming part of proteins in foods. Free amino acids fall
within the nonprotein nitrogen (NPN) fraction of milk, which also includes peptides, urea, uric
acid, ammonia, creatine, nucleic acids, amino sugars, and other compounds [4]. Free amino acids’
profile from milk depends on the origin species [5,6], but in general, the major amino acid is
glutamic acid. The main difference is taurine, considered as “conditionally essential” in infant
nutrition [6,7], which is especially abundant in human milk in comparison with cow’s milk. Heat
treatments of milk affect its content in essential and nonessential free amino acids [8,9].

Milk and dairy products are considered good sources of high-quality dietary protein for
humans because of the balanced amino acids content of its proteins. Indeed, casein, the major
milk protein, was proposed by the FDA as the standard when expressing the percentage of ref-
erence daily intake (RDI) that a food protein source supplies, and also serves as a reference to
calculate the protein efficiency ratio (PER). Milk composition depends on the origin, but casein
is always the major protein. Casein is a phosphoprotein that accounts for nearly 80% of proteins
in milk, provides calcium and phosphate and contains equalized amino acids except cysteine, a
conditionally essential amino acid, which is the rate-limiting factor for the body’s production of
glutathione, an important antioxidant. The rest of the proteins (20%) are whey proteins, which
include a collection of globular proteins, mainly B-lactoglobulin (~65%), oi-lactalbumin (~25%),
and serum albumin (~8%), which are soluble in their native forms, independent of pH. Whey has
the highest biological value (BV) in comparison with any known protein, but can be denatured
by heat. High heating (i.e., the high temperatures above 72°C, associated with the pasteurization
process) denatures whey proteins, destroying some bioactive compounds, such as the amino acids
cysteine and tryptophan. Nevertheless, undenatured whey proteins constitute a good source of
cysteine. Lysine is a dietary essential amino acid that is sometimes problematic because it may be
the first limit in diets for humans, particularly in diets rich in cereals. Generally, milk proteins
contain high amounts of lysine, but this essential amino acid is susceptible to be blocked during
heat treatments or prolonged storage, diminishing its nutritive value. Several methods to deter-
mine “chemically available” lysine like the 1-fluoro-2,4-dinitrobenzene (FDNB) or the furosine
methods among others have been proposed [10-12] and will be described later.

Among the dairy products, cheese is the largest contributor to the amount of protein avail-
able in the food supply. The composition of milk proteins changes along cheese making as a
result of separation of the curd from the whey, and ripening or curing of cheese. So, the propor-
tion of protein from cheese may increase to more than fivefold. Casein is also the main protein
in cheese, although the water-soluble milk proteins lactalbumin and lactoglobulin may also be
present depending on the amount of whey entrapped in the cheese. Ripening also influences the
nutrient content of cheese, although it does not imply a loss in the nutritive value. Main changes
lead to the development of the sensory characteristics of cheese-like texture and flavor. Enzymes
provided by starter cultures play an important role in flavor development [13-16]. Particularly, the
enzyme degradation of proteins leads to the formation of flavor components, which contribute to
the sensory perception of dairy products. More specifically, caseins are degraded into peptides and
amino acids, which have been directly related to basic cheese taste [17] and the latter are precursors
for volatile aroma compounds. In particular, the degradation of sulfur-containing amino acids,
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methionine and cysteine, as well as the aromatic and the branched-chain amino acids, all of them
essential, is crucial for cheese flavor development [18-22].

Others factors like the origin of the milk [23-25], the type of treatment (pasteurized, pressure-
treated, or raw milk) [26-29], the method of coagulation of milk (enzyme- or acid-coagulated
cheese), the starter used, and also the ripening in cheese making influence the extent of the pro-
teolysis and the resulting compounds determine the characteristics, not only in flavor but also in
texture of the final cheese [30]. In enzyme-coagulated soft cheeses (e.g., Camembert, Limburger),
much of the protein is converted to water-soluble compounds, mainly peptides, but also amino
acids and ammonia. The softness of these types of cheeses is due to the extensive solubilization
of the proteins as well as to high moisture content of the cheese. In hard cheeses (e.g., Cheddar,
Parmesan, Manchego, Swiss), an extense proteolysis with a high amino acid release occurs, much
larger than in soft cheeses (see Figure 2.1). In acid-coagulated cheeses (e.g., cottage cheese), the
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Figure 2.1 Reversed phase HPLC chromatogram of free PITC-amino acids from (a) Camembert
and (b) Parmesan cheeses.
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proteolysis is not intense and, in some of them, like Ricotta or Queso Blanco, the three milk
proteins, casein, lactoglobulin, and lactalbumin, are present in relevant amounts.

The analysis of amino acids in milk and dairy products may have different purposes like nutri-
tive value after heat treatment (i.e., content of tryptophan, cysteine, and available lysine), markers
of heat treatment or flavor development of cheese (influence of methionine, cysteine, the aromatic,
and the branched-chain amino acids). General methods for food amino acid analysis are described
elsewhere [31].

2.2 Sample Preparation

Sample preparation will depend on whether free or total amino acids have to be analyzed. Proto-
cols for preparation for both cases are given below.

2.2.1 Sample Preparation for Free Amino Acid Analysis

Free amino acids are more easily absorbed by the organism than protein-derived amino acids and
hence their nutritive value is highly appreciated, especially in the neonatal stage [32,33]. While
liquid (milk) or semiliquid samples (yogurt) are readily deproteinized to separate the protein from
the NPN fraction in which free amino acids are located, solid samples like cheese needs a previ-
ous extraction stage. Thus, cheese is usually grated and homogenized with water [34], HCI (i.e.,
0.1N) [35], or diluted buffers like citrate buffer [36,37], by using a Polytron™, Stomacher™, or
Ultra-Turrax™ blenders. The obtained homogenate is filtered or centrifuged and the filtrate or the
supernatant is deproteinized. Methods for deproteinization have been largely described [38—40]
and include the protein precipitation with either organic solvents or strong acids (generally bulky
anions), or ultrafiltration. Organic solvents cause precipitation of proteins by changing the solva-
tion of the protein with water. The organic solvents used, acetone, methanol [6,41], ethanol, or
acetonitrile [42], are miscible with water and their proportion is variable depending on the iso-
electric point of proteins [43]. After removing the precipitated protein, the sample can be readily
concentrated by evaporation. Bulky anions like 5-sulfosalycilic acid (SSA) [9,35,36], trichloroa-
cetic acid (TCA) [35-37], and perchloric acid (PCA) [44] are the most used deproteinizing agents
for milk or cheese analysis of free amino acids. Phosphotungstic acid (PTA)/sulfuric acid has been
used to obtain an extract in which the whole free amino acids content in the cheese nonprotein
fraction [45] is measured, but may lead to inexact results when analyzing individual amino acids
because some of them, especially some essentials like lysine, may not be properly recovered in the
obtained clean extract [38]. Both actions, extraction and deproteinization, may be achieved simul-
taneously by using 0.2—0.6 M HClO as extracting—deproteinizing agent [46,47]. The neutraliza-
tion of the supernatant may be required depending on the chosen subsequent analytical technique
(see Section 2.3). Many authors have also used ultrafiltration through membranes with molecular
weight cut-off of 1000 Da to isolate the cheese water-soluble fraction where the free amino acids
are present [23,26,48]. The effect of some precipitants or filtrate membranes on the recovery of
free amino acids from human plasma [49] or meat and meat products [38] have been investigated.
An example of sample preparation for the analysis of free amino acids from cheese [47] is given:
10g of cheese are dissolved in 40 mL of 0.6 M PCA and homogenized in a Sorvall Omni-mixer
for 2min. The mixture is centrifuged at 10,000 x ¢ for 5 min. The supernatant is filtered and its
pH adjusted to 6.0-7.0 with 1 M potassium carbonate or hydroxide. After filtration, the solution
is ready for analysis.
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2.2.2 Sample Preparation for Total or Hydrolyzed
Amino Acid Analysis

Sample preparation for the analysis of total amino acids includes the hydrolysis of proteins and
peptides as a first step. Main hydrolysis methods are described below, but a quantitative hydrolysis
may be difficult to achieve for some amino acids, so that cautions for those especially labile amino
acids are pointed out.

2.2.2.1 Acid Hydrolysis

The knowledge of the total amino acids profile as an index of the nutritional value of milk and
dairy products or the analysis of specific amino acids, which are part of milk peptides or proteins
may be of interest. For both aims, proteins must be hydrolyzed into their constituent amino acids
prior to the analysis. The most common method used for complete hydrolysis of proteins is acid
digestion with hydrochloric or methanesulfonic acid. Preferably, conventional liquid- or gas-phase
hydrolysis in constant boiling 6 N hydrochloric acid is performed in an oven at 110°C for 23 h.
Digestion at 145°C for 4h has also been proposed [50-53]. The hydrolysis must be carried out
in sealed vials under nitrogen or argon atmosphere and in the presence of antioxidants/scaven-
gers to minimize the degradation suffered by some especially labile amino acids (tyrosine, threo-
nine, serine, methionine, and tryptophan) in such acidic and oxidative medium. In conventional
liquid-phase method, the hydrochloric acid contacts directly with the sample and is well suited
to hydrolyze large amounts or complex samples. When limited amounts of sample are available,
the vapor-phase hydrolysis method is preferred to minimize contaminants coming from aqueous
6N hydrochloric acid. In the vapor-phase hydrolysis method, the tubes containing the samples
are located inside large vessels containing the acid. Upon heating, only the acid vapor comes into
contact with the sample, thus excluding nonvolatile contaminants. In both cases, liquid phase or
vapor phase, oxygen is removed and replaced by nitrogen or another inert gas, creating an appro-
priate atmosphere inside the vessels to assure low amino acid degradation. So, a system capable of
alternative air evacuating/inert gas purging to get a correct inner deaeration is valuable [54,55].
Another alternative, once the inert gas has purged the sample, consists of closing the glass hydro-
lysis vial by melting its neck under vacuum. The use of microwave technology for the hydrolysis
has been assayed by some authors [56—59]. 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 (less than
20 min). Nevertheless, microwave radiation-induced hydrolysis was responsible for a higher degree
of racemization of the residues, in particular histidine, methionine, and lysine showed a higher
tendency to racemization, especially in the absence of 0.02% phenol [56].

Phenol (up to 1%) or sodium sulfite (0.1%) are typical protective agents and are effective for
nearly all amino acids except tryptophan and cysteine. However, relevant tryptophan recoveries
have been reported in the presence of phenol when using liquid-phase hydrolysis or in the presence
of tryptamine when using gas-phase hydrolysis [55], and in the absence of oxygen.

Hydrolysis with 4 M methanesulfonic acid (115°C for 22-72h or 160°C for 45 min, under
vacuum) has been preferred for better tryptophan recovery [60,61]. In this case, the hydrolysis is
possible only in the liquid phase owing to the high boiling point of the reagent, and the use of pro-
tective reagents like tryptamine [62—64] or thioglycolic acid [50,65] are recommended to prevent
oxidation. An important fact to consider is the impossibility to evaporate methanesulfonic acid
after the hydrolysis. This means that the hydrolyzate can be used for chromatographic analysis
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only after pH adjustment and dilution and thus the fluorescence detection should be advisable,
owing to its higher sensibility. This procedure, which is generally applied to the determination of
tryptophan solely, is used in conjunction with the derivatization with 9-fluorenyl chloroformate
(FMOC) [62], or 4-dimethyl-aminoazobenzene-4"-sulfonyl chloride (dabsyl-Cl) [63], resulting in
very good recoveries for all amino acids, including tryptophan (see next section for these deriva-
tive details). The hydrolysis with 3 M mercaptoethanesulfonic acid at high temperature for short
time (160°C-170°C for 15-30 min) has also been reported to improve tryptophan and methionine
recoveries [66].

Whey protein is especially rich in cysteine but the content of cysteine in casein and whey pro-
tein differs by more than a factor of 10. This is the reason for why the analysis of cysteine has been
used as a method to estimate the protein whey fraction in casein coprecipitates and milk powder
[67]. Cysteine is one of the more difficult amino acids to quantitate by amino acid analysis, because
its sulfhydryl group can undergo a variety of reactions during protein workup and acid hydroly-
sis [68]. Thus, cysteine (and also cystine) gets partially oxidized during acid hydrolysis yielding
several adducts: racemic mixtures of L-cystine, cysteine sulfinic acid, and cysteic acid, making its
analysis rather difficult. Several procedures have been proposed to better analyze cyst(e)ine sub-
mitted to acid hydrolysis. The use of alkylating agents to stabilize cysteine before the hydrolysis has
been used as a valid alternative [69]. Good recoveries have been reported by using 4-vinyl-piridine
[70], 3-bromopropylamine [68], and 3,3"-dithiodipropionic acid [67,71,72]. The resulting deriva-
tives will be analyzed by some of the methods described in the next section. Another widespread
used procedure consists of the conversion of cysteine to cysteic acid by performic acid oxidation
prior to acid hydrolysis [73—77]. Cysteic acid can be analyzed by some of the methods described
in the next section.

As can be observed, no single set of conditions will yield the accurate determination of all
amino acids. In facg, 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 like phenol yields acceptable results for the majority of amino acids, being
enough for the requirements of any food control laboratory. However, when the analysis of tryp-
tophan or cyst(e)ine is necessary, adequate special hydrolysis procedures as those described eatlier
should be performed. When high sensitivity is required, the pyrolysis at up to 600°C overnight of
all glass materials in contact with the sample and the gas-phase hydrolysis is advisable as well as
the analysis of some blank samples to control the level of background present. The optimization of
conditions 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, etc. has been

extensively reported in the literature [52,53,55,56,78,79].

2.2.2.2 Alkaline Hydrolysis

The alkaline hydrolysis with 4.2 M of either NaOH, KOH, LiOH, or Ba(OH),, with or without
the addition of 1% (w/v) thiodiglycol for 18h at 110°C in a conventional oven [74,80—86] or
18 min in a microwave oven [57] has been recommended for a better tryptophan determination,
especially for food samples with high carbohydrate content like dairy products.

2.2.2.3 Enzymatic Hydrolysis

Enzymatic hydrolysis with proteolytic enzymes such as pepsine, trypsin, chymotrypsin, carboxy-
peptidase, aminopeptidase, papain, thermolysin, prolidase, and pronase have been used to analyze
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specific amino acid sequences or single amino acids because of their specific and well-defined
activity. Pronase has shown to be the most effective enzyme to release all lysine, methionine,
tryptophan, and 60% of the cysteine from casein [87], or tryptophan from soy- and milk-based
nutritional products [88], while a mixture of pepsine, pronase E, prolidase, and aminopeptidase
has been used to ensure total hydrolysis of lysine, tryptophan [89,90], and glutamine [91] from
milk proteins.

2.3 Amino Acid Analysis

After sample preparation, amino acids may be analyzed as a pool without separating each other by
spectrophotometry or individually by chromatography (high-performance liquid chromatography
[HPLC] or gas-liquid chromatography [GLC]) or capillary electrophoresis (CE).

2.3.1 Analysis of the Whole Amino Acid Content

The simplest aim consists in the analysis of the whole amino acids amount without discriminating
each other. This analysis does not discriminate between free amino acids and small peptides and
is based on the reaction of the 0i-amino group with reagents like o-phthaldialdehyde (OPA) [92],
cadmium-ninhydrin [93-96], or 2,4,6-trinitrobenzene sulfonic acid (TNBS) [97-100]. These
reagents rend chromophores that increase the amino acids’ ultraviolet response at a higher wave-
length or confer visible or fluorescent characteristics to them.

Methods for this analysis have been extensively described and compared with each other
[101-103]. They generally include the precipitation of sample proteins with TCA, SSA, or PTA.
Amine nitrogen in the supernatant is determined through colorimetry, UV-absorption, or fluo-
rescence with previous derivatization with the reagents enumerated above. This analysis is usually
performed to study proteolysis changes during cheese ripening [97,104].

2.3.2 Analysis of the Amino Acid Profile

The separation of the individual amino acids in a mixture requires very efficient separation tech-
niques like HPLC or GLC. The choice mainly depends on the available equipment or personal
preferences, because each methodology has its advantages and drawbacks.

2.3.2.1 High-Performance Liquid Chromatography

HPLC is the most versatile and widespread technique to analyze amino acids. Amino acids are
derivatized either before or after separation to enhance their detection.

2.3.2.1.1 Derivatization

Derivatization is a usual practice in the 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 sec-
ondary 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.
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It is worthwhile to remark that the use of enough amount of derivatization reagent is of special
importance when dealing with biological samples since reagent-consuming amines, although
unidentified, are always present [105].

Some reports comparing amino acid derivatization methods for the HPLC [31,40,106-109]
analysis of biological samples have been published. The most used derivatization methods are
described below:

Ninhydrin: The most used postcolumn derivatization method after amino acid cation-exchange
chromatographic analysis is the reaction of amino acids with ninhydrin. The reaction takes place
in hot at pH 6 and rends colored derivatives detectable at 570 (primary amino acids) and 440 nm
(secondary amino acids).

4-Dimethyl-aminoazobenzene-4-sulfonyl chloride (dabsyl-Cl): This reagent forms stable
(weeks) derivatives with primary and secondary amino acids, which are detectable 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 [63]. The reaction time is around 15 min at 70°C and takes
place in a basic medium with an excess of reagent. The major disadvantage is that the reaction
efficiency is highly matrix-dependent and variable for different amino acids, being affected by the
presence of high levels of some chloride salts in particular [110]. 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, Krause et al. [111] obtained a good separation of more
than 40 dabsyl-amino acids and by-products (amines) from foodstuffs including cheese.

Phenylisothiocyanate (PITC): The methodology involves the conversion of primary and second-
ary amino acids to their phenylthiocarbamyl (PTC-) derivatives, which are detectable at 254 nm.
The PTC-amino acids are moderately stable at room temperature for 1 day and much longer under
frozen storage, especially in dry conditions. The methodology is well described in the literature
[112-115]. Sample preparation is quite laborious; it requires a basic medium (pH 10.5) with tri-
ethylamine and includes several drying steps, being the last one necessary to eliminate the excess
of reagent, which may cause damage to the chromatographic column. Twenty minutes of reaction
time at room temperature is recommended for a complete reaction. The chromatographic separa-
tion takes around 20 min for hydrolyzed amino acids and 65 min for physiological amino acids.

The reproducibility of the method is 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 [109]. The selection of the column is
critical to get a good resolved separation, especially when the analysis of physiological amino acids
is involved. The chromatograms of free PITC-amino acids from two types of cheese are shown in
Figure 2.1. Parmesan cheese looks much more hydrolyzed than Camembert, as shown in the UV
absorbance, and their amino acid patterns are very different, showing the characteristic proteolytic
process taking place in each cheese.

The reliability of the method has been tested on food samples [107,113,116] and compared
with the traditional ion-exchange chromatography and postcolumn derivatization [107,117].

I-Dimethylamino-naphtalene-5-sulfonyl chloride (dansyl-Cl): Dansyl-Cl reacts with both pri-
mary and secondary amines to give a highly fluorescent derivative (A_, 350; A, 510 nm). The
dansylated amino acids are stable for 7 days at -4°C [118] if protected from light. The sample
derivatization appears as simple, only needs a basic pH, around 9.5, and a reaction time of 1h at
room temperature (in the dark), or 15min at 60°C or even 2min at 100°C. However, the reac-
tion conditions (pH, temperature, and excess of reagent) must be carefully fixed to optimize the
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product yield and to minimize secondary reactions [118,119]. Even so, it 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 [109].
Another problem is that the excess of reagent (needed to assure a quantitative reaction) is hydro-
lyzed to dansyl sulfonic acid, which is highly fluorescent and probably interferes in the chromato-
gram as a huge peak. On the contrary, this methodology reveals excellent linearity for cystine and
also cystine-containing short-chain peptides [108,109,120,121]. This derivative has been also used
to analyze taurine [122].

9-Fluorenylmethyl chloroformate (FMOC): This reagent yields stable derivatives (days) with
primary and secondary amines. The derivative is fluorescent (A, 265nm; A, 315nm) being
detected at the femtomole range. The major disadvantage is due to the reagent itself or its hydro-
lyzed form, which is highly fluorescent and then, the excess may interfere in the chromatogram.
It must be extracted (with pentane or diethyl ether) or converted into noninterfering adduct prior
to injection. The first option was included in the automated Amino Tag™ chemistry system [123]
developed by Varian (Varian Associates Limited). In the second option, the reaction of the reagent
excess with a very hydrophobic amine as 1-adamantylamine (ADAM) gives a late-eluting nonin-
terfering peak [124]. This method is preferred because the addition of ADAM is more easily auto-
mated. The reaction time is fast (45-905s) and does not require any heating. To obtain reliable and
precise results, reaction conditions, such as 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. The
cysteine fluorescence can be enhanced by alkylation with 3-bromopropylamine, and the resulting
S-3-aminopropylcysteine elutes well resolved between histidine and lysine [68].

ex?

o-Phthaldialdehyde: This reagent reacts with primary amino acids in the presence of a mercap-
tan cofactor to give a highly fluorescent adduct. The fluorescence is recorded at 455 or 470 nm after
excitation at 230 or 330 nm, respectively, and the reagent itself is not fluorescent. OPA derivatives
can be detected by UV-absorption (338 nm) as well. It may be used either for pre- or postcolumn
derivatization. This last is used to be coupled with cation-exchange HPLC [50,65]. The choice of
mercaptan (2-mercaptoethanol, ethanethiol, or 3-mercaptopropionic acid) can affect derivative
stability, chromatographic selectivity, and fluorescent intensity [50,65,125,126]. 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 deriva-
tization and column injection by automation. The major disadvantages are the low and variable
yields with lysine and cysteine and that OPA does not react with secondary amines like proline.
The addition of detergents like Brij 35 to the derivatization reagent seems to increase the fluores-
cence response of lysine [45,127,128]. On the other hand, to improve the cysteine determination
and, previous to the OPA derivatization, several methods have been proposed like the conversion
of cysteine and cystine to cysteic acid by oxidation with performic acid, the formation of the
mixed disulfide §-2-carboxyethylthiocysteine (Cys-MPA) from cysteine and cystine, using 3,3"-
dithiodipropionic acid [72] (see Section 2.2.2.1), or the carboxymethylation [69] of the sulfhydryl
residues with iodoacetic acid [129]. The last two reactions can be incorporated into the automatic
sample preparation protocol [125,109,129,130]. In these methods, cysteine and cystine are quanti-
fied together. Another proposal [131] consists of a slight modification in the OPA derivatization
method by using 2-aminoethanol as a nucleophilic agent and altering the order in the addition of
reagents in the automated derivatization procedure [130]. Secondary amines can be analyzed in
the same run by combining the OPA with other derivatization methods as FMOC, which should
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be taken sequentially. This is the basis of the AminoQuant system™ developed and marketed by
Agilent Technologies and described by Schuster [130] and Godel et al. [125].
6-Aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC): It reacts with primary and secondary
amines from amino acids yielding very stable derivatives (1 week at room temperature) with fluo-
rescent properties (A,, 250 nm; A, 395 nm). Ultraviolet detection (254 nm) may also be used.
Sensitivity is in the fmol range. The main advantage of this reagent is that the yield and repro-
ducibility of the derivatization reaction is scarcely interfered by the presence of salts, detergents,
lipids, and other compounds naturally occurring in meat products. Furthermore, the optimum
pH for the reaction is in a broad range, from 8.2 to 10, that facilitates sample preparation. The
excess of reagent is consumed during the reaction to form aminoquinoline (AMQ), which is only
weakly fluorescent at the amino acid derivatives detection conditions and does not interfere in the
chromatogram. Reaction time is short, 1 min, but 10 min at 55°C would be necessary if tyrosine
monoderivative is required, because both mono- and diderivatives are the initial adducts from
tyrosine. Cysteine is usually analyzed as cysteic acid formed by oxidation with performic acid,
previous derivatization [132]. Fluorescence of tryptophan derivative is very poor and UV detection
at 254 nm may be used to analyze it. In this case, the AMQ peak appears very large at the begin-
ning of the chromatogram, and may interfere with the first eluting peaks [132]. The chromato-
graphic separation of these derivatives has been optimized for the amino acids from hydrolyzed
proteins but, the resolution of physiological amino acids needs to be improved [133], which is the
main drawback of this method. Figure 2.2 shows a chromatogram of the AQC-amino acids from
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Figure 2.2 Reversed phase HPLC chromatogram of AQC-amino acids from hydrolyzed
(@ Manchego cheese and (b) casein.
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hydrolyzed Manchego cheese and casein, where the coincidence between both amino acid profiles
point out that casein is the major protein present.

Fluorescamine, which rends fluorescent derivatives with primary amino acids, has been used
in precolumn derivatization of taurine. The column (RP-column) eluent was monitored at 480 nm
(emission) after excitation at 400 nm [134]. This derivatization reagent may also be used postcol-
umn after ion-exchange separation.

2.3.2.1.2 Separation and Detection

The HPLC separation techniques most used for the analysis of amino acids are cation exchange
(CE-HPLC) and reversed phase (RP-HPLC). CE-HPLC used for the separation of nonderivatized
amino acids, which are then postcolumn derivatized (by ninhydrin or OPA), is up to now the most
frequently used technique for dairy products amino acids probably due to the widespread use of
commercially available “amino acid analyzer.” Indeed, 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. RP-HPLC is mainly used to separate precolumn-derivatized amino acids (see the
previously described reagents). This is a more versatile technique and the used columns and facili-
ties can be shared with other applications. The choice of the reversed phase column is essential to
get a good separation because many peaks appear in the chromatogram, especially in the analysis
of free amino acids. In the case of hydrolyzates, the sample is simpler and the use of shorter col-
umns is advisable to reduce the time of analysis. Reversed phase has also been used to separate
some underivatized amino acids like methionine, which is further detected at 214 nm [135] or the
aromatic amino acids Tyr, Phe, and Trp that can be detected not only at 214 nm but also at 260
or 280 nm. Indeed, Phe presents a maximum of absorption at 260 nm, Tyr at 274.6, and Trp at
280 nm. The separation in this case may be achieved by using a gradient between 0.1% trifluoroa-
cetic acid (TFA) in water and 0.08% of TFA in acetonitrile:water (60:40). Absorption spectra from
these amino acids may add to their identification (see Figure 2.3).

For the rest of amino acids, the detector used depends on the chosen derivative, but it is worth-
while to take into account the previous section about derivatization (Section 2.3.2.1.1), because
certain derivatives from some specific amino acids have a poor response.

2.3.2.2 Gas-Liquid Chromatography

The very high-resolution capacity is the main advantage of gas chromatography, in comparison
with liquid chromatographic techniques, especially since the capillary columns appeared. Never-
theless, different conditions are sometimes needed to obtain a unique derivative from each amino
acid, what constitutes a drawback of this technique that makes it not often used for the determi-
nation of amino acids from foods in general. To their analysis by GLC, the amino acids must be
converted to volatile and thermostable molecule. Reactions consist in two stages: an esterifica-
tion with an acidified alcohol followed by N-acylation with an acid anhydride in an anhydrous
medium. The detector most widely used is the flame ionization detector (FID), which is universal,
but in many cases, GLC has been combined with mass spectrometry (MS) for detection and iden-
tification [136].

Some commercially available proposals for the GLC analysis of amino acids are the kit offered
by Supelco (Sigma-Aldrich, Bellefonte, PA), which uses N-methyl-/V-(+-butyldimethylsilyl)-
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Figure 2.3 Reversed phase HPLC chromatogram of underivatized Manchego-type cheese
extract showing the aromatic amino acids and their corresponding UV spectra. Chromato-
graphic conditions are described in text (see Section 2.3.2.1.2). Tyrosine (--), phenylalanine
(—), and tryptophan (- - -).

trifluoroacetamide (MTBSTFA) as derivatizing reagent and a short (20 m) capillary column (they
give the conditions to separate 24 amino acids in 8 min) or the method EZ:fast, which is a patent
pending method (Phenomenex, Torrance, CA) to analyze protein hydrolyzates and physiological
amino acids from serum, urine, beer, wine, feeds, fermentation broths, and foodstuffs. This
method includes a derivatization reaction (proprietary), in which both the amine and carboxyl
groups of amino acids are derivatized. Derivatives are stable for up to 1 day at room temperature
and for several days if refrigerated and are further analyzed by gas chromatography (GC)/FID,
GC/nitrogen—phosphorous detection (NPD), GC/MS, and liquid chromatography (LC)/MS.
Results (50 amino acids and related compounds) are obtained in about 15 min (sample prepara-
tion included) when using the GC method or 24 min by using the LC method.

There are some studies reporting the analysis of amino acids by GLC in milk [136], and in
cheese [36,137]. Other more specific applications are the analysis of amino acids enantiomers
[138] or the analysis of some indicators of thermal damage like lysinoalanine (LAL), carboxym-
ethyllysine (CML), lactoloselysine, or furosine [89,139-141]. GLC is in general not recommended
for some of the essential amino acids like cysteine, tryptophan, or methionine. Nevertheless, a
method of analysis for tryptophan in proteins based on the GLC separation of skatole produced by
pyrolysis of tryptophan at 850°C was developed by Danielson and Rogers [142]. Sample pretreat-
ment for this method is limited to only sample lyophilization to form a dry solid, and hydrolysis
is not required.
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2.3.2.3 Capillary Zone Electrophoresis

Capillary zone electrophoresis (CZE) is an extremely efficient technique for separations of charged
solutes [143,144]. The high efliciency, speed, and the 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 par-
ticular pH can significantly improve the resolution of one kind, it is very likely to cause ovetlap
with the others. Under the conditions of the electro-osmotic 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 from each other. Terabe
et al. [145,146] introduced a modified version of CZE where surfactant-formed micelles were
included in the running buffer to provide a two-phase chromatographic system for separating neu-
tral compounds together with charged ones in a CE system. This technique has also been termed
“micellar electrokinetic capillary chromatography” (MECC). Basic theoretical considerations on
this technique [147] and its food application [148] are described elsewhere.

With few exceptions [149-151], derivatization is used to improve separation, to enhance
ultraviolet detection, or to allow fluorescence detection of amino acids. Good separations have
been reported for precapillary derivatized amino acids with dansyl-Cl [147,152,153], PITC [154],
phenylthiohydantoin [155,156], FMOC [157], and OPA [158]. Liu et al. [158] compared the sepa-
ration of OPA-amino acid derivatives by CZE with normal and micellar solutions, showing that
higher efliciency is obtained by the MECC methods with sodium dodecyl sulfate (SDS) as micelle-
forming substance. SDS is indeed the most used reagent to form micelles though others like dode-
cylerimethylammonium bromide [156], Tween-20 [159] or octylglucoside [160] have been assayed.
The effect of organic modifiers (acetonitrile, isobutanol, methanol, tetrahydrofuran...) and urea,
as additives, on the electro-osmotic mobility and electrophoretic mobility of the micelle has been
studied [161-163].

The applications of this technique is in many cases focused to resolve racemic mixtures of
amino acids (D+L-amino acids) by adding a chiral additive like /NV-acetyl-L-cysteine [164] or
B-cyclodextrin [157] among others. The CE coupled to electrospray ionization mass spectrometry
(CE-ESI-MS) allows the direct amino acid analysis without derivatization [165], using 1 M formic
acid as electrolyte. Protonated amino acids are separated by CE and detected selectively by a qua-
drupole mass spectrometer with a sheath flow electrospray ionization interface.

2.4 Special Analysis

The processing of milk and dairy products has a direct effect on the nutritive value of the milk
protein for altering the biological availability of some essential amino acids, especially lysine and
tryptophan. In this section, methods for the analysis of both are described.

2.4.1 Lysine

To assure microbiological safety and to extend the shelf-life period, milk and some milk products
may be submitted to more or less severe thermal treatment like pasteurization, sterilization, con-
centration, or spray-drying, which may diminish the nutritive value by decreasing the digestibility
of some essential amino acids. This is the case of lysine. During heat treatments and subsequent
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prolonged storage of milk, some Maillard reactions or undesirable crosslinking reactions with the
formation of LAL take place.

LAL is formed from the reaction of the €-amino group of lysine with dehydroalanine result-
ing from P-elimination of cyst(e)ine, serine, or its derivatives (phosphorylserine, glycosylserine)
[166,167]. This reaction is favored by alkali treatment in milk products and mainly occurs in com-
mercial caseinate; otherwise, very small concentrations are found in raw or pasteurized milk [168].
LAL has been presented as a useful parameter for distinguishing between natural Mozzarella
cheese and the imitation products [139,168,169]. Also LAL has been used as a sensitive indica-
tor for heat treatment of milk [168,170]. Methods for its analysis include acid hydrolysis (0.6 N
HCl at 110°C for 22 h) and any of the following methods: (1) CE-HPLC followed by postcolumn
derivatization with ninhydrin [171], (2) precolumn derivatization with dansyl-Cl and RP-HPLC
with fluorescence detection [168], (3) precolumn derivatization with FMOC, solid-phase extrac-
tion (amino cartridge) to isolate the LAL and RP-HPLC with fluorescence detection [169], (4)
GC-FID (or MS) analysis of N-tert-butyl dimethylsilyl (BDMSi) derivatives [139,140].

Also, heat treatments and prolonged storage of milk promote Maillard reactions, which take
place between amines and the reducing carbohydrate lactose. In the initial stage of this reaction,
mainly the side-chain amino group of the protein-bound lysine reacts with lactose to form the
first stable Amadori product lactuloselysine (€-(deoxylactose)lysine), leading to a loss of nutritional
value due to blockage of the essential amino acid lysine [11]. Prolonged thermal treatment and
furthermore, pro-oxidative conditions such as the presence of iron/ascorbic acid can promote the
formation of stable advanced-glycation end products (AGEAs) [89,172] like the CML, which is
proposed as a useful indicator of the nutritional quality of severely heat-treated foods [141]. The
percentage of blocked lysine in milk products depends on the type of heat treatments and also on
the composition of the products [166].

During the acid hydrolysis used in amino acid analysis, the lysine, which is found blocked in
the native protein, reverts back to the parent amino acid, leading to errors in the estimates of the
“available” lysine of dairy foods for nutritive concern. Thus, the determination of available lysine
may be achieved by protecting the €-free-protein lysine group with (1) FDNB, (2) TNBS, (3)
NaBH, [173], or (4) OPA, previous to an eventually acid hydrolysis. Another option can be the
enzymatic release of lysine as described in Section 2.2.2.3 followed by any of the chromatographic
methods described in Section 2.3.2.

The measure of both blocked and lysine available is useful to evaluate either the effect of
thermal treatment on the milk nutritive value or the correct treatment application, and also to
detect the addition of powdered milk to a food [174,175]. Several methods as spectrophotometric
(fluorometric) methods by using FDNB-reactive lysine method [176-179] or OPA [180,181], the
furosine method [182-185] or the direct measurement of the lactuloselysine [90] among others
have been proposed for this purpose.

FDNB-reactive lysine method was developed by Carpenter [179]. Briefly, sample is first deriva-
tized with FDNB in dark at room temperature for 2h. Dried derivatized sample is hydrolyzed
using 6 M HCI (110°C, 24 h). Hydrolyzed sample is evaporated to dryness and reconstituted with
water:acentonitrile (1:4) and analyzed by RP-HPLC in a Cg column, following which, N-e-(2,4-
dinitrophenyl)-L-lysine (DNP-Lys) is detected at 360 nm. This same procedure is well described
elsewhere [175].

OPA derivatization and analysis of chemically available lysine in milk matrices was described
by Ferrer et al. [180] and Vigo et al. [181] and has the advantage of not requiring either hydrolysis
or amino acid analysis of the sample.
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The furosine method is based on the observation that the acid hydrolysis with 8 N HCI at
110°C for 23 h of the Amadori compound lactuloselysine produces the nonprotein amino acid
furosine (e-NV-(2 furoyl-methyl)-L-lysine) [167,186], which can serve as an index of the unavail-
able lysine and as suitable indicator of the effect of heat treatments on milk quality [187,188].
Microwave hydrolysis in less than 30 min is also successful [189]. After promoting its formation,
furosine is analyzed by the procedure described as follows. Hydrolyzed sample is filtered or cen-
trifuged and the filtrate or supernatant passed through a Cg solid-phase extraction cartridge.
Retained furosine is eluted with 3 M HCI and analyzed by ion-pair (sodium heptane sulfonate)-
reversed phase HPLC with UV detection at 280 nm [183-185]. CZE has also been used to ana-
lyze furosine [190-193].

Because the furosine formation is not quantitative with an yield of only 30%-40% [186], this
method can lead to a significant underestimation of lysine damage [90]. Nevertheless, this recov-
ery rate is reproducible if consistent analytical conditions are applied and, on the other hand, pure
standard furosine is commercially available, what constitutes an advantage, even though, Henle
et al. [90] proposed the direct measure of its precursor lactuloselysine as an alternative.

Measurement of lactuloselysine. As mentioned, lactuloselysine (e-(deoxylactulose)lysine) is an
Amadori compound formed at the first stages of Maillard reaction taking place between lysine and
lactose under heat treatments or prolonged inadequate storage. The method proposed by Henle
et al. [90] includes an enzymatic hydrolysis of sample by the sequential addition and incubation
with the enzymes pepsin, pronase, aminopeptidase, and prolidase and the ion-exchange amino
acid analysis with ninhydrin detection. This method allows the determination of lactuloselysine
(blocked-lysine) and free lysine in the same chromatogram.

2.4.2 Tryptophan

Tryptophan is also an essential amino acid, which is easily destroyed by oxidation promoted by
Maillard products or iron [172,194]. To analyze tryptophan sample hydrolysis with methanesul-
fonic or mercaptoethanesulfonic acids, alkaline or enzymatic hydrolysis are recommended to be
better than HCI hydrolysis (see Section 2.2.2). Afterward, there are several possible analytical
methods like cation-exchange chromatography with postcolumn derivatization with OPA [81],
RP-HPLC previous or without derivatization, and direct UV or fluorescence detection [80,194]
or even by GLC [142]. Direct determination of tryptophan without separation or even without
hydrolysis of the sample are based on either the acid ninhydrin method [195] or the tryptophan
forth-derivative UV-absorption spectrum [196].
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3.1 Introduction

Peptides produced by the hydrolysis of milk proteins during technological processes and stor-
age greatly influence the functional and biological properties of dairy products. For instance,
in cheese, proteolysis during ripening is the most important biochemical event that decisively
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contributes to texture and flavor development through the degradation of the protein network and
formation of savory peptides and substrates for secondary catabolic changes [1]. On the other hand,
modification of milk proteins based on enzymatic hydrolysis has a broad potential for designing
hydrolysates containing peptides with the required functionality for specific applications, such as
milk proteins, caseins, and whey proteins, which are commercially available in large quantities
at a reasonable cost [2]. There also exists a possibility to modify hydrolysis to produce peptides
for hypoallergenic formula, special diets, or clinical nutrition. Functional applications include
improved whipping, gelling, and solubility of the formulated products. In addition, during the last
two decades, several studies have shown the presence of peptides with biological activity [3]. These
peptides are hidden in a latent state within the precursor protein sequence, but can be released by
enzymatic proteolysis during gastrointestinal digestion 7z vivo, or during the manufacture of milk
products. Thus, proteolysis during milk fermentation and cheese ripening leads to the formation
of various peptides, some of which are capable of exhibiting bioactivities mentioned earlier or act
as precursors of the active forms.

Irrespective of the target function, it is important to characterize milk peptides on the basis
of size, sequence, posttranslational modifications (e.g., phosphorylation, glycosylation), chemical
modifications occurring during processing, storage, etc. This implies separation, identification, and
quantitative determination of peptides formed as a part of complex mixtures. This information can
be used to explain their influence on the biological activity, flavor, and functional properties of food
containing milk peptides, and can also be used for product authenticity and history assessment.
Peptide analysis can also be applied for the characterization of milk proteins using a proteomic
approach or to assess the specificity and suitability of proteolytic enzymes for certain uses [4].

This chapter deals with the main analytical techniques for milk-peptide analysis, and is divided
into two parts. The first section deals with the conventional methods for peptide separation, detec-
tion, and quantification, such as electrophoretic and chromatographic methods, as well as spectro-
scopic and immunochemical techniques. However, an exhaustive description of these techniques
is not included in this chapter, because a detailed explanation of their analytical basis can be found
in the work of Gonzalez de Llano et al. [5]. Instead, the first part of the chapter focuses on the most
recent applications of milk-peptide analysis, stressing the newest contributions to the assessment
of quality of dairy-based products. The second section pays special attention to mass spectrometry,
because its application to milk peptides has grown enormously during the last decade, constitut-
ing, nowadays, a key tool in this area. A brief survey of the most commonly used ionization tech-
niques (electrospray and matrix-assisted laser desorption/ionization) and the mass analyzers is also
included, along with several examples that illustrate the application of mass spectrometry in the
analysis of dairy peptides.

3.2 Conventional Methods for Peptide Analysis

3.2.1 Electrophoretic Methods

Polyacrylamide gel electrophoresis (PAGE) has been widely applied to the study of milk proteins
and large milk-derived peptides. These can be separated according to their mass to charge ratio
(native PAGE or urea-PAGE), isoelectric point along a pH gradient (isoelectric focusing [IEF]),
or molecular weight (sodium dodecyl sulfate-polyacrylamide gel electrophoresis [SDS-PAGE]).
Classic PAGE methods are commonly used to monitor protein degradation while allowing the
simultaneous detection of big proteolytic fragments. Table 3.1 shows several recent examples of the
application of PAGE to study the extent and type of primary proteolysis in cheese. In most of these
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Examples of Methods for Peptide Analyses Used for the Characterization of

cheese

RP-HPLC of WSF

Analytical Chemometric or
Method? Other Method® Application and Main Results References
RP-HPLC of the Analysis of volatile |Several nitrogen and volatile [6]
WSF <1000 Da compounds compounds were characteristic of
each of six Spanish cheese varieties
Urea-PAGE Assessment of changes in the level of [7]
proteolysis in the internal portions of
RP-HPLC Pecorino Siciliano cheese
Urea-PAGE of CN There were only minor differences in [8]
the concentration of some peptides
RP-HPLC of NCN, among Tulum cheese ripened in goat’s
EtSF, and skin bags (tulums) or plastic containers.
non-EtSF Age-related differences were significant
CE of cheese PCA There were systematic differences [9]
samples between dairies in caseins and
; vsi peptides, but only minor differences
RP-HPLC o Sensory analysis in sensory attributes
the WSF
Urea-PAGE of CN  |PCA Ragusano cheeses were differentiated [10]
C of F1S CA by age and farm origin using
RP'::PL ° Et F H exploratory data analysis (PCA and HCA)
and non-EtSF PLS of peptide profiles
PLSDA
Urea-PAGE of CN  |PCA Multivariate analysis on soluble peptide [11]
profiles detected sample grouping in
Mozzarella cheeses according to
ripening time, but not by the cheese-
RP-HPLC of WSF making technology (stretching tempera-
ture, fat content, and time of brining)
Urea-PAGE of CN Proteolysis was similar in Kefalograviera [12]
cheeses of different sodium contents
RP-HPLC of WSF
RP-HPLC of PCA Total salt concentration and ripening [13]
TCA-SF temperature significantly affected
secondary proteolysis in Fynbo cheese,
while NaCl replacement by KCI had no
effect
Urea-PAGE of Increasing cooking temperature during [14]

cheese manufacture increased the
relative contribution of plasmin, but
decreased chymosin activity

(continued)
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Table 3.1 (continued)

Characterization of Cheese Ripening

Examples of Methods for Peptide Analyses Used for the

nonstarter bacteria within dairies

Analytical Chemometric or
Method? Other Method" Application and Main Results References
RP-HPLC of WSF PCA Cheese samples were separated [15]
according to the temperature of cheese
milk treatment, cheese age, and trial
PAGE PCA Peptide profiles differentiated [16]
conventional and UF Iranian cheeses
RP-HPLC of WSF
CE of cheese Differences in casein degradation and [17]
appearance of breakdown products in
Havarti cheese made from UF milk can
result from inactivation of the
plasminogen-activation system during
UF concentration
Electrophoretic Despite differences in the cooking [18]
analysis of temperature, residual activity of
slurries chymosin was similar during manufac-
ture of Cheddar and Swiss Cheese
Urea-PAGE of the |PCA (biochemical |The use of lamb rennet paste and the [19]
nonWSF and parameters, time of the year influenced the
non-EtSF proteolysis, composition and sensory properties
lipolysis, and of Idiazabal cheese
flavor)
RP-HPLC of WSN  |Sensory evaluation |Bitterness in ewe’s milk cheese made [20]
of bitterness with microbial coagulant was correlated
SE-HPLC of t'he with peptides of MW 165-6500, but not
hyerphoblc with total hydrophobic peptides
peptides
Urea-PAGE of CN  |PCA Statistical analysis of results allowed [21]
clear discrimination between cheeses
on the basis of coagulant used
RP-HPLC of EtSF (crustacean Munida in comparison
with chymosin)
Urea-PAGE of CN  |PCA Hydrophobic peptides contribute to [22]
the differentiation of cheeses made
RP-HPLC of WSN with plant coagulant or calf rennet
RP-HPLC of pH 4.6, |PCA Manchego cheese samples were [23]
ethanol soluble, distributed according to the starter used
and non-EtSF in their manufacture (defined strain and
Lactobacillus plantarum as adjunct)
CE The peptide profile reflected variations [24]
in the composition of starter and
RP-HPLC
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Examples of Methods for Peptide Analyses Used for the

Analytical Chemometric or
Method? Other Method" Application and Main Results References
Urea-PAGE PCA Low-fat high-moisture Kefalograviera [25]
cheeses were differentiated according
RP-HPLC of WSF, CA to the starter culture and the scalding
TCA-SF, and temperature
PTA-SF
RP-HPLC of EtSF PCA Peptides differentiated Cheddar [26]
cheeses based on the strain used as
primary starter
Urea-PAGE of Mozzarella cheese made by direct [27]
whole cheese acidification had higher concentration
and of NCN and more hydrophobic peptides than
that made with starter culture
RP-HPLC of NCN
and EtSF
Urea-PAGE of NCN |PCA Turkish white-brined cheeses were [28]
significantly different in terms of
HCA their peptide profiles and quality,
RP-HPLC of NCN  |Sensory scores and they were grouped based on
and EtSF the use and type of starter and
stage of ripening
RP-HPLC of WSN  [Correlation Peptide profiles of cheeses made using [29]
analysis different strains of lactobacilli
. correlated with functional properties
Functional
properties
(hardness, melt,
and stretch)
CE Assessment of the effect of the [30]
enzymatic activity of Micrococcus to
RP-HPLC accelerate cheese ripening
CE of cheese Correlation Effect of the addition of nisin, free or [31-33]
samples analysis incorporated in microparticles, a
nisin-producing adjunct culture, and/or
RP-HPLC of WSN | PCA high hydrostatic pressure to accelerate
Sensory analysis Hispanico cheese ripening
Texture
PAGE-urea PCA Addition of a plasminogen activator to [34]
of NCN Cheddar cheese accelerated the
conversion of plasminogen to plasmin
RP-HPLC of EtSF and proteolysis upon ripening

(continued)
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Table 3.1 (continued) Examples of Methods for Peptide Analyses Used for the
Characterization of Cheese Ripening

Analytical Chemometric or
Method? Other Method® Application and Main Results References
PAGE of CN PCA Profiles of caseins and peptides were [35]
similar in control, 50 MPa, and 400 MPa
RP-HPLC of EtSF CA treated cheese, but there were
different levels of free amino acids
RP-HPLC of LC-MS? analysis of [Study of the mechanism of casein [36]
the NNC selected peptides | breakdown by chymosin and plasmin
in cheeses, where microbial activities
were prevented
RP-HPLC of NCN  |IE-FPLC? for Characterization and identification of [37]
fractionation phosphopeptides in Herrgard cheese
Ms?
N-terminal
sequencing
CE Hydrolysis of certain casein fractions [38]
explained the undesired flavor
developments in cheese and other
products carried out with a neutral
protease of Bacillus subtilis
CE of CN fraction |PCA A PCR model constructed with the peak [39,40]
areas of the neutral CE
PCR electropherograms made it possible to
PLS predict the ripening time of ewe’s milk
cheese or mixture of cow’s and ewe’s
milk cheeses

2 CE, capillary electrophoresis; PAGE, polyacrylamide gel electrophoresis; IE-FPLC, ion-exchange
fast protein liquid chromatography; RP-HPLC, reverse phase high-performance liquid chroma-
tography; CN, casein; NCN, noncasein nitrogen; EtSF, 70% ethanol soluble fraction; MS, mass
spectrometry; PTA-SF, phosphotungstic acid soluble fraction; TCA-SF, trichloroacetic acid solu-

ble fraction; WSF, water-soluble fraction.

b CA, cluster analysis; PCA, principal component analysis; HCA, hierarchical CA; PCR, principal
component regression; PLS, partial least squares regression analysis; PLSDA, partial least
squares discriminant analysis.

cases, the differential degradation of 0;-, Oig,-, and B-caseins (CN) and the appearance of specific
degradation products (such as y-CN) have set the basis for cheese classification. However, peptides
of medium to small size are not well resolved or fixed in polyacrylamide gels, despite various efforts
to improve their analysis by using gels with a high percentage of polyacrylamide, adding cross-
linking agents, or modifying the composition of the buffer system [5]. In fact, the resolving power,
reproducibility, and quantification of low molecular weight peptides in PAGE gels are not satisfac-
tory, paving the way for capillary electrophoresis (CE) and chromatographic methods, and limiting
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the use of PAGE to qualitative purposes. In any case, it is worth mentioning that it is possible to
identify milk peptides separated by PAGE analysis. For instance, peptides visible by electrophoresis
(Tricine-SDS-PAGE) can be sequenced by Edman degradation following electroblotting [41].

However, it should be noted that the combination of two electrophoretic methods into a two-
dimensional separation (2-DE) gives unparalleled resolution of complex protein and/or peptide
mixtures. When using 2-DE, proteins are usually separated by IEF in the first dimension and
by SDS-PAGE in the second dimension. The gel is stained to visualize the protein pattern and
the use of image-analysis software is helpful for evaluation. Protein identification of the spots
on the gels can be performed by gel comparison, microsequencing, matrix-assisted laser desorp-
tion/ionization-time-of-flight (MALDI-TOF) mass spectrometry, peptide mass fingerprinting, or
peptide sequencing using tandem mass spectrometry. Several papers have dealt with 2-DE
analyses of bovine milk proteins as well as human, horse, and goat milk proteins, but 2-DE analy-
ses of peptides are limited. Lindmark-Mansson et al. [42] studied the 2-DE pattern of peptides
in milk samples and the changes in the peptide composition of colostrum collected 0-6 days
postpartum, with the aim to trace the somatic cell count and the temperature with the intensity
and number of peptide spots (Figure 3.1). Similarly, 2-DE separations (according to their charge/
mass ratio by urea-PAGE at alkaline pH in the first dimension and isoelectric point by IEF in the
second dimension) of proteins in 6-month-old Iberico cheese, a semihard Spanish variety manu-
factured from mixtures of cow’s, ewe’s, and goat’s milk, allowed the elucidation of a complex and
characteristic peptide map from each milk species [43].

“CE separations” offer a much higher precision and accuracy in the quantitative determination
of peptides than the classical PAGE methods [44]. Owing to its advantages, the application of CE
for the assessment of proteolysis in different cheese types has acquired an enormous importance in
the past few years, as exemplified in Table 3.1. Several research groups have used hydrophilically
coated capillaries and phosphate/urea buffers with polymeric additives at acid pH, or similar
electrophoretic conditions but with uncoated silica capillaries, to separate the individual milk pro-
teins and some of their genetic variants (see [45] for a review). CE has been hardly used specifically
for the analysis of peptides, although it proved useful to separate the main degradation products
arising from the action of different proteolytic agents on caseins and whey proteins in cheese, pro-
viding a very high resolution of protein fragments and peptides that, in some cases, differed in just
one amino acid residue [24,43,46—48]. Furthermore, unlike conventional electrophoresis, there
exists no limitation in the size of the components to be separated. For instance, CE analysis of the
casein fraction of Serpa cheeses offered a rapid, straightforward method for the authentication of
Protected Designation of Origin (PDO) cheeses made with Cynara cardunculus, through the pres-
ence of a peptide peak, specific for that coagulant that could be used as a marker [49].

In other dairy products, such as UHT or pasteurized milk, CE analysis of peptides can be
performed to assess the extent of protein degradation during storage as a measurement of their
keeping quality. Proteinase activity in UHT milk causes bitterness and gelation problems. This
activity can be owing to the residual native alkaline proteinase (plasmin) or bacterial proteinases
that originate from the growth of psychrotrophic bacteria in raw milk, which survive the UHT
treatment that destroys the parent organisms. Bacterial proteinases of psychrotrophic origin are
very specific toward k-CN, releasing para-k-CN and caseinmacropeptide (CMP)-related soluble
peptides, and thus, their action can be followed by the CE analysis of para-x-CN in the CN frac-
tion [50] or CMP in the deproteinized noncasein nitrogen (NCN) fraction [51]. Plasmin mainly
hydrolyzes B-CN, producing the pH 4.6-insoluble y-CN and the water-soluble proteose peptones
(PP). Products insoluble at pH 4.6, arising from plasmin action, can be analyzed by CE of the
casein fraction, as shown in a study on plasmin activity in milk submitted to high pressure [52].
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Figure 3.1 2-DE of peptides in permeate samples originating from ultrafiltered milk with vari-
ous somatic cell counts. The gels show molecular weights (M,) and isoelectric points (p/) of per-
meate samples: (@) cell count of 980 x 10° cells mL-"; (b) cell count of 140 x 10° cells mL"; (c) cell
count of 50 x 103 cells mL™'; and (d) cell count of 20 x 10° cells mL-'. The samples were separated
using IPG strip at pH 3-10 (linear pH gradient) in the first dimension and ExcelGel SDS 2-D
Homogeneous 15% in the second dimension. Apparent molecular weight (M,, logarithmic scale)
and p/ are indicated on the vertical and horizontal axes, respectively. (From Lindmark-Mansson,
H. et al., Int. Dairy J., 15, 111, 2005. With permission.)

Several methods for data analysis in CE can be used to extract relevant information contained
in the electrophoretic responses, mainly the characterization of complex samples, the study of peak
purity, deconvolution of comigrations, and the quantification of analytes in pootly resolved peaks,
and these have been reviewed by Sentellas and Saurina [53].

3.2.2 Chromatographic Methods

Different chromatographic techniques have been extensively used in the characterization of pro-
tein hydrolysates and in the studies of enzyme activity and specificity. Among them, size exclusion
(SE)-fast protein liquid chromatography (FPLC) and SE-high-performance liquid chromatogra-
phy (HPLC) are accurate and efficient processes to evaluate and monitor protein degradation
[54,55]. In addition, similar to SDS-PAGE, they allow the determination of the molecular mass
of concomitantly appearing large- to medium-sized peptides. Furthermore, in the absence of
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reducing agents, all these methods can verify the lack of aggregates formation or denaturation
phenomena. Separation of components using SE-HPLC is principally based on the differences
in the hydrodynamic volume of molecules, depending on their size and conformation. However,
in protein hydrolysates, in addition to the molecular-weight distribution of the peptides, there
also exists a nonideal retention of peptides owing to electrostatic and hydrophobic interactions.
Thus, van der Ven et al. [56] correlated (by calculation of correlation coeflicients and by par-
tial least squares (PLS) regression) the molecular weight distribution of whey protein and casein
hydrolysates obtained with 11 commercial enzymes, estimated by SE-HPLC, with their foaming
properties. However, among the chromatographic techniques, reverse phase (RP)-HPLC is known
to produce the most efficient separation of small peptides, while providing useful information
regarding their hydrophobicity, and thus, it is frequently used to relate the physicochemical prop-
erties of milk-protein hydrolysates with the functional properties of the generated products [57].

“RP chromatography” is primarily, although not exclusively, based on differences in the hydro-
phobicity. In the case of small peptides, retention time appears to depend mainly on amino acid
composition, while the retention time of larger peptides is also influenced by other effects, like
conformational effects and molecular weight. Accordingly, the molecular-weight distribution of
milk-protein hydrolysates could be predicted, in principle, on the basis of their RP-HPLC profiles,
by using retention-time coefficients, calculated from a data set of retention times, and the amino
acid composition of peptides from the same protein source [58]. However, the situation is far more
complex in practice, because RP-HPLC profiles of milk-protein hydrolysates may cover over thou-
sands of peptides derived from the four original casein molecules, different genetic and chemical
variants, and from whey proteins. In this respect, it should be noted that multivariate statistical
analysis offers a number of methods that are capable of extracting relevant information from such
large data matrices. These have been recently reviewed by Coker et al. [59].

Prior to chemometric analysis, chromatographic data (raw signal) are usually transformed and
reduced to replace a large number of measurements by a few characteristic data with all the rel-
evant information. As explained by Piraino et al. [60], if the identities of the peaks in the chro-
matograms are known, then data processing can be simplified by considering the peak itself as a
variable. Milk peptides have been identified by using amino acid sequencing and mass spectrom-
etry, which will be covered in detail in the second part of the chapter. However, when the identi-
ties of the peaks are unknown, chromatographic data have to be processed to obtain variables, and
this step can be time-consuming or can represent a source of error. Peak or band identification by
visual matching is still the most common approach used to obtain variables from chromatograms
(and also from electropherograms) of milk peptides. In addition, other approaches have been used,
such as dividing chromatograms into sections and integrating each section. Piraino et al. [60]
employed fuzzy logic to handle, in a systematic way, the uncertainty in the position of peptide
peaks, and chromatograms were processed considering the classes of retention time, wherein peak
heights were calculated by using the distance from the center of the class as a weight.

The water-soluble fraction (WSF), ethanol-soluble fraction (EtSF), or pH 4.6-soluble fraction
(NCN) of cheese are commonly analyzed by RP-HPLC for the characterization of the peptide
patterns. The information contained in the peptide profiles of cheese extracts is used to understand
the biochemical pathways involved in proteolysis, which is valuable to typify the ripening process
and to understand the influence of manufacturing practices on the properties of cheese. Thus, the
number and concentration of peptides are usually compared, for instance, to differentiate various
cheese varieties [61], or products of the same variety produced following different cheese-making
technologies or in different regions [62,63]. Several recent examples of the use of RP-HPLC to
follow the proteolysis in cheese are shown in Table 3.1.
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While an indication of total proteolysis can be obtained by measuring the total peak area for
all the peptides in each chromatogram, certain peptides are typical for a specific cheese during
ripening and thus can be used to control the ripening process or to guarantee the authenticity of
the cheese variety. For instance, the peptide composition at different ages is characteristic of the
starter used [64,65]. In fact, starters can be selected based on the proteolytic RP-HPLC pattern
that they produce when they act on the milk proteins (i.e., by the release of the fragment o5,-CN f
1-23), which correlates with their ability to improve the functional properties of cheese (i.e., Moz-
zarella cheese [66]) or to avoid the development of bitter flavor [67,68]. Similar studies have been
conducted to assess the suitability of microorganisms belonging to the secondary flora of some
cheeses, such as Geotrichum candidum and Penicillium camemertii [69], or of adjunct cultures [70].
The peptide pattern has also been used to characterize the proteolytic activity of different coagulant
enzymes used as rennet substitutes [21,22,71]. The extent of the released peptides is monitored
during ripening, and the end results may indicate that some peptides of interest may disappear and
new ones may appear during the time period considered.

In the RP-HPLC analysis of cheese peptides, it is very popular to calculate the sum of the areas
of the total peptide content, with the retention time of Trp being used to differentiate the hydro-
phobic (eluted after Trp) and the hydrophilic (eluted before Trp) peptides [6]. Differences in the
time-dependent ratio between the hydrophobic and hydrophilic peptides suggest the differences
in proteinase and/or peptidase specificity in the microorganisms. In general terms, the hydropho-
bic to hydrophilic peptide ratio tends to decrease as cheese ages [72,73] and a low proportion of
hydrophobic peptides can be attributed to the action of starter and nonstarter aminopeptidases
that degrade the hydrophobic peptides and release peptides of low molecular mass and amino
acids [27]. Furthermore, the estimation of the quantities and the hydrophobic/hydrophilic balance
of the peptides present in the WSF of different cheeses might show various degrees of primary
proteolysis, owing to the cooking temperature or other manufacturing conditions that influence
moisture retention and, ultimately, the contribution of lactococcal enzymes, chymosin, and plas-
min to proteolysis during ripening,.

In addition, the hydrophobic peptide portion has been considered to be responsible for the
bitter taste in cheese [74]. The occurrence of bitterness is attributable to the unbalanced levels of
proteolysis and peptidolysis. When extensive degradation of caseins and primary peptides by the
activities of proteases produce large amounts of small- and medium-sized hydrophobic peptides
that are not adequately removed by the peptidases of the microflora, these accumulate contributing
to the bitter taste. The presence of hydrophobic peptides in bitter cheeses is observed to be related
to high salt-in-moisture and low moisture contents that limited the enzymatic activities of the
microflora, important in secondary proteolysis [75]. In fact, in certain studies, starters have been
screened for bitterness using the levels of hydrophobic peptides that they produce, through RP-
HPLC and chemometric methods [76,77]. While in some studies, a positive relationship between
the hydrophobic peptide concentration, the hydrophobic/hydrophilic ratio, and the bitter taste of
the cheeses could not be demonstrated [20], other studies showed the correlations between the
profiles of small peptides determined by RP-HPLC and descriptors such as flavor intensity, off-
flavor, and bitterness, confirming that peptides provide the background taste of cheese through
their bitter and savory-taste properties [22,78].

In this respect and as mentioned earlier, chemometric analysis offers powerful tools to extract
information from complex patterns of data. Thus, the application of chemometrics to study the
proteolytic profiles in Ragusano cheese revealed that insoluble and soluble peptides with medium
hydrophobicity are the most important predictors of age [10]. However, chemometric analyses also
showed that the farm origin strongly affected the peptide profiles of the cheese. This was attributed
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to the use of traditional technology that not only generates cheeses having unique features, but
also a great variability in cheese quality. Such variability affects the biochemical events of cheese
ripening, generating unpredictable proteolysis profiles [79]. In contrast, the uniformity of other
cheeses, such as Parmigiano-Reggiano and Grana Padano, guaranteed by a well-standardized
technology, conforms best to the chemometric modeling of compositional parameters [10]. Mul-
tivariate analysis on soluble peptide profiles of Mozzarella cheeses obtained by RP-HPLC also
detected sample grouping according to ripening time, but did not evidence any separation caused
by the cheese-making technology (stretching temperature, fat content, and time of brining) [11],
irrespective of the residual rennet activity that may be significant in these cooked, long-ripened
cheeses, depending on the cooking temperature [80].

Moving from cheese to processed milk, the peptides produced by plasmin and the proteinases
of psychrotrophic bacteria can be separated by RP-HPLC of WSF, which makes it possible to dis-
tinguish between the two enzyme types and to determine both proteolysis and proteinase activity
in milk [81,82]. The activity of bacterial proteinases of psychrotrophic origin can be estimated
by RP-HPLC of the trichloroacetic acid (TCA) soluble fraction [83]. Similarly, De Noni et al.
[84] studied the formation of PP in packaged pasteurized milk during refrigerated storage as a
measurement of plasmin action, by employing RP-HPLC of the WSE. The levels of PP increased
with the keeping time and were significantly (2<0.05) related to the microbiological quality of the
starting raw milk, thus proving to be a reliable analytical index for evaluating ageing.

In addition to their basic nutritional and functional roles, milk proteins are capable of modu-
lating certain biological functions. Some of these functions are mediated by peptides encrypted
in the intact proteins that must be released by specific enzymatic hydrolysis to exert their effects
on health. In principle, there are two approaches for releasing bioactive peptides from intact milk
proteins. One approach is to exploit the proteolytic system of lactic acid bacteria to partially digest
the caseins during the manufacture of dairy products, like fermented milk and cheese. The other
approach is to subject the isolated milk protein preparations to hydrolysis iz vitro by one or a
combination of enzymes, which results in milk-protein hydrolysates containing a great number of
peptides, including the bioactive peptides. The RP-HPLC is normally the analytical technique of
choice to characterize milk-derived bioactive peptides, combined with bioactivity assays in vitro
and/or in vivo [85—88]. However, particularly when the hydrolysate contains a large number of
peptides, RP-HPLC requires extensive separation steps to detect a peptide of interest without any
interference. Thus, it should be mentioned that as these components can represent only the minor
constituents in a highly complex matrix, mass spectrometry has become an almost indispensable
tool to determine the presence and behavior of bioactive peptides, and this will be explained in
detail in the second part of this chapter. As an alternative to the more expensive, but sensitive
and rapid, analysis of peptides by HPLC—tandem mass spectrometry, other strategies have been
developed to monitor the peptides produced during hydrolytic processes. Zhu et al. [89] devel-
oped a column-switching HPLC technique for routine monitoring of the levels of bioactive small
peptides with close retention times in food products, which can also be applied for the successive
determination of peptides in other crude protein hydrolysates.

Structure—activity relationships have been proposed for some bioactive peptides. For instance,
angiotensin-I-converting enzyme (ACE) inhibitors are peptides with hydrophobic amino acids at
cach of the three C-terminal positions, and it has been evaluated whether there is a correlation
between the hydrophilic/hydrophobic proportion of peptides present in different matrices and
their biological activity [90]. Hydrophobicity appears to be a property common to many peptides
having biological and nutraceutical properties. For instance, medium-sized hydrophobic peptides
from milk-protein hydrolysates demonstrate growth-promoting activity on keratinocytes from
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human skin iz vitro, probably by providing essential hydrophobic amino acids to the cell-culture
medium [91]. However, with respect to the immunomodulation activity, the global hydropho-
bicity of peptides in the WSF of French Alp cheeses was not related to their biological activity,
although peptide quantity, size, and hydrophobicity were related to the cheese-making technologi-
cal parameters, such as cheese age and cooking temperature [61].

In addition, in several recent papers, RP-HPLC has been used to assess iz vitro digestibility of
proteins and peptides, to estimate their susceptibility to enzymatic hydrolysis. These studies are
popular in the field of bioactive peptides, as many of them have to elude the action of digestive
enzymes, to exert their physiological effects 77 vivo on oral administration. Susceptibility to gastric
and pancreatic degradation is responsible for some of the peptides to exhibit iz vitro bioactivity
that is ineffective in vivo [92]. Protein hydrolysis is initiated by pepsin under acidic pH conditions,
to mimic the digestion in the stomach. After this step, the products are hydrolyzed by pancreatic
enzymes, such as trypsin, chymotrypsin, and membrane peptidases. Samples are analyzed by RP-
HPLC and peptide peaks can be further identified by mass spectrometry [93,94].

Enzymatic hydrolysis of proteins, followed by the matching of specific products of the hydro-
lysis with particular proteins, has been used for the estimation of the protein content in food
products. For instance, RP-HPLC can detect and quantify milk proteins that could be added as
adulterants in soybean protein preparations. To this end, mixtures of milk and soyproteins have
been hydrolyzed with trypsin and analyzed by RP-HPLC. The areas of the peaks in the chro-
matographic profiles of trypsin hydrolysates of soybean protein isolate containing different levels
of milk protein have been updated into a database to produce a data matrix, and the principal
component analysis (PCA) and cluster analysis (CA) have been carried out. Several peptide peaks
have been found that could be used as markers for the presence of milk protein in the soybean
protein preparations, allowing for the preparation of a special calculation sheet for the quantitative
determination of adulteration [95].

Digestibility studies with proteinases can also be used as tools for elucidating conformation
changes in the dairy proteins. For instance, in the case of bovine B-lactoglobulin (Lg), consider-
able evidence provides the basis for correlating its structural transformations to its susceptibility to
hydrolysis. Native bovine B-Lg is highly resistant to peptic digestion, because its particular fold-
ing at acidic pH makes its peptic cleavage sites (hydrophobic or aromatic amino acid side chains)
unavailable for hydrolysis. Thus, fine structural differences between ovine and bovine 3-Lg change
their susceptibility to pepsinolysis, as assessed by RP-HPLC [96]. Similarly, the different struc-
tures of the genetic variants, A, B, or C, of this protein are observed to be related to their stability
toward hydrolysis by trypsin, determined by SDS-PAGE and RP-HPLC [97]. The RP-HPLC has
also been used to study the structural changes in -Lg induced by high hydrostatic pressure, which
affect its susceptibility to hydrolysis by pepsin, trypsin, and chymotrypsin [98—101]. In these stud-
ies, RP-HPLC analyses are combined with HPLC—tandem mass spectrometry for peptide identi-
fication to elucidate changes in the accessibility of cleavage sites on the substrate to enzyme action.
Similarly, digestibility studies constitute a functional tool to characterize the allergenic potential
of proteins. Previously, the susceptibility of B-Lg toward peptic digestion after different processing
practices, including fermentation or high pressure, was determined by CE and RP-HPLC, and
indirect enzyme-linked immunosorbent assay (ELISA) was used to assess the resulting immu-
noreactivity against rabbit IgG and human IgE [102,103]. In these studies, the combination of
chromatographic and electrophoretic methods of protein and peptide analysis is usually required
for physicochemical characterization. Roufik et al. [94] used RP-HPLC, SE-HPLC, native, reduc-
ing, and nonreducing PAGE to study the complex formation and conformational changes brought
about by the interaction of lactokinin (B-Lg f142-148) with B-Lg A.
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In some other cases, the above-mentioned techniques are used for both analytical and prepara-
tive purposes. For instance, there are many examples of the application of RP-HPLC to monitor
the peptide profile of probiotic and control yoghurts [87,104], cheese extracts [46], milk-protein
hydrolysates obtained by enzymatic treatment [105], or fermentation [106], etc. In those cases,
along with RP-HPLC analysis, the fractions obtained from SE-FPLC, followed by RP-HPLC,
or from successive RP-HPLC runs, are collected, their purity is checked (frequently by CE), and
are assayed using HPLC—mass spectrometry, HPLC—tandem mass spectrometry, or N-terminal
amino acid sequencing, flavor, or biological activity, to determine the presence or the formation
and degradation kinetics of specific peptides.

The examples given eatlier illustrate that RP-HPLC is the most popular means of milk-peptide
analysis, because these peptides are in a polarity interval that allows them to be well separated on
an octadecyl-bonded phase, using aqueous buffers as eluents with a water-miscible solvent. How-
ever, in some cases, certain peptides can present low retention in RP packings. “lon-exchange (IE)
chromatography” can be an obvious choice that can be used for practically all charged solutes
[37]. In addition, for the very hydrophilic and uncharged compounds, “hydrophilic interaction
chromatography” (HILIC) can be used. As explained by Hemstrom and Irgum [107], in HILIC,
retention is believed to be caused by the partitioning of the analyte between a water-enriched
layer of stagnant eluent on a hydrophilic stationary phase and a relatively hydrophobic bulk elu-
ent (often being 5%—40% water in acetonitrile). The use of water as the strongly eluting solvent
gives HILIC a number of advantages over the conventional normal phase chromatography that
uses nonpolar eluents that do not easily dissolve the polar analytes. The interface with electrospray
(ESI) mass spectrometry is also a problem with normal phase chromatography, as ionization is
not easily achieved in the totally organic, nonpolar eluents. The elution order in HILIC is more
or less the opposite of that observed in RP separations, which signifies that HILIC works best for
solutes that are problematic in RP. Thus, using an amide-bonded silica, suitable for separation of
hydrophilic substances, Schlichtherle-Cerny et al. [108] analyzed the components that eluted in
the void of a traditional RP-HPLC separation of a Parmesan-cheese extract, using HILIC-ESI-
mass spectrometry, and found that it contained more than 25 unique substances, more or less well

separated, including Arg, Lys, Glu, and a number of polar dipeptides.

3.2.3 Spectroscopic Techniques

In addition to chromatographic methods, spectroscopic methods are also used to characterize
food-protein hydrolysates. “Infrared (IR) spectroscopy” is based on the absorption of radiation in
the infrared region owing to vibrations between the atoms in a molecule and, therefore, provides
information about the chemical composition and conformational structure of the food compo-
nents. The fingerprint region of the IR spectrum, which is the region from 1800 to 800cm™,
is often a very useful part for the analysis of proteins and derived materials, as this is the range
absorbed by the bonds forming the amide group (C=0, N-H, and C-N). The two most important
vibrational modes of amides are the amide I vibration, caused primarily by the stretching of the
C=0 bonds, and the amide II vibration, caused by deformation of the N-H bonds and stretching
of the C—N bonds. The amide I vibration is measured in the range from 1700 to 1600 cm™ and
the amide II region from 1600 to 1500 cm™. The exact frequencies at which these bonds absorb
depend on the secondary structure of the proteins or peptides.

As explained by van der Ven et al. [109], it is possible to study the correlations between the
IR spectra and functional properties with respect to the hydrolysate as a “black box” system,
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characterized by the IR spectrum. Thus, using multivariate regression analysis, the Fourier trans-
form (FT) IR spectra of casein and whey hydrolysates are observed to be correlated to bitterness,
solubility, emulsion, and foam properties.

“Raman spectroscopy” is a technique complementary to IR, which also involves vibrational
energy levels related to stretching or bending deformation of bonds, but, unlike IR absorption,
it depends on the changes in polarizability, mainly affecting the nonpolar groups. In this case,
the sample is excited by a laser in the UV, visible, or near-IR region. Following an approach simi-
lar to that explained earlier, PLS regression analysis correlated FT-Raman spectra with peptide
bitterness [110]. The FT-Raman spectroscopy was also used to study the interaction of cationic
peptides, such as lactoferricin with different phospholipid membrane systems [111].

“Fluorescence spectroscopy” can give valuable information about small changes in the protein
and lipid structure owing to their high sensitivity to the molecular environment. Intrinsic fluo-
rescence of milk proteins is caused by the three aromatic amino acids: Trp, Tyr, and Phe. Among
these three amino acids, Trp dominates the fluorescence emission and provides information about
the protein structure. For example, Trp fluorescence is observed to shift to longer wavelength
during cheese ripening. This variation is supported by PCA and is suggested to describe the expo-
sure of Trp to the aqueous phase caused by proteolysis and increasing pH levels [112]. Front-face
fluorescence spectroscopy is also used to study the interactions between bovine -Lg and various
B-Lg-derived bioactive peptides [113].

“Derivative spectrophotometry” has been used in some studies with varied purposes, includ-
ing the quantification of proteins and the study of native and denaturated proteins. Also, this
technique can be used for the characterization of protein hydrolysates, evaluation of the exposi-
tion extent of aromatic amino acids during protein hydrolysis, and determination of the extent of
encapsulation of casein hydrolysates [114]. According to these authors, this technique may present
some advantages over other more traditional ones, owing to its simplicity, quickness, and relatively
low cost.

3.2.4 Immunochemical Methods

The majority of the immunoassay methods for peptide analysis uses the ELISA format, and has
been mainly applied to allergen detection. The “ELISA competitive assay” is preferred for the
detection of peptides. In this case, the antibody is incubated with the diluted sample before being
added to the solid phase that contains the immobilized antigen. If there is antigen present in the
sample, it inhibits the binding of the antibody to the immobilized antigen, so that the response
(produced by using a specific substrate for the reaction with a second specific enzyme-labeled anti-
body that gives a measurable reaction) is inversely proportional to the concentration of the anti-
gen. As reviewed by Monaci et al. [115], the majority of the immunochemical techniques focuses
on the presence of intact proteins and fewer attempts have been reported on the development of
assays for the detection of milk-derived peptides. Hence, adaptations have to be made based on
the biochemical properties of the representative peptide of interest. Docena et al. [116] studied the
residual allergenicity of milk substitutes employed in the treatment of cow’s milk allergy, using
different immunoenzymatic methods (ELISA, EAST, and immunoblotting) and patient serum
IgE. The residual allergenic components from cow’s milk could be identified in both the moder-
ate and extensive hydrolysates analyzed, suggesting that extensive hydrolysates contained peptides
that preserved the immunoreactive epitopes. The immunoreactivity of milk-protein hydrolysates
produced with different enzymes was also tested using ELISA [98,117,118].
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In addition to ELISA, electrophoresis methods (SDS-PAGE) followed by immunoblotting
techniques have been widely used for the visualization of the molecular pattern of peptides in
milk-protein hydrolysates [98]. Unfortunately, those techniques generally show a decreased sensi-
tivity when compared with ELISA, owing to the separation and/or transfer process, which makes
them less powerful for the detection of low quantities of allergens. In this respect, “immunoassay
methods performed on chromatographic systems” retain the advantages of classic ELISA, while
avoiding some of the disadvantages. Puerta et al. [119] applied sandwich enzyme-linked immuno-
affinity chromatography (ELIAC) to determine -Lg and its peptides in hypoallergenic formula,
showing that peptides of less than 3000 Da demonstrate antigenic character.

As for allergen detection, different immunoassays with antibodies specific for certain peptide
fragments, mostly bioactive peptides, have been applied to quantify those fragments in complex
hydrolysates or cheeses, and their in vitro stability on incubation with gastrointestinal or serum
proteinases and peptidases [120,121].

3.3 Mass Spectrometry for Peptide Analysis

Although mass spectrometry is used to characterize a wide variety of analytes, the advances in mass
spectrometry presented in this chapter focus only on peptides of dairy origin. Mass spectrometry
has emerged as an important tool for analyzing proteins and peptides produced from protein
digestion, mainly owing to its high sensitivity, speed, and small sample-size requirements.

3.3.1 Instrumentation

Mass spectrometers usually comprise seven major components: a sample inlet, an ion source, a
mass analyzer, a detector, a vacuum system, an instrument-control system, and a data system. The
sample inlet, ion source, and mass analyzer tend to define the type of instrument and the capabili-
ties of the system. The instruments more widely used in milk-peptide analysis are composed of
combinations of inlets, ion sources, and mass analyzers, to produce, basically, four different types
of configurations (please note that in recent developments, HPLC has been substituted by CE):

1. HPLC—electrospray-quadrupole mass spectrometer

2. HPLC—electrospray-ion-trap mass spectrometer

3. HPLC—electrospray-quadrupole-time-of-flight mass spectrometer

4. Direct probe matrix-assisted laser desorption/ionization-time-of-flight mass spectrometer
(MALDI-TOF)

Until the 1980s, the analysis of proteins and large polypeptides could not be accomplished by mass
spectrometry, because of their polarity and nonvolatile nature. The development of ionization
techniques, like field desorption, secondary ion, and fast atom bombardment (FAB) represented
a major advance in the formation of gaseous proteins or peptides. FAB was the first ionization
method that made possible routine mass spectrometric analysis of polar molecules, like peptides.
Subsequently, other ionization techniques, such as atmospheric pressure chemical ionization
and thermospray ionization were introduced; however, the application of desorption ionization
techniques was restricted owing to their low sensitivity and suitability for only a limited range
of molecular masses. In the mid-1980s, two ionization techniques, electrospray ionization and
MALDI, emerged almost simultaneously for the analysis of proteins and peptides. Their common
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features include: ionization without fragmentation, accurate mass determination, picomole-to-
femtomole sensitivity, and broad applicability. In the “electrospray ionization mode,” an acidic,
aqueous solution that contains the peptides is sprayed through a small-diameter needle. A high,
positive voltage is applied to this needle, so that protons from the acidic conditions give the drop-
lets a positive charge, moving them from the needle to the negatively charged instrument. During
the course of this movement, evaporation reduces the size of the droplets until the number and
proximity of the positive charges split the droplets into a population of smaller, charged droplets.
Typically, this evaporation process is aided by a gas (nitrogen) and heat. In the case of “ionization
by MALDI,” peptides are dissolved in a solution of a UV-absorbing compound, referred to as
matrix. As the solvent dries, the matrix crystallizes, and the peptide molecules are incorporated
into the matrix crystals. Pulses of UV laser light are used to vaporize small amounts of the matrix,
and the incorporated peptide ions are carried into the gas phase in the process.

The nature of mass analyzers determines several characteristics of the overall experiment, the
two most important being mass resolution and mass range. A variety of mass analyzers are avail-
able in the market, including quadrupole mass filters, ion trap, time-of-flight (TOF), magnetic
sector, ion cyclotron resonance, etc.

“Quadrupole mass spectrometers” are the first mass analyzers to be used routinely in instru-
ment systems that combined ease-of-use and high analytical performance. This type of mass
analyzer is, essentially, a mass filter capable of transmitting only the ion of choice. It is composed
of four rods, arranged as two sets of two electrically connected rods. A radio frequency voltage is
applied between one pair of rods and the other, and a direct current voltage is then superimposed
on the radio frequency voltage, so that the ions travel down the quadrupole in between the rods.
Only the ions of a certain mass/charge ratio (m/z) will reach the detector for a given ratio of
voltages, while other ions will follow unstable trajectories, colliding with the rods. This allows
the selection of a particular ion or the scanning, by varying the voltages, so that an increasing
m/z is selected to pass through the mass filter and reach the detector. It is important to note
that the majority of ions produced is directed out of the instrument and cannot be detected.
This ineflicient use of the ions significantly limits the sensitivity of the quadrupole instruments,
especially when compared with ion traps and TOF mass analyzers. The m/z range of quadrupole
systems typically covers from 10 to 2000, which is sufficient for the majority of peptides found
in milk products or milk-protein hydrolysates. The accuracy of the m/z measurement is such
that, when properly calibrated, the measured m/z of the ion is within approximately +0.1 Da of
the true m/z.

“Ton-trap mass analyzers” are similar to quadrupole mass analyzers in that radio frequency
voltages are applied to produce an oscillating trajectory of ions. However, in the ion trap, the
fields are applied in such a manner that ions of all m/z are initially trapped and oscillate in the
mass analyzer. Mass analysis is accomplished by sequentially applying an m/z-dependent match-
ing radio frequency voltage that increases the amplitude of the oscillations in a manner that ejects
ions of increasing m/z out of the trap and into the detector. Therefore, while mass resolution in ion
traps is basically similar to that observed in quadrupole mass filters, the sensitivity of the ion-trap
systems is much higher than that of quadrupole instruments (up to 500-fold, depending on the
operating conditions).

In a “TOF mass analyzer,” the ions are given a certain kinetic energy by acceleration in an
electric field generated by the application of high voltage (for peptides, it typically ranges from
20 to 30kV). After acceleration, the ions enter a field-free region where they travel at a velocity
that is inversely proportional to their 72/z. The time required for an ion to travel the length of the
field-free region is measured and used to calculate the velocity and the m/z of the ion. This type
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of mass analyzers has good accuracy (0.2 Da for a 1000 Da ion) as well as unlimited mass range.
In addition, they can acquire data rapidly and are extremely sensitive. While quadrupole or ion-
trap mass analyzers are limited to 7/z values of less than 2000, in a TOF system, ions of any m/z
can be accelerated and moved from the beginning to the end of the field-free flight tube. The high
speed of data acquisition in this type of mass analyzers is related to the fact that no scanning of the
mass analyzer is needed, and this speed is only dependent on the flight time of the ions. The high
sensitivity is derived from the efficient use of all the ions, as TOF instruments collect all the ions
introduced into the mass analyzer. As this mass analyzer requires the introduction of the set of
ions to be studied in a pulse, MALDI is considered as the ideal ionization source, which produces
ions in short, well-defined pulses. Electrospray can also be used as the ionization source, as long as
electrostatic gates are added to control the entry of ions into the mass analyzer.

More detailed information about mass spectrometry instrumentation can be found elsewhere

[122-124].

3.3.2 Tandem Mass Spectrometry

Mass analysis essentially relies on the separation of ions according to their m/z. Tandem mass
spectrometers use this separation as a preparative tool to isolate an ion with a specific m/z to be
fragmented, so that the 7/z of the fragment ions is determined in a second stage of mass analysis.
The term “tandem mass spectrometry” (often abbreviated MS/MS or MS”) indicates that two
stages of mass analysis are used in a single experiment. Thus, specific ions in a complex mixture
can be selectively studied in an experiment that gives the structural information about that ion.
In the case of peptide ions, the structural information is the amino acid sequence of the peptide.
The fragmentation of the ions is driven by an excess of internal energy in the ion, capable of
breaking the covalent bonds to generate ionic and neutral species. The ionic species are referred
to as product or fragment ions. The method most commonly used to energize a stable ion, after it
has been selected to induce fragmentation reactions, is collisional activation. In this method, the
mass-selected ion is transmitted to a high-pressure region of the tandem mass spectrometer, where
it undergoes a number of collisions with the gas molecules contained in that region. These colli-
sions make the ion unstable and drive the fragmentation reactions. Finally, the resulting fragment
ions are analyzed in the second stage of mass analysis.

One way to classify tandem mass spectrometers is according to how the experiment is accom-
plished: tandem-in-space or tandem-in-time. Instruments in the “tandem-in-space” category
include more than one mass analyzer that perform individually to accomplish the different stages
of the experiment. These instruments are, for instance, tandem quadrupole (e.g., triple-quadrupole
mass spectrometer), quadrupole-time-of-flight (QTOEF), reflectron-time-of-flight, tandem sector,
and sector-quadrupole. Instruments that perform tandem mass spectrometry in time have only
one mass analyzer. An ion-trap mass analyzer and an ion cyclotron resonance (also known as FT)
instruments are examples of this system [122].

3.3.3 Interpretation of Mass Spectra

In a typical mass spectrometry experiment, two broad classes of ions can be observed: molecular
ions that contain the entire analyte molecule, and fragment ions that contain only a portion of the
structure. If the charge (2) is known, then the molecular weight of an analyte can be calculated
from the m/z of a molecular ion, whereas the structural information is derived from measuring
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the m/z of the fragment ions obtained in a tandem mass spectrometry experiment. The strategy
used for spectra interpretation is an iterative process based on the understanding of the structure
of the molecular ions, the reaction mechanisms by which they fragment, and the structure of the
products ions that are produced. The fragmentation reactions that lead to the fragment-ion spec-
trum and its interpretation are beyond the scope of this chapter, but a description of collisionally
induced dissociations of protonated peptide ions and interpretations of fragment-ion spectra can
be found elsewhere [122].

Complete interpretation of fragment-ion spectra to deduce the entire sequence of a peptide
has substantially been replaced by database search programs. These programs use unprocessed- to
minimally processed-fragmention spectra to search large databases of theoretical spectra derived
from the protein, to identify peptide sequences that are consistent with that speccrum. However,
databases have not completely eliminated the need for understanding the peptide fragmentation
and interpreting fragment-ion spectra. Most search programs can be classified into three catego-
ries: programs that use amino acid sequences produced by interpreting the spectra (e.g., FASTA,
BLAST, MS-Edman), programs that use peptide molecular-weight information (such as, MS-Fit,
MOWSE, PeptideSearch), and programs that use the data from uninterpreted product-ion spectra
(e.g., SEQUEST, MS-Tag, PeptideSearch). These databases have grown considerably and will con-
tinue to grow in the future, in parallel with the sophistication of the methods and the information
available. A recent review on available methods and tools can be found elsewhere [125].

3.3.4 Applications to Dairy Peptides

There are diverse objectives for using mass spectrometry on dairy peptides, such as peptide sequenc-
ing from enzymatic mapping for structural characterization of proteins (proteomics), identification
of biologically active peptides, evaluation of proteolytic processes, and quantitative determination
of peptides in dairy products or protein hydrolysates.

3.3.4.1 Milk Proteomics

Undoubtedly, an important field of application of peptide analysis by mass spectrometry includes
the characterization of milk proteins using a proteomic approach. Briefly, in proteomics, two
complementary analytical strategies (gel-based and gel-free approaches) in combination with mass
spectrometry analysis are used for separation and characterization of complex protein mixtures. In
the first approach (gel-based approach), the protein identification is achieved following the sepa-
ration of the protein mixture by a high-resolution separation technique (2D gel electrophoresis),
protein digestion with proteolytic agents with specific cleavage sites, and sequencing the resulting
peptides by tandem mass spectrometry alone or coupled to a separation technique (HPLC or CE).
However, this strategy has some limitations in terms of analyzing proteins in low abundance, very
high or very low molecular masses, and extreme p/ or hydrophobicities. The second approach,
named multidimensional protein identification technology or shotgun proteomics, differs from
the first in that all proteins are directly digested in solution and the resulting peptides are fraction-
ated by 2D chromatography (cation-exchange + RP-chromatography), before identification by tan-
dem mass spectrometry and database searching. The critical point of this strategy, hardly used for
milk-protein characterization, is the validation of the results obtained from the database searches.
A general description of the different proteomic strategies, and the most commonly used protocols
for protein digestion and peptide identification processes, including database search programs,
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can be found in earlier studies [122,125], and the application of these proteomic approaches for the
analysis of food proteins [126,127] and milk proteins [128—130] have also been reviewed.

Different proteomic strategies have successfully been employed for the identification and char-
acterization of genetic variants of milk proteins [131-135], as well as posttranslational modification
of proteins such as phosphorylation and glycosylation [136-143]. These procedures have also been
employed to follow disulfide bond formation and redistribution during heating and lactosylation
of proteins [144-147]. The identification of low-abundance proteins is particularly challenging;
however, some works successfully identified them by removing the high-abundance proteins in
colostrum and milk by immunoabsorption [148], by enrichment with a chromatographic support
that combines size exclusion and anion exchange functionalities (restricted access media, RAM)
[149], or by fractionation of whey by anion- and cation-exchange chromartography [150]. The
milk fat globule membrane proteins are included in this category of minor proteins (2%—4% of
the total protein in human milk), with the additional characteristic of high hydrophobicity that
makes them difficult to solubilize. Using proteomic methodologies, several authors have been
able to characterize a significant number of proteins present in the milk fat globule membrane
[151-154]. The analysis of peptide mass fingerprints has also allowed the identification of biomark-
ers of bovine mastitis, such as lipocalin-type prostaglandin D synthase [155] or certain increased
enzymatic activities [156]. Details about the strategy followed in each analysis and the mass spec-
trometer employed for peptide analysis are presented in Table 3.2.

3.3.4.2 Biologically Active Peptides

Biologically active peptides are of particular interest in food science and nutrition, because they
have been shown to play different physiological roles, including antihypertensive, opioid, anti-
microbial, and immunostimulating activities. As stated earlier in the first section of this chap-
ter, these peptides are generated by protein hydrolysis or fermentation, and represent only minor
constituents in a highly complex matrix. Therefore, identification of biologically active peptides
in food matrices is a challenging task in food technology. In this context, mass spectrometry has
become a necessary tool to assess the quality and safety of food [129], and more recently, to deter-
mine the presence and behavior of functional components (for a review, see [165,166]). Table 3.3
illustrates some of the applications of mass spectrometry in the analysis or identification of milk-
derived bioactive peptides classified by the ionization source used in the analysis.

The FAB ionization is a pioneering desorption technique that has contributed to substantial
progress in the mass determination of peptides and small proteins. This technique has successfully
been used to identify biologically active peptides derived from milk and milk products, by com-
bining the molecular mass value with the N-terminal sequence obtained by Edman degradation.
By using this strategy, numerous phosphopeptides have been identified in Grana Padano cheese
[170,171], Parmigiano-Reggiano cheese [172,173], Comté cheese [175], and cheese whey [174].
This combination of structural techniques has also been applied to identify the antihyperten-
sive peptide B-Lactosin B from a commercial whey product [176], and antihypertensive peptides
that naturally exist in Gouda cheese [169]. Other applications of the FAB—mass spectrometry, in
combination with other techniques, includes the detection of immunostimulating, opioid, and
antioxidant peptides [167,177].

Today, interfaces like electrospray and atmospheric pressure chemical ionization have dis-
placed more antique soft ionization methods, like FAB. Thus, as shown in Table 3.3, electrospray
has become the predominant ionization method for HPLC—mass spectrometry in bioactive pep-
tide analysis. When it was first introduced, electrospray was mostly used in conjunction with a



52 m  Handbook of Dairy Foods Analysis

Table 3.2 Examples of Application of Mass Spectrometry in the Proteomic Analysis of

Milk Proteins

lon Source-Mass

In-gel-digestion

Purpose? Strategy Analyzerb References
Characterization of Genetic Variants
Polymorphism of goat In-gel digestion 2-DE; MALDI-TOF; | [132]
0.;-casein ESI-IT
Characterization of elephant In-capillary tryptic NanoESI-QTOF [157]
milk proteins hydrolysis
Identification of truncated goat | Tryptic digestion MALDI-TOF [133]
B-CN (reflectron),
HPLC-ESI-IT
Identification of truncated forms |Tryptic digestion MALDI-TOF [134]
of goat a,,,-CN A and E (reflectron),
HPLC-ESI-IT
Detection of novel genetic MALDI-TOF, [135]
variant of donkey B-Lg HPLC-ESI-IT
Characterization of Posttranslational Modifications
Degree of glycosylation and Offline RP-HPLC ESI-QqQ [158,159]
phosphorylation of ovine and
caprine CMP
Detection of phosphoserines Lost phosphoseryl MALDI-TOF [136]
in caseinomacropeptide during fragmentation (postsource
decay spectra)
Characterization of ovine Offline HPLC, CE, PAGE ESI-QTOF, [131]
casein fractions MALDI-TOF,
sector-TOF
Phosphorylation and In-gel digestion 2-DE, [137]
glycosylation of ovine caseins immunoblotting immunoblotting,
MALDI-TOF,
ESI-QqQ
Phosphorylation, glycosylation,  |Enzymatic digestion 1-DE and 2-DE, [138]
and genetic variants of k-casein ESI-IT
Characterization of In-gel digestion MALDI-TOF [139]
k-CN isoforms (reflectron)
Characterization of k-casein Cystein tagging MALDI-TOF [141]
isoforms enrichment of x-CN (reflectron),
ESI-QTOF
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Examples of Application of Mass Spectrometry in the Proteomic

lon Source-Mass
Purpose? Strategy Analyzerb References
Phosphorylation and primary Hydrolysis and 2-DE, HPLC-API- [160]
structure of equine B-CN precipitation CPPs QqQ, ESI-QTOF
Identification of nitration sites Labeling of nitration sites |1-DE, nanoHPLC- [143]
ESI-IT
Identification of phosphorylation | CPP enrichment HPLC-ESI-QTOF, [161]
sites of bovine caseins SELDI-QTOF
Glycosylation sites in folate- Hydrolysis and affinity HPLC-ESI-QTOF [142]
binding protein enrichment of
glycopeptides
Low-Abundance Proteins
Characterization of milk fat In-gel digestion 2-DE, MALDI- [151]
globular membrane proteins QTOF
Identification of minor proteins Immunoabsorbents to 2-DE, MALDI-TOF, [148]
in colostrum and milk remove major proteins + | Q-TOF
in-gel digestion
Identification of biomarkers of In-gel digestion MALDI-TOF [155]
mastitis (postsource decay
spectra)
Sequence of bovine Cis labeling HPLC-ESI-IT [162]
folate-binding protein - -
Enzymatic digestion
Identification of minor human Shotgun proteomics 2-D LC-nanokESI-IT [149]
milk proteins
Enrichment combined
resin
Fat globule membrane In-gel digestion HPLC-QTOF [152]
proteome
Changes in milk fat globule Shotgun proteomics Cation-exchange, [154]
membrane from colostrum to RP-HPLC-QTOF
milk
Identification of peptides as Chemical fractionation MALDI-TOF [156]
biomarkers of mastitis (postsource decay
spectra)
Identification of milk fat globule | In-gel digestion 2-DE, HPLC-QTOF [153]
membrane proteins
Characterization of minor whey | In-gel digestion 2-DE, HPLC-QTOF [154]
proteins

(continued)
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Table 3.2 (continued) Examples of Application of Mass Spectrometry in the Proteomic
Analysis of Milk Proteins

lon Source-Mass
Purpose? Strategy Analyzerb References

Modification of Proteins

Lactosylation of B-Lg Tryptic digest in solution |HPLC-ESI-QqQ [144]

Lactosylation of B-Lg, a-La, and In-gel digestion HPLC-QTOF [145]
0,,-CN in infant formula

B-CN tertiary structure by Intramolecular MALDI-TOF [163]
intramolecular cross-linking cross-linking

Disulfide bond formation in Enzymatic hydrolysis MALDI-TOF [146]
B-Lg-x-CN during heating

Heat-induced redistribution of | Tryptic hydrolysis HPLC-API-QqQ [140,164]
disulfide bonds

Identification of sulfhydryl Blocking SH groups MALDI-QTOF [147]
groups exposed during heat

treatment Tryptic hydrolysis

Abbreviations: B-Lg, B-lactoglobulin; a-La, a-lactalbumin; CN, casein; CMP, caseinmacropeptide;
CPPs, caseinphosphopeptides; RP, reversed-phase; HPLC, high-performance liquid chro-
matography; CE, capillary electrophoresis; PAGE, polyacrylamide gel electrophoresis; 2-DE,
two-dimensional electrophoresis; SCX, strong cation-exchange; MALDI, matrix-assisted
laser desorption/ionization-time-of-flight; ESI, electrospray; APl, atmospheric pressure ion-
ization; TOF, time-of-flight; IT, ion trap, QqQ, triple-quadrupole; QTOF, quadrupole-time-
of-flight.

2 Unless indicated, it corresponds to milk proteins of bovine origin.

b The separation technique employed is also indicated: “-” indicates online coupling.

quadrupole mass analyzer. In this mode, numerous bioactive peptides have been characterized
by combining mass determination with other analysis technique, as for instance, the amino acid
composition or Edman degradation [191,192]. Nevertheless, currently, the vast majority of peptide
sequencing experiments is carried out by tandem mass spectrometry. For instance, a triple-qua-
drupole mass analyzer has been used to sequence antibacterial peptides [205] and phosphopep-
tides [197]. This technique has been used to evaluate the digestibility of the caseinphosphopeptide
B-CN f(1-25), recognized as a mineral carrier during its duodenal transit in rats [229].

The relative ease of combination of electrospray ionization with an ion-trap mass spectrom-
eter has permitted many investigations related to milk proteins and peptides. This mass analyzer
has allowed the characterization of phosphopeptides [211-215], peptides with antimicrobial
[190,199-203], and antioxidant activities [207,230]. Electrospray—ion trap has also been used to
follow the formation of antihypertensive peptides derived from various milk proteins by fermen-
tation with different lactic acid bacteria [180-182,185]. Also, in a complex food matrix such as
ripened cheeses, HPLC—tandem spectrometry performed in an ion trap and offline tandem spec-
trometry has allowed the identification of several ACE-inhibitory peptides [186-188]. Enzymatic
hydrolysis of milk proteins has a great potential to produce ACE-inhibitory peptides, and their
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Table 3.3 Examples of Bioactive Peptides Derived from Milk Proteins Identified by Using
Mass Spectrometry, Classified by the Type of lon Source Employed in the Analysis

Origin? Activity® Mass Analyzer References
FAB
Milk fermented by Lactobacillus Immunostimulating Double-focusing [167]
GG and digested with pepsin opioid
and trypsin
Milk fermented by Lactobacillus sp. | ACE inhibitory Four-sector [168]
or Lactococcus sp.
Gouda cheese ACE inhibitory [169]
antihypertensive
Italian cheeses and cheese whey Phosphopeptides Double-focusing [170-174]
Comté cheese Phosphopeptides Triple-quadrupole | [175]
Commercial whey milk product ACE inhibitory [176]
antihypertensive
Peptic digest of casein Antioxidant Double-focusing [177]
Electrospray
Milk fermented with a mutant strain| Opioid Triple-quadrupole | [178]
of Lactobacillus helveticus L89
Milk proteins fermented and ACE inhibitory [179]
digested with pepsin and trypsin
Sodium caseinate fermented by ACE inhibitory lon trap [180]
Lactobacillus helveticus NCC 2765
Sodium caseinate fermented by ACE inhibitory lon trap [181]
Lactobacillus animalis DPC6134
Milk fermented with Enterococcus |ACE inhibitory lon trap [182,183]
faecalis : .
Antihypertensive
Caprine whey fermented with ACE inhibitory lon trap [184]
microflora of different cheeses
Commercial caprine kefir ACE inhibitory lon trap [185]
Antimicrobial
Antioxidant
Different Spanish cheeses ACE inhibitory lon trap [92,186-188]
Different Italian cheeses Antimicrobial lon trap [189,190]
Hydrolysis of B-CN with chymosin |Immunomodulatory | Quadrupole [191]

(continued)
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Table 3.3 (continued)

Identified by Using Mass Spectrometry, Classified by the Type of lon Source

Employed in the Analysis

Examples of Bioactive Peptides Derived from Milk Proteins

Origin? Activity? Mass Analyzer References
Tryptic hydrolysis of a,,-CN ACE inhibitory Triple-quadrupole [192,193]
Tryptic hydrolysis of BSA ACE inhibitory Triple-quadrupole [194]
Tryptic hydrolysis of CMP ACE inhibitory lon trap [195]
Tryptic hydrolysis of ovine B-Lg ACE inhibitory QTOF [196]
Tryptic hydrolysis of os-CN Phosphopeptides Triple-quadrupole [197,198]
Chymosin hydrolysis of sodium Antibacterial lon trap [199]
caseinate
Peptic hydrolysis of casein Antibacterial lon trap [200]
Peptic hydrolysis of ovine ag,-CN | Antibacterial lon trap [201,202]
Antioxidant
ACE inhibitory
Peptic hydrolysis of k-CN Antibacterial lon trap [202,203]
Antioxidant
ACE inhibitory
Peptic hydrolysis of lactoferrin Antimicrobial Triple-quadrupole [204]
Peptic hydrolysis of o,,-CN Antibacterial Triple-quadrupole [205]
Hydrolysis of a-La and B-CN with  |ACE inhibitory lon trap [107,206]
thermolysin
Hydrolysis of a-La and B-Lg with Antioxidant lon trap [207]
Corolase PP®
Commercial hydrolyzed caseinate |ACE inhibitory QTOF [208]
Ovine k-CN and whole casein ACE inhibitory lon trap [209]
hydrolyzed with digestive
enzymes
In vitro gastrointestinal digestion of | ACE inhibitory lon trap [210]
human milk .
Antioxidant
In vitro gastrointestinal digestion of | Phosphopeptides lon trap [211-215]
milk-based infant formulas, casein,
and casein fractions
Matrix-Assisted Liquid Desorption lonization
CMP Antimicrobial TOF [216]
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Table 3.3 (continued) Examples of Bioactive Peptides Derived from Milk Proteins
Identified by Using Mass Spectrometry, Classified by the Type of lon Source
Employed in the Analysis

Origin? Activity® Mass Analyzer References

Sodium caseinate fermented with | Antimicrobial TOF [217]
Lactobacillus acidophilus DPC 6026

Sodium caseinate hydrolysated ACE inhibitory TOF [218]
with a proteinase from
Lactobacillus helveticus PR4

Tryptic and pancreatic hydrolysis  |Phosphopeptides TOF [219]
of casein
Tryptic hydrolysis of sodium Phosphopeptides TOF [220]
caseinate
Tryptic hydrolysis of milk proteins |Phosphopeptides TOF; QTOF [221-226]
Peptic hydrolysis of human milk Antimicrobial TOF [227]
Peptic hydrolysis of lactoferrin Antimicrobial TOF [228]

Source: Adapted from Contreras, M.M. et al., J. AOAC Int., 91, 981, 2008.
Note: The product of origin, the proposed bioactivity, and the mass analyzer are also specified.

Abbreviations: ACE, angiotensin-converting enzyme; B-Lg, B-lactoglobulin; a-La, o-lactalbumin;
CN, casein; CMP, caseinmacropeptide; BSA, bovine serum albumin; TOF, time-of-flight;
QTOF, quadrupole-time-of-flight.

2 Unless indicated, it corresponds to milk proteins of bovine origin.

b The term activity makes reference to the bioactivity of the food product and/or their derived
peptides.

formation has been monitored by using an ion-trap mass spectrometer. Thus, tryptic hydrolysis
of K-casein macropeptide (CMP) [195] and thermolysin hydrolysis of caprine B-Lg [231], bovine
B-lactoglobulin A [232], and o-La and B-CN A2 [107,206] are good examples of the applica-
tions of this technique to search for bioactive sequences in food-protein hydrolysates. For example,
Figure 3.2A shows the UV-chromatogram corresponding to a B-Lg hydrolysate obtained with ther-
molysin, Figure 3.2B shows the mass spectrum of one selected peak (peak 21 in Figure 3.2A), and
the tandem mass spectrum of the doubly charged ion with 72/z of 807.5 together with the amino
acid sequence of the identified peptide are shown in Figure 3.2C.

Although HPLC—mass spectrometry is a powerful technique for peptide sequencing, certain
RP separations entail some difficulties, as for instance, the identification of small hydrophilic
peptides eluted in the first part of the chromatogram, which is usually discarded to avoid the entry
of salts into the mass spectrometer. Using CE—ion trap, Gémez-Ruiz et al. [209] identified four
novel potent ACE-inhibitory peptides from k-CN hydrolyzed with digestive enzymes.

In recent reports, the characterization of bioactive peptides has been performed by tandem-
in-space mass spectrometers. A quadrupole-TOF mass spectrometer has been used to identify
a total of 21 peptides derived from tryptic hydrolysates of ovine B-Lg [196]. Van Platerink
et al. [208] developed an atline method for the identification of ACE-inhibitory peptides. The
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Figure 3.2 (A) UV-chromatogram corresponding to the B-Lg hydrolysate with thermolysin for
5min at 37°C. (B) Mass spectrum of the selected chromatographic peak in Figure 3.1A. (C) Tan-
dem mass spectrum of the doubly charged ion of m/z 807.5. Following sequence interpretation
and database searching, the MS/MS spectrum was matched to B-Lg f(122-135). The sequence of
this peptide is displayed with the fragment ions observed in the spectrum. For clarity, only the
b and the y”’fragment ions are labeled. (From Herndndez-Ledesma, B. et al., J. Chromatogr. A,
1116, 31, 2006. With permission.)

method consisted of activity measurements of fractions collected from a two-dimensional HPLC
fractionation of the peptide mixture, followed by mass spectrometry identification of the peptides
in the inhibiting fractions.

Because of their longer sequences, several milk-derived antimicrobial peptides have been
identified with MALDI-TOF instruments [216,217,227]. MALDI-TOF was used to follow puri-
fication of lactoferricin, a potent antimicrobial milk-derived peptide, on an industrial grade cation-
exchange resin [228]. MALDI, as ionization source, has also been employed for the identification
and characterization of milk-derived antihypertensive peptides from casein hydrolyzed with a
proteinase from a food-grade microorganism (Lacrobacillus helveticus PR4) [218]. Furthermore,
MALDI techniques have also contributed to study the bioavailability of antihypertensive peptides.
Using MALDI-TOF mass spectrometry, the presence of the antihypertensive peptide derived from
a tryptic digestion of B-lactoglobulin in both the mucosal and serosal sides of a Caco-2 cell mono-
layer has been demonstrated [233]. It has been observed that the heptapeptide are transported
intact through the monolayer, but in concentrations too low to exert an ACE-inhibitory activity.

Phosphorylated peptides are usually in low concentrations in the hydrolysis products in
such a way that the presence of nonphosphorylated peptides can suppress the ion signal of
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the phosphorylated species in the mass spectrum [221]. Furthermore, the electronegativity of
phosphate groups usually reduces the ionization efficiency during the positive mode of mass
spectrometry analysis [222]. Therefore, enrichment or purification methods are usually neces-
sary. Zhou et al. [223] showed the successful identification of 0- and B-casein-derived phos-
phopeptides, by applying immobilized metal ion affinity chromatography (IMAC) and direct
analysis with MALDI-TOF mass spectrometry. Recently, other techniques have been success-
fully applied to selectively concentrate phosphopeptides prior to MALDI-TOF mass spectro-
metric analysis, such as titanium dioxide microcolumns [224], alumina- and zirconia-coated
magnetic particles [221,225], and porous anodic alumina membrane [222]. A recent promis-
ing technique for the analysis of food-derived phosphopeptides involves the direct detection
and sequencing of IMAC-enriched peptides through MALDI-tandem mass spectrometry on an
orthogonal injection quadrupole-TOF mass spectrometer [234]. Bennet et al. [226] employed
this technique with or without the IMAC purification step for phosphopeptides identification
from B-casein.

3.3.4.3 Evaluation of Proteolysis

Proteolysis of milk proteins has been evaluated by using different mass spectrometry techniques.
One of the main applications is the characterization of different cheese varieties, where proteolysis
is regarded as one of the most important biochemical reaction. As stated in the first part of this
chapter, chromatographic and electrophoretic techniques provide valuable information about pep-
tides produced in cheese ripening, but the use of mass spectrometry has allowed increased sensitiv-
ity, specificity, and peptide sequencing in a shorter analysis time. MALDI-TOF mass spectrometry
approaches have been applied to identify peptides in Cheddar cheese, prior to separation by HPLC
[235,236]. This technique has also been used to quantify the bitter peptide B-CN £(193-207),
to correlate its presence with cheese bitterness and to differentiate peptidase activities of starter
and adjunct cultures on B-CN £(193-207) under cheese-like conditions [237-239]. Owing to
the small size of these peptides, ion trap has been successfully applied to study the mechanism
of casein breakdown in a starter-free model cheese made from microfiltered milk, and to identify
ACE-inhibitory peptides and phosphopeptides in cheese [186,187,240]. The formation of peptides
during ripening has also been studied by using a triple-quadrupole mass spectrometer as mass
analyzer [241,242]. Several examples about the application of mass spectrometry to the analysis of
peptides in cheese are summarized in Table 3.4.

Mass spectrometry in its different modes has extensively been used to characterize milk-pro-
tein hydrolysates. Table 3.4 includes some of the recent applications of this technique and the
purpose that led to the characterization of the milk-protein hydrolysate. These applications are
focused mainly to study the digestibility of milk proteins (in their native form or subjected to
different treatments) and to determine the specificity of enzymes, either bacterial or digestive
enzymes, used in the food industry. In all the cases, the introduction of mass spectrometry, mostly
coupled with HPLC, has allowed the identification of peptide sequences, even those that are not
chromatographically resolved.

3.3.4.4 Quantitative Analysis of Peptides by Mass Spectrometry

Although a remarkable progress in protein analysis as a consequence of proteomic research has
been achieved, the field of absolute quantification of peptides by mass spectrometry has not grown
rapidly. However, the well-established selectivity and sensitivity advantages offered by mass spec-
trometry for protein and peptide analysis suggest that peptide quantification can be achieved
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Table 3.4 Examples of the Application of Mass Spectrometry in the Analysis of Peptides in
Cheese and Milk-Protein Hydrolysates

Purpose lon Source-Mass Analyzer References

Cheese

Identification of peptides in Cheddar cheese MALDI-TOF [235,236]

Quantification of bitter peptide 3-CN f(193-209) MALDI-TOF [237]
in Queso Fresco

Correlation of B-CN f(193-209) and bitterness in MALDI-TOF [238]
Cheddar cheese

Differentiation of peptidase activities in -CN MALDI-TOF [239]
(193-209)

Identification of small peptides in different MALDI-TOF [243]
cheese types

Clotting mechanism of proteinase from glutinous  |ESI-Q-TOF, MALDI-TOF [244]
rice wine

Taste characteristics of peptides in Manchego HPLC-ESI-IT [245]
cheese

Identification of ACE-inhibitory peptides in HPLC-ESI-IT [187,188]
Spanish cheeses

Identification of phosphopeptides in cheese IMAC + RP-HPLC-ESI-IT [240]

Identification of small peptides in goat cheese ESI-QqQ [242]

Formation of peptides during Cheddar cheese- ESI-QqQ [241]
making

Primary proteolysis in cheese made with HPLC-IT [36]

microfiltered milk

Milk-Protein Hydrolysates

Detection of milk allergens HPLC-QTOF [246]

Antigenicity and immunoglobulin binding of B-Lg ~ |HPLC-ESI-IT [103]
hydrolysates

Digestibility of B-Lg treated with high-pressure MALDI-TOF; HPLC-IT [247]

Effect of lactosylation on protein susceptibility of | MALDI-TOF/TOF [248]
different proteases

Digestibility of B-Lg/B-Lg f(142-148) complexes MALDI-TOF [96]

Susceptibility of B-Lg to chymotrypsin during and | HPLC-ESI-IT [100]

after high-pressure treatments
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of Peptides in Cheese and Milk-Protein Hydrolysates

Examples of the Application of Mass Spectrometry in the Analysis

Purpose lon Source-Mass Analyzer | References

Identification of photolytic cleavage of disulfide MALDI-TOF/TOF; ESI-QTOF | [249]
bonds in goat a-La

Digestibility of whey proteins subjected to high MALDI-TOF [250]
pressure

Conformational changes of o-La induced by HPLC-ESI-IT; HPLC-QTOF [251]
ethanol studied by limited proteolysis

Identification of B-casein peptides under MALDI-TOF (postsource [252]
gastroanalogous conditions decay)

Changes of susceptibility of genetic variants of HPLC-QqQ [140]
B-Lg to trypsin

Degradation of 0;-CN f(1-23) by bacterial amino- MALDI-TOF [253]
and endopeptidases

Specificity of peptidases from Lactobacillus MALDI-TOF (reflectron) [254]
helveticus

Identification of aggregating peptides in a whey HPLC-IT [255,256]
protein hydrolysate

Specificity of cathepsin B on caseins PD-TOF [257]

Identification of aggregating peptides in a-La HPLC-Q; MALDI-TOF [258]
hydrolysates

Release of albutensins from bovine and human HPLC-ESI-QqQ [194]
serum albumin

Binding of pentanal- and lysine-containing MALDI-TOF/TOF [259]
peptides

Identification of peptides in milk with different MALDI-TOF/TOF [260]
somatic cell counts

Peptide profiling in milk produced by cows with MALDI-TOF/TOF [261]
subclinical mastitis

Pattern of casein breakdown by native enzymes HPLC-ESI-Q; ESI-QTOF [262]
in human milk

Abbreviations: B-Lg, B-lactoglobulin; a-La, o-lactalbumin; CN, casein; CMP, caseinmacropeptide;
BSA, bovine serum albumin; IMAC, immobilized metal affinity chromatography; HILIC,
hydrophilic interaction liquid chromatography; PD, plasma desorption; MALDI, matrix-
assisted laser desorption/ionization-time-of-flight; ESI, electrospray; API, atmospheric
pressure ionization; TOF, time-of-flight; IT, ion trap; QqQ, triple-quadrupole; QTOF,
quadrupole-time-of-flight.
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by techniques, such as HPLC—mass spectrometry or HPLC—tandem mass spectrometry [263].
Furthermore, immunological techniques, such as competitive ELISA and radioimmunoassay, are
still widely employed for peptide quantification. Methods based on mass spectrometry demand
extensive validation to meet the defined criteria, such as accuracy, precision, recovery, selectivity,
stability, and robustness. Special attention should be directed to matrix effects, because they can
suppress ionization, thus misleading the calculations [264]. On the other hand, the addition of an
internal standard can improve accuracy and aid in determining the deviations in the analytical
process [265].

The antihypertensive activity of ACE-inhibitory peptides has been shown to be highly
dependent on the peptide dosage [266], and therefore, quantification of these peptides in func-
tional foods is essential to ensure the activity of the final product. Several methods based on HPLC
coupled with mass spectrometry have recently been reported to quantify antihypertensive peptides
in protein hydrolysates or fermented products. Curtis et al. [267] developed a straightforward,
quantitative method for measuring an antihypertensive peptide in bonito muscle hydrolysate,
using one step of solid-phase extraction followed by quantification using HPLC—tandem mass
spectrometry with a quadrupole-TOF mass spectrometer. Van Platerink et al. [268] developed
a method on a triple-quadrupole instrument for the quantification of 17 ACE-inhibitory pep-
tides, including IPP, VPP, and HLPLP, in plasma samples from human volunteers who previously
consumed peptide-enriched drinks. The limit of the detection was below 0.01 ng/mL, and the
limit of the quantification was between 0.05 and 0.2ng/mL. The antihypertensive peptide
LHLPLP was quantified in the fermented milk products by HPLC~tandem mass spectrometry
with an ion-trap instrument [269]. The determination was based on the peak area of the most-
abundant product ions from the fragmentation of the molecular ion of LHLPLP, and did not
require internal standard. The use of mass spectrometry or tandem mass spectrometry produced
very clean chromatograms for this peptide, with a negligible contribution from the fermented milk
background. Lately, this method was applied to study the transepithelial transport of the peptide
LHLPLP using Caco-2 cells [270]. Recently, Geetlings et al. [271] quantified the caprine ACE-
inhibitory sequences TGPIPN, SLPQ, and SQPK from a goat milk hydrolysate. Peptides were
quantified by mass spectrometry using calibration curves prepared with synthetic peptides, but
they did not report any validation criteria for this method.

The quantitative determination of two antihypertensive peptides, IPP and VPP, has been
achieved by using different mass spectrometric approaches. Matsuura et al. [272] described an
HPLC-mass spectrometry approach to quantify these peptides in a casein hydrolysate, using the
peptide APP as an internal standard. The method required a previous solid-phase extraction stage
as a cleanup procedure, and showed reproducibility between 3.9% and 4.1%, linearity in the range
from 0 to 48 ug/mL, and good accuracy. Recently, Biitikofer et al. [273] employed HPLC with
subsequent triple mass spectrometry (MS?) procedure for the quantitative determination of VPP
and IPP in the water-soluble extracts of several traditional cheeses. Quantification of VPP and
IPP was carried out in a linear ion-trap mass spectrometer with the sum of the most intense ions
in the MS? experiments. The use of PPPP as an internal standard for quantification substantially
improved the repeatability of the method. The limit of determination was 0.22 mg/kg for VPP and
0.03 mg/kg for IPP. The repeatability and recovery obtained showed that this method is suitable
for the detection of IPP and VPP in cheese.

The CMP is a polypeptide of 64 amino acid residues, derived from the C-terminal part of
bovine K-casein. It is a complex mixture of nonglycosylated and diversely glycosylated forms.
Mollé and Leonil [274], using HPLC—mass spectrometry, reported several reliable conditions to
enable unequivocal determination of aglyco-CMP variant A, aglyco-CMP variant B, and total
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CMP. A high degree of selectivity was obtained using multiple reactions monitoring the detection,
and the limit of quantification was 10 pmol within the standard curve range of 10—1000 pmol.

Few attempts have been made to quantify the milk peptides in the biological fluids, using mass
spectrometry. Kuwata et al. [275] evaluated the iz vivo generation of lactoferricin after ingestion of
bovine lactoferrin by surface-enhanced laser desorption/ionization (SELDI). SELDI was used in
the affinity mass spectrometry operational mode to detect and quantify lactoferricin directly from
unfractionated gastric contents. The recovery of the method was almost 100% and the amount of
lactoferricin found in the gastric contents was 16.9+2.7 ug/mL.

3.4 Future Prospects

This chapter summarized the main recent contributions and potentialities of different analytical
techniques to identify and characterize milk peptides in milk and different dairy products. In
the near future, traditional techniques for analyzing milk peptides, such as HPLC and CE, will
continue to grow through the miniaturization of the components (microbore and narrow-bore
columns), and techniques for peptide separations on microchips will progress, especially for pro-
teomic applications. The coupling of microfluidic chips with mass spectrometry is probably one
of the future developments that will be applied in the analysis of milk peptides. Although it is
likely that 2D-PAGE techniques will still be used in the proteomic analysis of milk proteins and
peptides, an increase in the application of liquid 2D-separations prior to detection by conven-
tional techniques or mass spectrometry is expected, which will improve the identification of minor
peptides in complex mixtures. By looking at the performance of recent mass spectrometers with
increasing sensitivity, mass accuracy, and resolving power, one can envision that within the next
few years important breakthroughs will result from the study of milk peptides that will expand
the current knowledge on, for instance, allergens and bioactive peptides. Theoretical predictions
and simulations are already considered as an emerging tool in peptide science. In this respect, the
growing trend of computer-aided methods, such as databases for protein identification, interpreta-
tion of spectra, or simulation of protein hydrolysis is expected to continue in the future.
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4.1 Introduction

In the living world, many protein systems are formed through the association of monomeric sub-
units. Such associated molecules have a fixed structure and comprise several identical or different
subunits. Milk possesses a protein system constituted by two major families of proteins: caseins
(insoluble) and whey proteins (soluble). Whey proteins are globular molecules with a substantial
content of O-helix motifs, in which acidic/basic and hydrophobic/hydrophilic amino acids are
distributed in a fairly balanced way along their polypeptide chains [1]. When compared with the
conventional globular proteins such as whey, caseins have a unique structure [2]. The characteristic
feature of caseins is their amphiphilicity. This special trait is observed in the structure of the prin-
cipal caseins that comprise fragments of protein molecules possessing both hydrophilic and hydro-
phobic properties. In milk, caseins occur mostly in the form of porous, spherical, and large-sized
molecules referred to as casein micelles. Micellar casein differs from many other protein systems
with respect to at least two aspects. First, although micelles are large and have a fixed structure,
they are characterized by significant variability. The smallest micelles with a diameter of around
25nm have approximately 450 monomeric subunits, while the largest micelles with a diameter
greater than 150 nm may contain more than 10,000 monomeric subunits [3]. Second, even such a
large number of monomeric subunits aggregate in an orderly manner, forming micelles from the
four main, nonidentical monomeric subunits—o;, 0., 3, and K-caseins.

The properties of micellar casein and whey proteins largely determine the behavior of milk
during processing, such as pasteurization, sterilization, condensation, or curdling during cheese
production. All of these behavior patterns relate to the structure of the milk proteins and to the
possible changes in its structure during processing. Therefore, an understanding of the structure
of milk proteins and the changes it undergoes under processing conditions is important for the
dairy-processing industry and food analyses.

This chapter presents information on the terminology, structure, and properties of milk pro-
teins, their chromatographic and spectral characteristics, and the resulting strategies for the deter-
mination and identification of milk proteins.

4.2 Molecular Properties of Caseins

Milk caseins of the genus Bos were originally defined by the American Dairy Science Association
Committee on the Nomenclature, Classification, and Methodology of Milk Proteins [4] as the
phosphoproteins that precipitate from raw skimmed milk by acidification to pH 4.6 at 20°C. The
Committee differentiated caseins according to their relative electrophoretic mobility in alkaline
polyacrylamide or starch gels containing urea with or without mercaptoethanol. Based on electro-
phoretic separation and an evaluation of amino acid sequence homology, caseins have been classi-
fied into the following families: o}, 0t,, B, and K-caseins.

The 0.;-CN family, whose constituents make up to 40% of all casein fractions in bovine milk,
comprises one primary and one secondary component. Both the proteins are made of single poly-
peptide chains with the same amino acid sequence, but with different degrees of phosphorylation
[5—7]. This secondary component contains the ninth, additional phosphoserine residue 41 [8-10].
The reference protein for this family is o.;-CN B-8P, whose polypeptide chain contains 199 amino
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MKLLILTCLVAVALARPKHPIKHQGLPQEVLNENLLRFFVAPFPEVFGKEKVNELSKD
IGSESTEDQAMEDIKQMEAESISSSEEIVPNSVEQKHIQKEDVPSERYLGYLEQLLRLK
KYKVPQLEIVPNSAEERLHSMKEGIHAQQKEPMIGVNQELAYFYPELFRQFYQLDAY
PSGAWYYVPLGTQYTDAPSFSDIPNPIGSENSEKTTMPLW

Figure 4.1 Amino acid sequence of a-casein B (entry name and accession number in Swiss
Prot database—http://www.expasy.org are CASA1_BOVIN and P02662, respectively; BIOPEP—
http://www.uwm.edu.pl/biochemia ID 1087). Amino acid sequence is given according to Mer-
cier et al. [6]. Signal peptide (residues 1-15) is underlined. Mature protein contains residues
16-214 (199 residues). Phosphorylation sites according to Mercier [7], Bai et al. [9], and Imanishi
et al. [10], are indicated as bold.

acid residues. The primary structure of this genetic variant is presented in Figure 4.1. Till date,
seven genetic variants have been identified: o -CN, A, B, C, D, E, F, G, and H [5,6,8,11-14]. The
differences between those genetic variants result from the deletion or the genetically controlled
substitution of the amino acids (Table 4.1).

The secondary structure of 0;-CN has been examined by various methods, including CD
spectroscopy, Raman spectroscopy, and predictive algorithms, using sequence information [2].
However, the three-dimensional (3D) structure of 0;-CN cannot be determined, because the
protein does not form crystals. Nevertheless, its tertiary structure has been predicted using a com-
bination of predicted secondary structures, adjusted to conform to the amount of global secondary
structures determined experimentally, with molecular-modeling computations based on energy
minimization [15]. The model of 0.;-CN can be imagined as “a knight ready to deliver a blow.”
“The sword” is formed by the N-terminal region (amino acid residues 26—89). An analysis of the
shape of this molecule shows that the hydrophobic N-terminal region is separated from the highly
hydrophobic C-terminal region by a hydrophilic region containing seven out of eight phosphate
residues attached to the serine residues. The molecule of 0.;-CN displays a strong tendency of
self-association. The degree of association is dependent on the ionic strength: tetramers are formed
below 0.1 M salt concentration, octamers are formed in the range of 0.1-0.4 M, and o;-CN loses
its solubility (is salted out) at an ionic strength higher than 0.5M.

The o,-CN family represents a more disparate group than the 0,,;-CN family. Its components
account for up to 10% of all the casein fractions in bovine milk, and are represented by two major
and several minor components [16-19]. The reference protein for the 0.,-CN family is o,-CN
A-11D, a single-chain polypeptide with an internal disulfide bond. It consists of 207 amino acid
residues. The primary structure of 0,-CN A is shown in Figure 4.2. Four genetic variants of
0.,,-CN are known, A, B, C, and D (Table 4.1).

The o.,-CN is the most hydrophilic of all the caseins owing to the presence of three clusters
of anionic groups composed of phosphoseryl and glutamyl residues. The primary structure of this
casein (Figure 4.2) can be represented by four domains: an N-terminal hydrophilic domain with
anionic clusters, a central hydrophobic domain followed by another hydrophilic domain with
anionic clusters, and finally, a C-terminal positively charged hydrophobic domain [2]. This struc-
ture is related to the ionic strength [4]. The association appears to be strongest around an ionic
strength of 0.2 M, with dissociation occurring at lower and higher salt concentrations. The num-
ber of anionic clusters and the hydrophilic nature are reflected in the calcium-binding properties
of a.,-CN. This protein is more sensitive to Ca?* than 0,;-CN, and precipitates in the presence of
2mM Ca?, while 0,,;-CN precipitates in the presence of 6mM Ca?".
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MKFFIFTCLLAVALAKNTMEHVSSSEESIISQETYKQEKNMAINPSKENLCSTFCKEVV
RNANEEEYSIGSSSEESAEVATEEVKITVDDKHYQKALNEINQFYQKFPQYLQYLYQG
PIVLNPWDQVKRNAVPITPTLNREQLSTSEENSKKTVDMESTEVFTKKTKLTEEEKNR
LNFLKKISQRYQKFALPQYLKTVYQHQKAMKPWIQPKTKVIPYVRYL

Figure 4.2 Amino acid sequence of a,,-casein A (entry name and accession number in Swiss
Prot database—http://www.expasy.org are CASA2_BOVIN and P02663, respectively; BIOPEP—
http://www.uwm.edu.pl/biochemia ID 1090). Amino acid sequence is given according to Bri-
gnon et al. [17]. Signal peptide (residues 1-15) is underlined. Mature protein contains residues
16-222 (207 residues). Phosphorylation sites, according to Mercier [7], Bai et al. [9], and Imani-
shi et al. [10], are indicated as bold.

The B-CN family, which constitutes up to 45% of the caseins of bovine milk, is completely
complex because of the action of the native milk protease, plasmin [8]. Plasmin cleavage leads to
the formation of -, Y,-, and ;-CN, which are actually fragments of B-CN consisting of residues
29-209, 106-209, and 108-209 in mature protein. In addition, polypeptides previously called
proteose—peptone components 5, 8-fast, and 8-slow, are fragments of B-CN, which represent
residues 1-105 or 1-107, 1-28, and 29-105, respectively. The reference protein for this family is
B-CN A2-5P. A single polypeptide chain of this protein contains 209 amino acid residues that are
not inclusive of the cysteine residues. The B-CN, variant A% amino acid sequence is presented in
Figure 4.3 [20,21]. To date, 12 genetic variants [8,22-27] have been identified: B-CN, A, A2, A3,
B,C,D,E, F G, H!, H2, and I (Table 4.1).

The B-CN is the most hydrophobic of the investigated caseins. The molecule of B-CN pres-
ents a high contrast in its sequence; one-tenth of the amino acids at the N-terminus of the protein
contain one-third of the total charge, while one-tenth of 75% of the residues at the C-terminus
constitute the hydrophobic amino acids. The B-CN molecule model has a crab-like structure
with two large, twisted hydrophilic arms [28]. Although B-casein seems to have a more cohesive
structure than K-casein, it is asymmetrical. The molecule’s shape can be generally described as an
ellipsoid with a 2:1 axis ratio. One terminus (C-terminal end) comprises a strongly hydrophobic
domain, while the other (N-terminal end) is strongly hydrophilic. In isolated systems, [3-casein
aggregates, forming “micelles” at a degree of association = 20 (five connected tetramers) at room
temperature.

MKVLILACLVALALARELEELNVPGEIVESLSSSEESITRINKKIEKFQSEEQQQTEDEL
QDKIHPFAQTQSLVYPFPGPIPNSLPQNIPPLTQTPVVVPPFLQPEVMGVSKVKEAMAP
KHKEMPFPKYPVEPFTESQSLTLTDVENLHLPLPLLQSWMHQPHQPLPPTVMFPPQSV
LSLSQSKVLPVPQKAVPYPQRDMPIQAFLLYQEPVLGPVRGPFPIIV

Figure 4.3 Amino acid sequence of B-casein A? (Entry name and accession number in Swiss
Prot database—http://www.expasy.org are CASB_BOVIN and P02666, respectively; BIOPEP—
http://www.uwm.edu.pl/biochemia ID 1098). Amino acid sequence is given according to Gro-
sclaude et al. [30]. Signal peptide (residues 1-15) is underlined. Mature protein contains residues
16-222 (207 residues). Phosphorylation sites, according to Mercier [7], Wu et al. [27], and
Imanishi et al. [10], are indicated as bold.
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MMKSFFLVVTILALTLPFLGAQEQNQEQPIRCEKDERFFSDKIAKYIPIQY VLSRYPSY
GLNYYQQKPVALINNQFLPYPYYAKPAAVRSPAQILQWQVLSNTVPAKSCQAQPTT
MARHPHPHLSFMAIPPKKNQDKTEIPTINTIASGEPTSTPTTEAVESTVATLEDSPEVIE
SPPEINTVQVTST

Figure 4.4 Amino acid sequence of k-casein A (entry name and accession number in Swiss
Prot database—http://www.expasy.org are CASK_BOVIN and P02668, respectively; BIOPEP—
http://www.uwm.edu.pl/biochemia ID 1117). Amino acid sequence is given according to Gro-
sclaude et al. [30] and Mercier et al. [31]. Signal peptide (residues 1-21) is underlined. Mature
protein contains residues 22-190 (169 residues). Phosphorylation sites, according to Mercier [7],
are indicated as bold. Glycosylation sites, according to Kanamori et al. [33] and Pisano et al.
[34], are bold and underlined.

The K-CN family consists of a major carbohydrate-free component and a minimum of six minor
components. The six minor components represent varying degrees of phosphorylation and glycosy-
lation [4]. Its components account for up to 15% of all the casein fractions in the bovine milk.

The primary structure of the reference protein of the k-CN family is the major carbohydrate-
free component of k-CN A-1P [29-31]. Figure 4.4 presents the sequence of the genetic variant,
K-CN A. The mature protein consists of 169 amino acid residues, with a formula molecular weight
of 19.037 kDa. The k-CN is the only casein that is soluble in the presence of calcium ions. The
susceptibility of various caseins to precipitation in the presence of calcium ions increases with
the number of phosphate residues. The k-CN contains one phosphate residue, which explains its
solubility in the presence of calcium ions. Furthermore, K&-CN molecules may associate with o -,
0, and B-CN molecules, protecting them from precipitation in the presence of calcium ions and
forming permanent colloidal molecules [32].

Among all the caseins, only the minor k-CN components are glycosylated [33,34]. Their sac-
charide residues with monosaccharide, disaccharide, trisaccharide, and tetrasaccharide structure
are formed as a result of posttranslational glycosylation, and may contain N-acetyl neuraminic
acid (NeuAc), galactose (Gal), and N-acetyl galactosamine (GalNAc). Trisaccharides and tetras-
accharides are the dominant oligomeric forms [35]. The saccharide residues are connected to the
polypeptide chain mainly by Thr 133 as well as Thr 131 and 133.

A 3D model of K-casein can be imagined as a “horse with a rider” [36]. The N-terminal
region represents the horse and the C-terminal region represents the rider. Long, distinct legs
are located in the “horse region” of the molecule model. During the action of chymosin (EC
3.4.23.4), the “rider region” is released. This part of the protein molecule, named macropeptide
(residues 106-169), contains glycosidic threonine residues and phosphorylated residues of serine
and/or threonine. The K-casein contains cysteine residues (in the “horse region”) that can form
intra- and intermolecular disulfide bonds [37]. The isolated K-casein forms the dimer to octamer
systems.

4.3 Molecular Properties of Whey Proteins

Whey proteins are a group of milk proteins that remain in the milk serum or whey after precipi-
tation of CN at pH 4.6 and 20°C. Whey proteins account for about 20% of the total proteins
contained in milk. These are globular molecules with a substantial content of a-helix motifs, in
which acidic/basic and hydrophobic/hydrophilic amino acids are distributed in a fairly balanced
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manner along the polypeptide chains [1]. The major whey proteins are B-lactoglobulin (B-LG) and
o-lactalbumin (0-LA). Other whey proteins are bovine serum albumin (BSA), immunoglobulins
(IG), bovine lactoferrin (BLF), and lactoperoxidase (LP), together with other minor components.

The B-LG is the major protein in whey. This protein has several genetic variants (Table 4.1)
[8,38—41], of which A and B occur very frequently in most of the cattle breeds [42]. The refer-
ence protein for the B-LG family, B-LG B, consists of 162 amino acid residues, with a molecular
weight of 18,277 Da [8,43]. The primary sequence is shown in Figure 4.5. It is composed mainly
of B-sheet motifs, and its quaternary structure depends on the medium pH. At pH values between
7 and 5.2, B-LG exists as a stable dimer, with a molecular weight of ca. 36,700 Da. In the environ-
ment of pH 3 and above 8, B-LG occurs as a monomer, and at pH values between 5.2 and 3.5, it
occurs as an octamer with a molecular weight of ca. 140,000 Da [1].

The 0-LA is quantitatively the second most important protein in whey, and it is fully synthe-
sized in the mammary gland. Within the Golgi apparatus of the mammary epithelial cells, o-LA
interacts with the ubiquitously expressed enzyme [-1,4-galactosylotransferase (EC 2.4.1.22),
allowing the formation of lactose from glucose and uridine diphosphate (UDP)-galactose. Fur-
thermore, 0-LA acts as a coenzyme for the biosynthesis of lactose [44].

Bovine milk contains 0i-LA at a concentration of ca. 1.2-1.5g/L [4]. Three genetic variants of
this protein have already been identified—A, B, and C [1]. The B variant is the reference protein
for the family, and contains 123 amino acid residues, with a molecular weight of 14.175kDa
[45]. Its sequence is presented in Figure 4.6. The native 0-LA consists of two domains: a large
o-helical domain and a small B-sheet domain, which are connected by a calcium-binding loop.
The oi-helical domain is composed of three major ot-helices and two short 3, helices. The small
domain is composed of a series of loops, a small three-stranded antiparallel B-pleated sheet, and
a short 3,, helix. Its globular structure is stabilized by four disulfide bonds, at pH values in the
range of 5.4-9.0 [46].

The BSA is not synthesized in the mammary gland, but appears in the milk, following passive
leakage from the blood stream. It has a principal role in the transport, metabolism, and distribu-
tion of ligands [47]. The BSA represents about 8% of the total whey proteins. A single-chain poly-
peptide of BSA contains 582 amino acid residues, leading to a molecular weight of 66.399kDa.
It also possesses 17 intermolecular disulfide bridges and one thiol group. Heat-induced gelation of
BSA at pH 6.5 is initiated by an intermolecular thiol-disulfide interchange [48].

The IG fraction accounts for about 6% of the total whey proteins, and constitutes a complex of
proteins produced by B-lymphocytes. These proteins are present in the serum and the physiologi-
cal fluids of all mammals, and play an important immunological function (especially in colos-
trum) [1].

MKCLLLALALTCGAQALIVTQTMKGLDIQKVAGTW YSLAMAASDISLLDAQSAPLR
VYVELKPTPEGDLEILLQKWENGECAQKKIIAEKTKIPAVEKIDALNENKVLVLDTDY
KKYLLFCMENSAEPEQSLACQCLVRTPEVDDEALEKFDKALKALPMHIRLSENPTQL
EEQCHI

Figure 4.5 Amino acid sequence of B-LG B (entry name and accession number in Swiss Prot
database—http://www.expasy.org are LACB_BOVIN and P02754, respectively; BIOPEP—http://
www.uwm.edu.pl/biochemia ID 1116). Amino acid sequence is given according to Braunitzer
et al. [43]. Signal peptide (residues 1-16) is underlined. Mature protein contains residues 17-178
(162 residues).
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MMSFVSLLLVGILFHATQAEQLTKCEVFRELKDLKGYGGVSLPEW VCTTFHTSGYDT
QAIVQNNDSTEYGLFQINNKIWCKDDQNPHSSNICNISCDKFLDDDLT DDIMCVKKIL
DKVGINYWLAHKALCSEKLDQWLCEKL

Figure 4.6 Amino acid sequence of a-LA B (entry name and accession number in Swiss Prot
database—http://www.expasy.org are LALBA_BOVIN and P00711, respectively; BIOPEP—
http://www.uwm.edu.pl/biochemia ID 1115). Amino acid sequence is given according to Brew
et al. [45]. Signal peptide (residues 1-19) is underlined. Mature protein contains residues 20-142
(123 residues).

Other minor components of whey proteins account for up to 3% of the total whey protein
content, and display different types of biological activity.

4.4 Functional Properties of Milk Proteins

Solubility is a primary functional property of the milk proteins [49]. According to Kinsella [50],
protein solubility is the physicochemical characteristic, on which other functional properties
depend. Solubility determines the use of protein in food processing, providing valuable infor-
mation about the method for the production of protein preparations, as well as influencing the
emulsifying and foaming properties of the proteins [51,52]. Solubility is mostly dependent on the
structure and properties of a solvent, temperature, and pH of the environment, as well on the pres-
ence of Ca?* (or other charge ions) ions and interactions with other chemical components [51,53].
The loss in solubility because of food processing under drastic conditions is often indicative of
the denaturation degree of a protein [54,55]. The results of many studies show that the enzymatic
hydrolysis improves the solubility of milk proteins [56,57]. Grufferty and Fox [58] hydrolyzed
micellar casein with alkaline milk proteinase, and observed an increase in the soluble nitrogen,
owing to the production of peptides with a good surface activity. Abert and Kneifel [59] observed
that an increase in the degree of acid casein hydrolysis resulted in an increase in the nitrogen solu-
bility index. Furthermore, the applicability of milk proteins is observed to increase substantially, if
their good solubility is preserved. This characteristic is of particular importance in acidic environ-
ments, as it makes it possible to use proteins as additives to juices and beverages without the risk
of coagulation.

Solubility plays a key role in the development of emulsifying and foaming properties [49,52].
It has been found that hardly soluble proteins generally have poor emulsifying properties [60].
Cascins are an excellent emulsifier as they easily unfold at the interfaces [61]. This property
results from the uniquely flexible structure of caseins, containing a few secondary structure com-
ponents, and practically devoid of tertiary structure components [62—64]. Caseins are gener-
ally assumed to be “naturally denatured” proteins [65]. B-Casein is the most effective stabilizer
among the milk proteins, as it decreases the surface tension to the greatest degree [66]. 3-Casein-
like proteins show good emulsifying and foaming properties, because they rapidly decrease the
surface tension at the oil/air—water interface [67]. The capacity of the milk proteins to reduce the
surface tension decreases in the following order: B-casein>0-k->B-LG>0-LA>serum albumin
[60,68]. The emulsifying properties may improve on limited protein denaturation, which does
not drastically decrease the solubility, but is associated with an increase in the surface hydro-
phobicity [69]. It has been found that an ideal foam-forming protein should have high surface
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hydrophobicity, good solubility, and a low total charge at the pH value of the food product, and
its polypeptide chain should relatively easily unfold [52,70]. Enzymatic hydrolysis and chemi-
cal modifications can be used to alter protein emulsifying/foaming properties [56,64,66,71,72].
The enzymatic hydrolysis of caseins partially improves the emulsifying and foaming properties
[56,73]. It is possible to obtain peptides of different characteristics under conditions of B-casein
hydrolysis by plasmin, and the separation and purification of hydrolysate fractions [63]. It was
found that despite its good solubility, the hydrophilic peptide (B-CN 1-28) showed poor abil-
ity to decrease the surface tension and low capacity for steric interactions, which implicates its
unsatisfactory emulsifying and foaming properties. A distinct separation of the hydrophobic
and hydrophilic areas in the amphiphilic peptides (B-CN 1/28-105/107), together with good
solubility and relatively high-molecular weight could be one of the reasons for their best emul-
sion-forming ability. Only hydrophobic peptides (B-CN 106/108/114-209) form stable foams.
Component 3 of proteose—peptone was reported to have good-foaming properties [74]. Patel [75]
hydrolyzed caseins and identified three B-casein peptides: 101-145, 107-145, and 107-135. The
decrease in the foam-forming ability was observed at 10% DH when compared with 5% DH.
Whey proteins have excellent foaming properties. The stability of the foam formed by the solu-
tion of whey proteins (0-LA and B-LG) can increase upon the factors causing an “opening” of
their globular structure and exposition of SH residues present in these proteins. Furthermore,
partial denaturation of B-LG during homogenization can improve its foaming properties [76].
A relationship between emulsion-forming and emulsion-stabilizing properties, and the presence
of secondary structure in the synthetic peptides in solution has been suggested [77,78]. Various
authors [62,66,79] postulated a relationship between the contribution of amphiphilic o-helix
structure and the emulsifying properties of casein peptides, as well as a relationship between the
surface load and the emulsion-stabilizing properties of casein fractions.

Multiple regression was applied to describe the relationships between the ability of proteins
and peptides to form and stabilize foam/emulsion, and their solubility and retention time (chro-
matographic analysis) or spectroscopic parameters (analysis of UV spectra) [80]. An example
of an equation for which the coefficients of multiple correlations were found to be statistically
significant (p < 0.05) has been presented. This equation describes the interrelation between the
ability of the proteins and peptides to form foam (F3) and their solubility () and retention
time (#g):

F! =105.4843-0.9379x S, +0.5216 x 1, (4.1)

The ability of milk proteins to form a gel is useful in milk processing [81,82]. A two-step protein
gelation model was proposed: an initiation step involving the unfolding of the protein, followed
by the aggregation process resulting in gel formation [83]. Milk gels are usually irreversible and are
formed on enzymatic reaction, heat-induced reaction, interaction with divalent cations (Ca?*), or
reactions of more complex mechanisms [76,84,85]. The effect of protein gelation depends on pro-
tein concentration, temperature, pH, ionic strength, etc. [53,86]. Generally, the higher the protein
concentration, the stronger is the gel produced. For B-LG, the gel strength at pH 6.6 is observed
to be much higher than that at pH 4 or 5, and the optimum gel strength is observed at 200 mM
NaCl [87,88]. In cheese production, the first stage is to obtain casein gel owing to the integrated
action of enzymes (chymosin or rennet preparations) and calcium [89]. During the storage of
condensed milk or ultrahigh temperature (UHT) milk, the appearance of milk protein gel is the
factor limiting the product stability [90].
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4.5 Changes in the Structure and Properties of Milk
Proteins during Processing and Storage

The changes in the protein structure occurring during milk processing can be reversible or irre-
versible. Only reversible changes are important for the development of the final properties of the
protein product. A reversible change may turn irreversible after the introduction of other compo-
nents into the protein system. Irreversible changes in the physical character in the protein struc-
ture are quite often combined with the changes in the chemical character (covalent interactions).
Irreversible changes in the protein structure, as induced by a change in pH or temperature, result
from the unfolding of polypeptide chains and their subsequent interaction [91].

Milk processing and the production of most dairy products require heat treatment at a certain
stage [76]. As a result, thermal denaturation of the milk proteins is observed [92,93]. Among the
milk proteins, whey proteins are most susceptible to thermal denaturation [92,94]. Their resis-
tance to increased temperatures can be ordered as follows: 0-LA > B-LG >serum albumin >IG.
For example, heat treatment of milk at 70°C for 30 min causes irreversible denaturation of about
90% IG, 50% serum albumin, 30% B-LG, and only 5% o-LA. A comparison of the different
types of heat treatment indicates that the amount of denatured whey proteins is 62%—-68% for
the indirect (membrane) UHT method (145°C, 3s), 51%—54% for the direct (nonmembrane)
UHT method (142°C, 3s), 30%—-36% for the HTST method (90°C, 30s), and 20%—-30% for
batch pasteurization (63°C, 30 min). The environmental factors, including pH, Ca?* concentra-
tion, and carbohydrate concentration, affect the thermal denaturation of whey proteins [95]. The
action of these factors is different in whey than in milk. In whey, at neutral or higher pH, thiol—
disulfide exchange may occur between the thiol group of B-LG exposed owing to chain unfolding,
and disulfide groups in 0.-LA and serum albumin [96]. Thus, large molecular weight complexes
are formed. In these conditions, noncovalent interactions between unfolded polypeptide chains
dominate. These interactions are so strong that large complexes are formed and the protein pre-
cipitates. In acid whey (pH < 3.7), whey proteins are resistant to the action of factors causing their
aggregation [97]. This results from an increased electrostatic repulsion and the inability to induce
thiol-disulfide exchange. At these pH values, 0-LA is the least-stable whey protein, as it occurs as
an apoform, i.e., an unfolded polypeptide chain. The addition of carbohydrates, e.g., saccharose,
lactose, and different monosaccharides to whey or whey-protein concentrates stabilizes the pro-
teins against heat precipitation, primarily allowing preferential hydration of its native or modified
(unfolded) structure.

It is often stated that caseins are extremely thermostable, but this only refers to their resistance
to heat precipitation. In fact, the micelle structure is quite sensitive to changes in the environ-
mental conditions that often lead to irreversible structural changes. For example, the dissociation
of B-casein from the micelle at a low temperature is connected with a considerable increase in
Y-casein concentration. The dissociated 3-casein monomers are more susceptible to proteolysis by
milk proteases than [-casein formed in the micellar structure [98-100].

The heat treacment of milk leads to the interaction of denatured whey proteins with the micelle
structure [101]. The interaction occurs mainly between the unfolded B-LG and K-casein, and
probably mostly results from thiol-disulfide exchange [102], and a-LA is also involved in this
interaction. The heat-induced interactions between K-casein, B-LG, and o-LA in milk are of sur-
face character [103]. This is indicated by observations of the interaction between immobilized
B-LG and x-casein on the micelle surface. This surface interaction has also been evidenced by
the method for reversible immobilization and immunohistochemical location. As a result of this
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interaction, the micelles turn to be more resistant to heat-induced coagulation and less susceptible
to gelification during storage.

The heat treatment of milk, particularly by the UHT method, causes changes in the micelle-
size distribution and a decrease in the solubility of caseins [98,100]. An increase is observed in
both the size and number of large micelles and small particles (submicelles), which do not undergo
sedimentation on centrifugation at a high speed (100,000 x ¢). The increase in the micelle size is
caused by the surface interaction between denatured whey proteins, while small casein particles
are formed owing to the dissociation of submicelles, because of the change in their interactions
with calcium phosphate.

More extreme processing and storage conditions can be the reason for the important covalent
changes in the protein structure. The most important changes resulting from the action of elevated
temperature and/or alkaline pH include the racemization of amino acid residues, the cross-linking
of polypeptide chains, and the modification of amino acid residues (mostly lysine) owing to Mail-
lard-type reactions with carbohydrates [71,76]. The susceptibility of amino acids to racemization
is dependent on the sequence of amino acids in the polypeptide chains. For milk proteins, the
susceptibility of amino acids to racemization can be presented in the following decreasing order:
Cys, Ser, Asp>Thr, Met, Phe>Glu, Tyr, Lys, Ala>Val, Leu, Ile, Pro [93]. Racemization leads
to the formation of dehydroalanyl protein. Such a protein is formed through the B-elimination
reaction of the disulfide group in the cysteine residues, the phosphate group in the phosphoserine
residues, or the OH group in the serine residues. The reaction of cysteine residues is probably the
most important in whey proteins, while the B-elimination of phosphoserine residues is probably
the main source of dehydroalanyl residues in caseins. These residues are quite reactive and form
lysinoalanyl and lanthionyl cross-links during the addition reaction of vinyl type with the €-amino
group of lysine or the SH group of cysteine, respectively. It seems that the amino acid residues
undergo quicker racemization in caseins than in whey proteins.

The high content of lactose and lysine residues in milk and milk proteins, respectively, is
responsible for Maillard reactions [64,71,76]. Potentially, each carbonyl group, e.g., in aldehydes
derived from the oxidation of unsaturated fatty acids, can react with lysine; however, lactose and
lactulose are most reactive. During thermal processes, some lactose undergo the transformation
into lactulose, and the degree of this transformation indicates the range of heat processing of milk.
The average lactulose concentration in different dairy products is as follows: 10-51 mg/100 cm3
for UHT milk, 87-137 mg/100 cm? for bottled sterilized milk, and 17 mg/100 cm? for spray-dried
milk powder [104]. The presence of lactulose in formulas is thought to be beneficial, because of
its stimulating effect on Bifidobacterium bifidum growth. Both lactulozolysine and fructozolysine
have been identified in processed dairy products. In pasteurized milk and UHT milk, the con-
centration of these compounds is within the detection limits; however, their amounts can con-
siderably increase during the storage of UHT milk. For example, 6-month storage of UHT milk
decreases the amount of available lysine by 5% at 4°C and by 14% at 37°C. The loss in the amount
of available lysine can reach 45% in powders stored for 4 years at 20°C.

Milk gelation causes important outcomes in the products subjected to UHT treatment [103].
Disulfide bonds contribute to the formation of 0i-LA-B-LG—K-casein complexes in the casein
micelles [96,103], while the sulfhydryl groups play an important role in heat-induced reactions:
K-casein-denatured whey proteins. The formation of milk-protein gel is dependent on the number
of available sulfhydryl groups. Heating of skim milk below 70°C does not change the amount
of available sulfhydryl groups, while heating at 80°C or above increases the availability of these
groups. It has been shown that two types of whey proteins—casein aggregates are formed during
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heating. The first one is formed owing to disulfide bonds and the second is the conglomerate of the
aggregates linked together via calcium bridges.

4.6 Characteristics of Major Bovine Milk Proteins Using
HPLC Online with UV Spectroscopy

4.6.1 Derivative UV Spectroscopy— General Characteristics
of the Method

Derivative spectroscopy has been designed to overcome the problem of high similarity of zero-
order UV-Vis spectra. This method is applied for the qualitative and quantitative analysis of many
groups of chemical compounds containing chromophores, i.¢., groups containing conjugated dou-
ble bonds [105-107]. Early applications of the derivative spectroscopy included investigations into
the structural changes of the proteins. During the last 25 years, derivative spectroscopy has been
applied online with high-performance liquid chromatography (HPLC) as a tool for the identifica-
tion of separated substances [108]. The spectra obtained using diode-array detectors (DADs) have
been processed numerically to calculate derivatives. To date, the second derivative of the spectra
has been most commonly used for the identification of proteins and peptides.

The calculation of spectrum derivatives enhances the resolution and thus the possibility of dis-
crimination between compounds if zero-order spectra are too similar to each other. In the case of
peak purity estimation, derivative spectra allow one to overcome two major problems pointed out
by Papadoyannis and Gika [109]: high similarity of the spectra of main component, and impurity
content too low to be detectable using zero-order spectra.

However, the application of the derivatives of UV-Vis spectra may pose certain problems. The
shape of the derivative of a spectrum may strongly depend on the program and computational
procedure [107,108,110]. For instance, it is a well-known fact that the second derivatives of the
UV spectra of proteins have a minimum at a wavelength of 283 +2 nm, corresponding to tyrosine
absorbance [108,111-113], alchough there are published results of the identification of milk pro-
teins based on the second spectra derivatives having no minimum at this wavelength [114]. Owing
to this fact, it is recommended either to compare the derivatives of the spectra obtained under the
same conditions and with the use of the same program and calculation procedure, or to make sure
that the changes in the protocol are not reflected in the changes in the spectra [108].

4.6.2 Prefractionation of Milk Proteins

Caseins are the milk-protein fractions that precipitate at pH 4.6 [4]. Precipitation by adjusting the
pH to isoelectric point is a commonly used method for the isolation of this milk protein fraction.
The following sequence may be recommended to avoid coprecipitation of caseins with major whey
proteins: pH adjustment to the value of 4.6, equilibration taking 2 h, centrifugation, dissolving by
pH adjustment to 6.6, repeated precipitation at pH 4.6, equilibration, and centrifugation [115].
Ammonium acetate may be used for buffer preparation, as this salt is volatile and may be almost
completely removed during lyophilization of the protein sample. Isoelectric casein obtained using
such protocol does not contain whey proteins unless they are covalently bound, e.g., owing to milk
heating, but it may contain polypeptides originating from plasmin action [115]. Such casein may
be not pure enough to be subjected to analysis using the most-sensitive methods, such as mass
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spectrometry or nuclear magnetic resonance. Reversed-phase HPLC (RP-HPLC) appears to be
the most-efficient method for further purification and fractionation of caseins. Samples of caseins
for RP-HPLC may be dissolved in the presence of urea [116].

Whey proteins can be precipitated using ethanol via the protocols designed for the isolation
of peptide fraction from cheese [117,118]. Ethanol is not as toxic as trichloroacetic acid (TCA)
or phosphotungstic acid (PTA) used previously for this purpose. In contrast to these two com-
pounds, ethanol may be removed from the solutions by evaporation in vacuo prior to lyophiliza-
tion. The use of 70% ethanol allows complete recovery of a-LA and B-LG from the supernatant
after isoelectric precipitation of caseins. The resulting solution may contain peptides and other
low-molecular weight compounds [117,118].

4.6.3 High-Performance Liquid Chromatography—Application to
Milk Protein Analysis

The RP-HPLC utilizing solvents containing acetonitrile, water, and trifluoroacetic acid is now
the most commonly used method of milk protein separation for analytical purposes. The order
of major bovine milk proteins is as follows: k-casein, 0,-casein, 0;-casein, B-casein, a-LA, and
B-LG [111,114,116,119]. The RP-HPLC allows the separation of the genetic variants of milk
proteins [116] as well as their quantitative analysis [114]. The possibility of separating individual
proteins depends on the sample preparation protocol. For instance, caseins should be reduced
prior to separation, owing to the fact that k- and 0,-fractions form oligomers with different reten-
tion times. On the other hand, 0-LA and B-LG in samples, which do not contain caseins, are
better separated without reduction.

4.6.4 Strategies of Protein Identification Based
on the Derivatives of UV Spectra

4.6.4.1 Identification Based on the Parameters Characterizing
the Shape of the UV-Spectrum Derivatives

The parameters describing the shape of the UV-spectrum derivatives used for the identification of
milk proteins are presented in Table 4.2. The second derivatives of UV spectra of major bovine milk
proteins, most commonly used for the identification of milk proteins, are presented in Figure 4.7.
The shape of the derivative spectra depends mainly on the molar ratio between tryptophan and
tyrosine (Trp/Tyr ratio). This ratio may be calculated based on the amino acid sequence of the
proteins or protein fragments, available in the protein sequence databases, such as UniProt. The
ProtParam program, available through the UniProt Web site http://www.expasy.org [120], may be
useful for this purpose. Proteins with a high Trp/Tyr ratio, such as o-LA and B-LG (Figure 4.7d
and e, respectively), possess a deep minimum of the second derivative at A = 290 + 2 nm. Proteins
with a low Trp/Tyr ratio, such as 0,-casein, k-casein, or serum albumin (Figure 4.7a, ¢, and f,
respectively), produce the second derivatives of UV spectra with minor or no minimum at this
wavelength. Proteins with a low Trp/Tyr ratio also have a relatively deep minimum in the second
derivatives of UV spectra at 1 = 276+2nm. A wavelength between 270 and 300 nm is recom-
mended for the identification of proteins on the basis of the second and fourth derivatives of UV
spectra [111]. All the equations presented in Table 4.2 utilize the minima and maxima within this
range. The shape of a spectrum derivative at lower wavelengths strongly depends on the protein
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Figure 4.7 Second derivatives of UV spectra of major bovine milk proteins. Spectra obtained
as described by Dziuba et al. [111]. Protein standards from Sigma were used. (@) o,-casein;
(b) B-casein; (c) k-casein; (d) a-LA; (e) B-LG; (f) BSA.

concentration. Equation 4.8 (Table 4.2) permits the calculation of the Trp/Tyr ratio in proteins
involving the second derivatives of spectra. It was designed based on the results obtained using
the Class Vp 5.03 program (Shimadzu). The application of other programs [100,113,114] leads to
different equations from those presented here. The set of parameters with absorbance at 220 or
240nm (Equations 4.7 and 4.8 in Table 4.2) enables to include the absorbance of peptide bonds.
Absorbance at 220 nm provides an approximately horizontal baseline obtained using solvents con-
taining acetonitrile, water, and trifluoroacetic acid in a volume ratio of 100:900:1 (solvent A) and
900:100:0.7 (solvent B) [116]. Absorbance at a wavelength of 240 nm fulfills the Lambert—Beer
law at higher concentrations, than that at 220 nm [121]. Proteins may be identified if there is a sta-
tistically significant difference between the values of the parameters describing the shape of their
spectra or spectrum derivatives [108,111].

4.6.4.2 Identification via the Libraries of UV-Spectrum Derivatives

Another option is the identification of compounds by comparing their spectra (query spectra)
with the spectra from the libraries (standard spectra). The similarity index (SI) of the spectra or
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spectrum derivatives, calculated according to Equation 4.9 (Table 4.2), is one of the measures of
similarity between the two spectra. Other measures are spectral difference [109] or match angle
[122]. According to our results, the third derivatives of the spectra are the best tool for protein
identification among all the derivatives of UV spectra. They provide the highest values of the
parameters characterizing the performance of qualitative analysis methods [123], i.e., specificity,
sensitivity, positive predictive values, and negative predictive values, as well as the highest values
of the parameters measuring the statistical significance of the difference between the highest SI
and the first and second spectrum in the library, if the computer program arranges the standard
spectra from the highest to the lowest SI to the query spectrum [108]. The spectra of proteins with
a similar Trp/Tyr ratio, such as the spectra of 0.,- and 0,;-caseins, may be difficult to discrimi-
nate. However, the identification of proteins based on the derivatives of UV spectra may fail if the
concentration is too low. Absorbance at 280 nm may serve as a criterion for the applicability of
the identification based on UV-spectrum derivatives. When absorbance drops below 0.02, the SI
decreases and the standard deviation increases. However, the identification of oi-LA was impos-
sible when the absorbance at 280 nm decreased below 0.004 [124]. Another factor affecting the
shape of the spectra is the protein structure. The K-casein forms aggregates composed of chains
connected via disulfide bonds. The UV spectra of such aggregates differ from those of the reduced
protein (single chains). This may probably be owing to the changes in the solvent accessibility of
aromatic amino acid residues or light scattering, caused by the aggregation [108]. On the other
hand, only a minor difference was observed between the spectra of reduced and nonreduced a-LA,
although for the isolated proteins, this differences was statistically significant when the absorbance
at 280nm exceeded 0.02.

Identification via a spectral library (Equation 4.8 in Table 4.2) has one major advantage over
that involving the parameters characterizing the shape of the spectra (Equations 4.2 through 4.8
in Table 4.2)—it may be performed via the built-in computational procedure in the commercially
available program, acquiring and processing chromatographic and spectral data. Therefore, such
identification is much faster. However, it requires high-quality standards of proteins to construct
a spectral library.

4.6.5 Example of the Application of HPLC Online
with UV Spectroscopy

An example of a chromatogram of sodium caseinate obtained from bovine milk with the represen-
tative third derivatives of UV spectra is presented in Figure 4.8. The results of the identification of
particular fractions are summarized in Table 4.3. The chromatogram was obtained via RP-HPLC
with the use of a solvent system containing acetonitrile, water, and trifluoroacetic acid. The sample
was reduced prior to chromatography.

The selection of spectra-characterizing parameters is the first step in the identification proce-
dure. In the case of bovine milk products, the use of a spectral library (Equation 4.9 in Table 4.2)
appears to be the best option (owing to the shortest time required for the calculations). The
standards of major bovine milk proteins are commercially available and may serve for library
construction as well as for the identification of factors affecting the quality of spectra (such as
the influence of protein concentration or changes in the computational procedure). The available
standards enable one to evaluate procedure performance according to the commonly used criteria
[123]. If no such standards are available, then the parameters describing the shape of a spectrum

should be chosen.
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Figure 4.8 Chromatogram of sodium caseinate obtained using RP-HPLC method as described
by Dziuba et al. [111]. Identification of peaks 1-8 is presented in Table 4.3. Third derivatives of
spectra of peak 3 (identified as k-casein), peak 6 (identified as o,-casein), and peak 8 (identified
as B-casein) are presented.

The absorbance at 280 nm of the fractions labeled 1-8 was observed within the range of
0.007-0.02. It is possible to identify the proteins from these fractions, although the highest qual-
ity of spectra requires absorbance of at least 0.02 [124]. The peaks preceding fraction 1 (except for
the so-called injection peak in the first part of the chromatogram, containing buffer components)
and following fraction 8 had very low absorbance values (below 0.004) to be identified based on
UV spectra, and hence, the third derivatives of UV spectra were chosen.

The order of the retention times of proteins (Table 4.3) is as follows: K-casein; O -casein;
B-casein, which is in agreement with the literature data. Among the third derivatives of the UV
spectra presented in Figure 4.8, the spectrum derivative of fraction 3 is the representative of the
peaks identified as K-casein, the spectrum derivative of fraction 6 is the characteristic of 0 -casein,
and the spectrum derivative of fraction 8 is typical of fractions identified as B-casein. The main dif-
ference among them is that the third derivative of B-casein spectrum has a minimum at 288 +2nm
and a maximum at 292+ 2 nm. The third derivatives of the spectra of proteins with lower Trp/Tyr
ratio have only shoulders within this range. Therefore, it is impossible to discriminate 0.,-casein
and 0 -casein spectra. The SI values presented in Table 4.3 are usually comparable with those
obtained previously in an experiment involving 0-LA as a model protein within the same range of
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Table 4.3 Identification of Fractions Indicated in Figure 4.8
on the Basis of Third Derivatives of UV Spectra

Fraction No. ty (min) Protein NG

1 223 k-CN 0.995
2 23.6 k-CN 0.993
3 25.0 k-CN 0.985
4 28.8 o,-CN 0.988
5 32.2 o,-CN 0.997
6 33.0 o,-CN 0.998
7 36.8 B-CN 0.980
8 37.9 B-CN 0.985

2 Sl, similarity indices between third derivatives of standard spec-
tra and the third derivatives of query spectra within the range
between 270 and 300 nm.

absorbance [124]. However, the baseline separation of the fractions could not be achieved, which
caused a decrease in the SI owing to the contamination of the fractions by the preceding or follow-
ing ones. The highest value of SI to the third derivative of the standard spectrum was achieved for
fraction 6 with the highest absorbance.

4.7 Electrophoretic Methods for Milk Protein Analysis

4.7.1 One-Dimensional Polyacrylamide Gel Electrophoresis

The most commonly used electrophoretic method used for milk protein analysis is the sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) protocol described by Laemmli
[125]. Separation occurs in the presence of SDS as a detergent and compound containing the thiol
groups, used for protein reduction. In these conditions, the proteins are unfolded and their elec-
trophoretic mobility depends on the molecular mass (so-called molecular sieving phenomenon).
Increase in the molecular mass leads to decrease in the mobility [126,127]. This method is used
for the identification of milk proteins as well as their fragments [128]. The SDS-PAGE followed by
densitometry may also be applied for the quantitation of major milk proteins [129].

Application of SDS-PAGE for the identification of milk proteins as well as their high-molec-
ular weight fragments is recommended, which compares their electrophoretic mobility with the
mobility of the standards whose identity and purity are proven by other methods, such as mass
spectrometry. Protocols for the direct molecular mass determination using SDS-PAGE are avail-
able [126,127]; however, this method sometimes fails. Phosphorylated N-terminal B-casein frag-
ments may serve as an example of polypeptides revealing apparent molecular mass measured using
SDS-PAGE, which is observed to be much higher than the actual molecular mass (e.g., measured
by mass spectrometry) [130,131]. This phenomenon often occurs for acidic, hydrophilic proteins
[132], and its mechanism remains unknown till date.



Milk Proteins m 99

Alkaline (native) PAGE, acid PAGE, or SDS-PAGE without reduction is applied in the studies
on aggregation of milk proteins via disulfide bonds [133-137]. The first two methods do not mea-
sure the molecular mass, although they are able to separate the aggregates from the proteins in
the monomeric form. Anema and Lloyd [138] recommended native PAGE to investigate the fate
of individual proteins during thermal denaturation, although this method is too laborious to rou-
tinely measure the denaturation range, when compared with the determination of whey protein
nitrogen index (WNPI) or reactive sulfhydryl groups (RSH).

4.7.2 Two-Dimensional Electrophoresis

The commonly used two-dimensional (2D) electrophoresis method is isoelectric focusing (IEF)
followed by SDS-PAGE, first introduced by O’Farrell [139]. The IEF followed by SDS-PAGE is
the standard separation method used in proteomic studies.

Another 2D electrophoretic method is the application of alkaline PAGE or SDS-PAGE with-
out reduction as a first dimension. The classic SDS-PAGE in the presence of reducing agent is
applied as a second dimension. This method is applied in studies targeted on identification of
thermally induced complexes of milk proteins. Using PAGE without reduction allows separation
of proteins aggregates. The second dimension serves for the identification of proteins that are com-
ponents of these aggregates [134,137,140]. The results obtained using this technique were reviewed
by de la Fuente et al. [141].

4.7.3 Capillary Electrophoresis

Capillary electrophoresis (CE) is currently one of the most commonly used techniques in food
analysis [142—144]. This technique is applied for the qualitative and quantitative analysis of all the
groups of food components. The major advantage of CE when compared with HPLC is the use
of very low amount of chemicals. On the other hand, CE, in contrast to chromatography, cannot
be extended to preparative scale, providing sample for further investigations. The CE includes
numerous methods of separation, e.g., capillary zone electrophoresis (CZE) based on differences in
the electrophoretic mobility (depending on charge and size of the compounds) and electroosmotic
flow; micellar electrokinetic chromatography (MEKC) based on hydrophobic interactions, ion
interactions, electrophoretic mobility, and electroosmotic flow; and gel electrophoresis in the pres-
ence of SDS (SDS-CE) based on molecular sieving or capillary isoelectric focusing (CIEF) based
on the differences in p/ [142]. Capillary electrophoretic methods are the common methods applied
for the analysis of proteins, e.g., from milk [145-147]. UV detection, fluorescence, or mass spec-
trometry, are the principal detection methods used in protein analysis [145-147]. Current trends
in CE development also include multidimensional hyphenated techniques, including HPLC and
CE [147,148] and miniaturization (so-called lab-on-chip techniques) [147,149].

Recent examples of application of CE in milk protein analysis include determination of added
caseinate in cheese by CZE and CIEF, determination of individual proteins in cheese whey by
CZE, monitoring of B-LG hydrolysis in sour milk and acidophilous milk, determination of trace
amounts of this protein in infant formulas by CZE, determination of changes in a-LA and B-LG
in heated milk by CE on chip, characterization of caseins lactosylation using CZE-MS, detection
of milk of various species in mixtures, or studies on dependences between product history as well
as technology applied for the production and composition of proteins fractions [147].
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4.8 Other Methods

Kjeldahl method involving titration of ammonia obtained from the conversion of nitrogen-containing
compounds by reaction with sulfuric(VI) acid is the principal method of protein determination,
recommended by national and international standards [150-152]. The protein content is calculated
using the conversion factor, depending on its nitrogen content. However, accurate conversion factor is
still under discussion [150—154]. The major problem is the occurrence of various nonprotein nitrogen,
including, e.g., short peptides, free amino acids, nucleosides, nucleotides, urea, and other low-molec-
ular weight components. Nonprotein-nitrogen content is determined as a fraction soluble in TCA or
PTA solutions. For fast analysis, arbitrary nonprotein-nitrogen content is considered. Recently, data
from HPLC and mass spectrometry have been utilized for the convention-factor calculation [152].

Prevention of allergy to milk proteins requires specific methods capable of detecting and deter-
mining very low amount of milk proteins in the products [155]. Methods based on immunoassays,
such as sandwich enzyme-linked immunosorbent assay (S-ELISA), competitive ELISA (C-ELISA),
biosensors based on antibodies, or immunoelectrophoresis are widely used. However, the ELISA
techniques appear to be most sensitive, to date.
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5.1 Introduction

The advent of “-omics” techniques has marked a turning point in the fields of chemistry, biology,
and medicine. Beginning from the progenitor term “genomics” (the study of the “genome”),
numerous terms ending with “-omics” have started to appear in the scientific literature, resulting
in tenths of “~omics” technologies, till date. The original meaning of the word “genome” (gene +
chromosome) has been totally forgotten: the “~ome” suffix now implies the concept of totality
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(i.e., proteome: the total protein complement of a genome [1]; peptidome: the total content of
peptides, etc.). Thus, proteomics can be considered as the study of the proteome, i.e., the total
proteins expressed by a given tissue/cell/organism at a given time under specified conditions. The
concept implied in the word is that, unlike the standard methods for studying proteins, the tech-
nologies used in proteomics are able to give a comprehensive vision of the protein pattern (what
it is often called “a bird’s eye”) and, at the same time, the possibility to focus on one (or more)
protein of interest, to be studied in details.

Today, the workhorse of proteomics is undoubtedly the two-dimensional polyacrylamide gel
electrophoresis (2D-PAGE) [2], coupled to soft mass spectrometric techniques, mainly macrix-
assisted laser desorption ionization time-of-flight (MALDI-TOF) [3]. The 2D-PAGE is used to
improve the spatial resolution among the protein spots, which is essential for complex protein mix-
tures. After a first electrophoretic run along one dimension (x-axis), the proteins are distributed
along a strip that constitutes the starting line for a second electrophoretic run along an orthogonal
dimension (y-axis). Usually, the first run is performed by isoelectric focusing (IEF)-PAGE on strips
characterized by gradients of pH, and gives information on the isoelectric point (pl) of proteins,
while the second run requires sodium dodecylsulfate (SDS). An alternative to SDS-PAGE is urea-
PAGE, which separates the proteins according to their charge/mass ratio. Sometimes, for selected
applications, capillary electrophoresis (CE) is also used, although its resolving power and its sen-
sitivity generally gives lower performances, when compared with its planar counterpart. As far as
high-pressure liquid chromatography (HPLC) is concerned, although this technique can be useful
for addressing one or few proteins at the same time, it is generally less adequate for simultaneously
studying hundreds of high-molecular weight (MW) proteins; however, it is very efficient for low-
MW compounds (i.e., peptides).

The 2D-PAGE has the ability to resolve a complex mixture of hundred proteins, while mass
spectrometry (MS) identifies them. The method usually applied for protein identification is the
“peptide mass fingerprine” (PMF) of a purified spot, cut from the gel. This method is based on
the enzymatic (usually tryptic) digestion of a protein separated on the gel to generate a mixture of
peptides: their molecular masses are unique for every given protein, which, on comparison with a
protein database, can be easily identified. Thus, the method essentially relies on the combination
of two incomplete sets of information (a list of molecular masses and a huge database) to generate
a positive hit. Although many problems can arise with this approach, such as post-translational
modifications, which alter the molecular masses, the obvious fact that not all the existing proteins
are present in the databases, and the repeated reports stating that most of the proteins in a given
proteome may go largely undetected with these techniques [4], nevertheless these technologies are
currently the most efficient for studying many proteins at the same time.

The main proteomic applications reported in dairy research concern the characterization
of milk proteome and lactic acid bacteria (LAB) proteomes. Proteomic techniques provide the
ideal way to identify proteins according to their molecular mass and/or their net charge. Thus
characterization of milk proteome allows the identification of genetic variants, post-translational
modifications, proteome composition at different lactation stages, as well as the modifications
induced by technological treatments such as proteolytic cleavages. The proteome of LAB [5], in
particular those mostly used in food industry, can give important information on the protein
expressed by different strains of microorganisms under different conditions, allowing to predict
the technological performance of a strain of potential industrial interest o, for instance, its ability
to adapt to stressful growth conditions [6].

Moreover, a particular application of proteomics in dairy products can be considered the study
of low- and high-MW peptides in milk-derived products, in particular cheeses. If the technologies
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used allow simultaneous separation and identification of many low-MW peptides, then the tech-
niques are known as peptidomics. Food peptidomics is very important in cheeses, where the pep-
tide fractions, generated by the enzymatic hydrolysis of caseins, are usually quite abundant and
typically related to the microflora present in these foods, the ingredients, and the technologies
utilized. Moreover, the composition of the peptide fractions evolves during the ageing period,
generating a peptidome that continuously changes with time. Again, the ability to identify and
possibly quantify hundreds of different peptides in a complex mixture relies on the analytical
technologies chosen for this purpose. For low-MW peptides (<10 kDa), the resolving power of 2D
gel electrophoresis is usually too low, and in this case, HPLC or CE can be used as the separating
techniques, coupled to electrospray ionization-mass spectrometry (ESI-MS) for the purpose of
identification.

To efficiently apply these separation and identification techniques to dairy products, previous
optimal sample preparations are required. Optimized procedures and appropriate separation tech-
niques must be selected for every particular matrix. In fact, proteins in milk are dispersed within
the other macronutrients (lipids and sugars) and micronutrients (vitamins, mineral salts, etc.), and
are generally distributed in two phases, in an aqueous medium that also includes fat globule emul-
sions. In this heterogeneous system, proteins are distributed in a wide range of concentrations: the
major milk proteins are caseins (Og;-, B-, Olg,-, and k-CN) that are organized in micelles via ionic
bonds between phosphate groups and calcium ions, which account for nearly 80% of the total pro-
teins in milk, and whey proteins, mainly B-lactoglobulin (B-Lg) and at-lactalbumin (o-La). Other
milk proteins (soluble in water) are bovine serum albumin (BSA), immunoglobulins (including
IgGl, IgG2, IgA, IgM), lactoferrin, lactoperoxidase, and numerous other enzymes including pro-
teases, protease activators, nucleases, glycosidases, etc., present at very low concentrations. In addi-
tion, cell membranes and their associated membrane-bound enzymes must be taken into account.
Milk proteins also show a high variability with regard to molecular dimensions and isoelectric
points. Finally, as milk is used for human nutrition under different forms (cooked, fermented,
etc.), several technologically induced transformations of these proteins must be considered. Given
all these variables, the target of clear-cut resolution and reproducible detection of all the possible
proteins in dairy products is a difficult task.

The methods presented in this chapter will be divided into different sections, according to
the different problems encountered by applying proteomics methodologies: sample preparation,
separation of proteins and peptides, and identification. Only those methods having a real “-omics”
approach, i.e., explicitly aimed at considering the totality of proteins and peptides in a given
sample, will be considered in this chapter.

5.2 Sample Preparation

5.2.1 Sample Clean-Up, Preparation, and Storage for
2D Electrophoresis

To accurately prepare the dairy sample for 2D electrophoresis (2-DE), sample clean-up must be
carried out in order to remove specific contaminants (fats and highly abundant proteins may
interfere with the detection of less abundant proteins), dialysis at appropriated MW cut-off, and
desalting techniques.

Milk caseins can be easily detected as the most abundant proteins. However, as a strong
centrifugation of raw milk may remove part of Og-caseins, leaving P-caseins unaffected,
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defatting by centrifugation must be carried out for a short duration or with light centrifugal force
[7]: usually, centrifugation at 4°C at 2000x¢ for 30 min is sufficient, whereas centrifugation at
8500x¢ for 15 min at 4° may be excessive, if caseins are the object of the study. Skimmed milk can
then be directly diluted with a rehydration buffer containing urea and thiourea (protein denatur-
ants), 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS, zwitterionic deter-
gent used in protein solubilization), isoelectric focussing (IEF) carrier ampholytes, dithiothreitol
(reducing agent), and bromophenol blue (running indicator), and can directly be applied to immo-
bilized pH-gradient (IPG) strips [8,9]. Generally, protein loads on strips are 20—-40 g and after
loading, they can be stored at ~20°C. Salt concentration must be kept low, as in 2-DE a high con-
tent of salts affects the pH gradient, not allowing IPG to reach the equilibrium in the focusing step,
leading to nonfocalized spots. This is usually not a problem with milk, owing to its low salt content,
whereas for cheeses, that have a high salt concentration, a desalting step must be performed. For
example, a cheddar cheese water-soluble extract was desalted and concentrated by dialysis with a
molecular cut-off of 3kDa [10]. In another case, an Emmental cheese sample obtained by hydraulic
pressing (Emmental “juice”) was desalted by size-exclusion chromatography [11]. With the latter
method, different fractions of the extract can also be obtained, allowing further simplification of
the 2D maps on the gel at different MW ranges.

When only caseins are studied (and their high-MW proteolytic products in cheeses), they can
also be obtained by precipitation from homogenized cheese in water, by adding 1M HCI at pH
4.6, followed by centrifugation at 4500xg for 20 min. The casein precipitate is washed thrice with
acidic water (pH 4.6) and dichloromethane, and subsequently lyophilized [12]. A desalted protein
extract for 2-DE can also be obtained by precipitating proteins with cold acetone, in combination
with trichloroacetic acid at a final concentration of 10%, followed by filtration on 0.45 pum filters
to clarify the samples.

When whey proteins and peptides are to be studied, fats and part of the caseins can be easily
removed from milk by strong centrifugation at 8500x¢ for 15 min, and can be completely removed
by precipitation at pH 4.6 [13]. The whey fraction is mainly represented by B-Lg A, B-Lg B, BSA,
o-La, and IgG. The whey proteins extracted can be stored in the IEF stock solution containing
urea, dithiothreitol, Triton X-100 (surfactant), IEF carrier ampholytes (pl, 3—10), and bromophe-
nol, in Milli-Q water. This solution is suitable for IPG strip analysis. An ultrafilcration step may be
added to this protocol to obtain the milk peptide fraction that can be stored at -20°C.

When low-abundance proteins are to be studied, centrifugation, ultrafiltration, and specific
immunoabsorption have to be used to concentrate and select the proteins of interest before 2-DE
[14]. In some cases, a very specific removal of the most abundant proteins is necessary and it can
be obtained by specifically capturing o.;- and B-casein from milk. As o~ and B-casein do not
contain cysteines, it is possible to biotinylate the protein mixture with a biotinylating agent that
specifically reacts with the cysteine residues, followed by avidin capture. In this way, all the bioti-
nylated proteins can be captured, excluding 0;- and B-casein, and can then be regenerated by
debiotinylation. By applying this method, it was possible to detect almost 20 forms of K-caseins at
very low concentrations [15]. The -casein and bovine IgG can also be totally removed from the
mixture by using Sepharose columns derivatized with specific antibodies [16].

For studying the proteome of LAB or non-LAB used in fermented dairy products, the strains
are purchased or isolated from the dairy source and cultured using specific broth-culturing
methods. Streprococcus thermophilus cells are isolated from milk, grown on adapted media, and
in the exponential phase, washed with sterile ice-cold Tris—HCI containing protease inhibitors,
disrupted and centrifuged at 3000x¢ for 15 min at 4°C to eliminate the intact cells, and centri-
fuged at 150,000xg for 60 min at 4°C, to collect the cytosolic proteins in the supernatant and the
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membrane proteins in the pellets [17]. Analogous sample preparation can, in principle, be used for
studying other LAB proteome.

5.2.2 Sample Clean-Up, Preparation, and
Storage for LC and CE Analyses

The dairy sample should be accurately prepared to be analyzed by chromatographic techniques,
usually employed for the study of low-MW proteins and peptides (MW <10kDa). High-MW
proteins and fats are considered as contaminants for the electrophoretic techniques, whereas salts
do not generally interfere during these analyses. Therefore, fractionation techniques are needed to
remove the high-MW proteins and skimming is always necessary. Thus, low-MW proteins and
peptides are extracted in aqueous buffers and separated by selective precipitation and/or ultrafiltra-
tion [18]. Many precipitation methods are available [19]: usually whey proteins are extracted from
the samples after precipitation of caseins at pH 4.6 by the addition of acetic acid and centrifu-
gation of the supernatant at 3000xg for 30 min. After defatting by extraction with ethyl ether,
the aqueous phase is filtered through polyvinylidene fluoride (PVDF) filters and diluted with
HPLC-grade water before analysis by liquid chromatography (LC)/ESI-MS. Cheese samples can
be homogenized in Milli-Q water and subsequently extracted using a slightly modified extrac-
tion method developed in 1982 [20]: grated cheese was mixed with distilled water at a ratio of
1:2 (w/v), homogenized for 5 min at ~20°C, and then centrifuged at 3000xg for 30 min at 5°C, to
precipitate the insoluble material. The supernatant was subsequently filtered through glass wool
and filter paper. The homogenate of grated cheese in water can sometimes be stirred for 1 h at 40°C
to maximize the extraction, and subsequently centrifuged at 5°C [21]. Again, selective precipita-
tion of caseins and/or large hydrophobic peptides can be achieved at pH 4.6 or by the addition of
70% ethanol.

Ultrafileration is largely used, both for desalting and MW selection, but this technique also allows
to recover two fractions, the retentate (ideally, MW > nominal cut-off) and the filtrate (ideally, MW <
nominal cut-off). These devices are largely used for improving the extracts previously obtained [22].

Less frequently, a preliminary chromatographic separation is utilized: preliminary cation-
exchange LC can be useful in case of analysis by CE [23]; anion-exchange LC can be used to
fractionate the extract [24], as well as gel-filtration chromatography [25]. Phosphopeptides from
cheese can be isolated from the water-soluble cheese extract by cation-exchange chromatography
followed by Fe(III) metal-affinity chromatography [21]. In the case of very rich extracts and when
the maximum resolution is required, three sequential steps may be used: (1) size-exclusion chro-
matography (HPLC-grade water); (2) anion-exchange chromatography (phosphate buffer gradi-
ent); and (3) semipreparative reverse-phase high-performance liquid chromatography (RP-HPLC,
water/acetonitrile gradient) [26].

To study the industrial concentrated dairy products, such as infantformula milk powders,
chemical defatting by a liquid/liquid extraction with a mixture CHCl,/MeOH (2:1, v:v) and two
chromatographic steps (gel filtration and size exclusion) are necessary before LC-MS analysis [27].

5.3 Separation Techniques in Proteomics and Peptidomics

5.3.1 Two-Dimensional Polyacrylamide Gel Electrophoresis

The 2D-PAGE is an excellent method for the separation of proteins from complex mixtures, such
as those present in the dairy products. However, there are significant drawbacks: low-abundance
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proteins are sometimes not detectable in the presence of high-abundance proteins, and very basic
or very acidic proteins are seldom separated.

Given the MWs and the isoelectric points (pls) of the main dairy proteins, 2-DE is generally
performed by using IEF strips with a pH gradient of 3—10, and (precast) polyacrylamide gels could
separate the proteins with MWs from 12 to 90 kDa. However, a first-dimension separation with
a narrower pH range is often suggested, as the pI values of caseins and the main whey proteins
remain in the pH range of 4-6 [13] (Figure 5.1).

A procedure for the 2D-PAGE of milk proteins was first optimized in the late 1980s [7].
According to this procedure, gels for IEF-PAGE were homemade by polymerizing acrylamide
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Figure 5.1 2D-PAGE of individual whey proteins. The gels show MWs and pl of individual
whey proteins: (@) B-Lg A and B, a.-La, BSA, and 1gG separated using IPG strip at pH 4-7 (linear
pH gradient) in the first dimension, and ExcelGel SDS 2D homogeneous 12.5% in the second
dimension. (b) Lactoferrin, lactoperoxidase, and lysozyme separated using IPG strip at pH 6-11
(linear pH gradient) in the first dimension, and ExcelGel SDS 2D homogeneous 12.5% in the
second dimension. Apparent MW (M, logarithmic scale) and pl are indicated on the vertical and
horizontal axis, respectively. (From Lindmark-Mansson, H. et al., Int. Dairy J., 15, 111, 2005.)
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in the presence of urea, a nonionic surfactant, and an ampholyte mixture at various percentages,
to obtain different pH ranges. The protein solutions extracted from milk were loaded onto the
gels for IEF, and focused. The second-dimension SDS-PAGE was performed on homemade 12%
polyacrylamide gels in the presence of SDS. After gel-staining with Coomassie Blue, the most
abundant milk proteins (caseins, B-Lg, 0-La, and BSA) were clearly visible. Quite interestingly,
0.-caseins migrate less in the second dimension than B-caseins, apparently indicating a higher
MW, which instead is known to be lower, suggesting an anomalous SDS binding to the proteins.
The complexity of the caseins spots, differing for their pI, may be accounted for by the micro-
heterogeneity of caseins.

Higher resolution in the first dimension, which allowed the detection of many casein forms,
was achieved on homemade gels by using high field strengths [28]. In this way, it was possible to
separate nonbovine caseins characterized by the presence of different polymorphisms [29]. How-
ever, the modern 2D-PAGE makes use of IPG strips that allow obtaining a very high resolution
in the first dimension. The power of IPG strips for obtaining high-resolution gels in a narrow pH
range has been demonstrated by 2D-PAGE analysis of commercial bovine milk. According to this
procedure, two different IEF-PAGE strips were used, one in the 3-10 pH range and the other in
the 6-11 pH range. In particular, the latter allowed obtaining a better spot resolution for basic
proteins, a poorly studied group in milk proteome. The SDS-PAGE analysis was performed by
using 15% SDS-precast gels. After Coomassie Blue staining, about 50 spots could be identified in
the former case and 20 in the latter, which were associated with different isoforms of caseins, lac-
toglobulins, and lactalbumins [30]. The first map gave a general picture of the protein content, in
which most spots were observed at acidic pH with a MW around 30—40kDa, tentatively assigned
to Ol;-, Ol,-, and B-casein as well as to their modified forms. On the other hand, only a limited
number of spots were present at higher pH in the second map.

A 2D-PAGE performed on bulk whole milk proteins from a single cow, separated in the first
dimension with a 24 cm, pH 4-7 IPG strips, and in the second dimension by using 14% SDS-
PAGE allowed the detection of many casein isoforms and, in particular, of 10 K-casein isoforms
[15]. Furthermore, major whey proteins were also observed.

Successful modifications of the standard techniques were used to achieve a better resolution.
A procedure based on orthogonal physical properties connected to negative net charge and pl,
allowed obtaining a more efficient separation of components belonging to the same family, as
opposed to the classical 2D gel combining pl and molecular mass. As a typical example, the phos-
phoproteome of ovine milk, including many variants of caseins, was extensively characterized by
this type of 2-DE [31]. Casein phosphorylation is very important for calcium binding and micelle
formation, and therefore it is relevant to study the phosphorylation changes of caseins. The 2D
separation was carried out by combining the 1D discontinuous polyacrylamide gel electrophoresis
(Disc-PAGE) from the first dimension, with IEF on the thin-layer polyacrylamide gel (PAGIF) in
the orthogonal dimension. A strip of unstained gel of the first dimension was excised along the
direction of the first run, equilibrated in a solution containing ampholine (pH 3.5-8), and laid in
the acidic region of the prefocused gel parallel to the cathode. Under the voltage applied, proteins
were transferred from the PAGE onto the IEF gel. In this way, a highly efficient separation was
achieved, allowing the separation of the single caseins (including nonallelic, differently phospho-
rylated, and glycosylated forms) in multiple spots differing for their phosphorylation degree.

Improvement of 2D-PAGE sensitivity and/or resolution mainly relies on the techniques
used for preparing the samples mentioned earlier. For example, selective absorption and removal
of the most abundant proteins sheds light on the minor proteic components of milk: almost
30 low-abundance proteins were identified in bovine colostral and mature milk [16], by using
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very specific clean-up methods (immunoadsorbent columns), IPGs with nonlinear (NL) gradient
between pH 3 and 10, and second dimension 10%-20% SDS-PAGE. In another case, prefrac-
tionation by IEF using a Rotofor in a pH gradient of 3-10 of skimmed milk proteins yielded 20
fractions that were subsequently singularly analyzed by urea-PAGE and SDS-PAGE [32], allowing
a better resolution.

Furthermore, high-MW peptides, naturally present in milk, are of major importance for the
dairy industry because of their functional properties, can be investigated by 2D-PAGE. The nitro-
gen fractions between 3 and 8kDa can be analyzed after IEF focusing, by using homogeneous
gels with increased thickness of the separation zone (15% of the total gel thickness) for the SDS-
PAGE, demonstrating that gel separation can also be used for nitrogen components below 10kDa
[13]. The peptides extracted from the samples of colostrum from the first to the sixth milking
postpartum are reported in Figure 5.2, where it is evident that their number decreases markedly
postpartum. Thus, this technique is very useful for studying protein and peptide variations in con-
nection with heat treatments, storage, and lactation.

A good alternative for improving resolution of low-MW peptides is represented by urea-PAGE
in the second dimension. This technique was applied successfully to monitor proteolysis in cheese
during ripening, thus demonstrating its full feasibility for separating the proteolytic fractions in
different types of Cheddar cheeses (Figure 5.3) [10,12].
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Figure 5.2 2-DE of peptides in permeate samples from ultrafiltered colostrum. The gels show
MWs and isoelectric points (pl) of permeate samples of colostrums: (a) first milking; (b) second
milking; (c) third milking; (d) fourth milking; (e) fifth milking; and (f) sixth milking postpar-
tum. The samples were separated using IPG strip at pH 3-10 (linear pH gradient) in the first
dimension, and ExcelGel SDS 2D homogeneous 15% in the second dimension. Apparent MW
(logarithmic scale) and pl are indicated on the vertical and horizontal axes, respectively. (From
Lindmark-Mansson, H. et al., Int. Dairy J., 15, 111, 2005.)
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Figure 5.3 Two-dimensional (IEF followed by urea-PAGE) gel electrophoretograms of (a) full-
fat and (b) reduced-fat Cheddar cheeses ripened at 8°C for 6 months. (From Chin, H.W. and
Rosenberg, M., J. Food Sci., 63, 423, 1998.)

Another interesting field related to dairy foods is the application of proteomic techniques to
LAB, widely used in the food industry. The most important goal of the proteomic approach with
regard to these organisms is mainly to obtain reference 2D-PAGE maps of the bacterial proteomes,
to have a full characterization of the strains for a better understanding about their survival, resis-
tance against bacteriophages, effects on the taste of the products, and acidification ability. How-
ever, in contrast to milk, bacterial proteomes are hugely complex, and only a small fraction of
the total expressed proteins can be expected to be visualized by 2D gels. S. thermophilus is a LAB
widely used for the production of fermented dairy products. The 2-DE protein profile allowed the
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detection of about 270 spots after silver staining [33]. Moreover, a reference gel of Lactococcus lactis
allowed the visualization of 450 silver-stained spots on 2D-PAGE, after focalization on a pH gra-
dient of 47 [34]. Comparison with the complete theoretical proteome as detected by the genome
sequencing of the bacterium (2310 possible proteins), evidenced that only a small fraction of the
proteins can be visualized by standard 2D-PAGE, and in particular, high- and low-MW proteins
cannot be observed simultaneously with this technique.

5.3.2 Capillary Electrophoresis

CE can be considered as a good alternative to 2D-PAGE for the analysis of the most abundant
milk proteins, which can be exploited for the quality control of dairy products. When compared
with HPLC, which is most efficient for low-MW peptides, and 2D-PAGE, which is at its best for
high-MW compounds, CE allows the simultaneous analysis of nitrogen components of any size,
although at a lower sensitivity than 2D-PAGE. In fact, the possibility of obtaining reliable quanti-
tative data with high sensitivity and peak identification still remains problematic in CE, hamper-
ing its widespread use. Nevertheless, when compared with HPLC, CE provides the advantage of
requiring only very small amounts of protein/peptide (down to the nanogram level).

The determination of milk proteins by capillary zone electrophoresis (CZE) can be strongly
affected by the absorption of solutes on the capillary wall, requiring the use of hydrophilic coated
capillaries. The effects of pH, ionic strength of the running electrolyte and polymeric additives
were studied to obtain separations of cows’, goats, and sheeps’ milk proteins as well as heat-
damaged caseins. The most abundant milk proteins were separated in an untreated fused-silica
capillary, using phosphate buffer at pH 7.0, 4 M urea, or a highly concentrated borate buffer ac pH
10.0. Better results were obtained by using a hydrophilic coated capillary and a low phosphate buf-
fer at pH 2.5 in the presence of 6 M urea, which disrupts the casein micelles, a reducing agent, and
methylhydroxyethylcellulose [35]. Thus, a complete separation of the whey proteins and caseins,
including some variants of ovine and bovine caseins, was obtained.

Alternatively, the main whey proteins (0i-La, B-Lg A and B variants, BSA, IgG) can be resolved
at pH 9.2, with a borate buffer and the use of a chemically deactivated capillary (“silanized”) in
the presence of organic modifiers, for preventing adsorption on the wall. Although the method
has some restrictions owing to the genetic variability of the milk samples and to the heat-lability
of whey proteins, it can be used for determining the presence of cows’ milk in products labeled as
“pure water-buffalo milk” [36].

Moreover, denaturation of whey proteins is a good marker for the evaluation of the thermal
treatment of milk. Whey proteins in cows’ milk, subjected to different heat treatments (pasteuri-
zation, UHT), were analyzed by both CE and HPLC [37]: it is generally accepted that the latter
provides a better reproducibility than CE.

Genetic variants of caseins from different species may be analyzed by CE on a hydrophilic coated
fused-silica capillary column by using a low pH buffer containing urea, after collecting the fractions
from a cation-exchange FPLC separation [23]. The identification of different genetic variants in
whole cows’, ewes’, and goats’ milk can be carried out with UV detection at 214 nm by sample spik-
ing. Excellent separation of protein variants with different charges at pH 3 can be achieved (different
degrees of phosphorylation or variants that differ only in a single amino acid with a different charge).
Figure 5.4 shows the capillary electropherograms of four individual whole bovine milk samples con-
taining different variants of B-Lg, 0t;-CN, 0i5,-CN, and B-CN. Mutations leading to amino acid
deletion occur only in 0;-CN A and 0,,-CN D (Figure 5.4a). Five genetic variants of B-CN were
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Figure 5.4 Capillary electropherograms of four whole individual bovine milk samples: the dif-
ferent casein variants can be separately detected. The description of a-d electropherograms is
reported in the text. (From Recio, I. et al., J. Chromatogr. A, 768, 47, 1997.)
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identified: the B-CN C presented a shorter migration time (Figure 5.4b) than B-CN B (Figure 5.4¢),
owing to the substitution of two amino acids, Glu and Arg, with Lys and Ser, respectively. It was
possible to detect proteins with different degrees of phosphorylation owing to the post-translational
modifications, up to 0g;-CN(9P), and 05,-CN(8P) (Figure 5.4d). However, when the variants do
not involve a change in the net charge of the protein at pH 3.0, they cannot be separated.

The method was improved by performing the separation with a citric acid—citrate—urea buffer
at pH 2.3 containing 4.8 M urea, which allowed complete separation of B-Lg and para-K-casein
[38]. The improved method was also applied to the analysis of the protein fraction of a processed
cheese. The two methods are compared in Figure 5.5: under the new conditions, denatured B-Lg
was well-resolved from para-k-CN, which could be quantified more easily (Figure 5.5b).

Essentially, the same method can be applied for the separation of ovine K-casein isoforms [39].
A CZE method recently published makes use of a fused-silica deactivated capillary for determin-
ing the protein concentrations and phosphorylation states of o-La, B-Lg, 0i,-casein, 0;-casein,
K-casein, and B-casein in milk [40]. This method allows the separation of isoforms of 0i,-casein
containing 10, 11, or 12 phosphate groups, and the isoforms of 0;-casein containing eight or nine
phosphate groups. Furthermore, the more common K-casein variants can also be separated. The
method allows determining the variation of the relative concentration of the main milk proteins
and the phosphorylation states of caseins among individual cows.

Although the number of proteins that can be separately detected by CE is usually lower than that
obtained by 2D-PAGE, and although the sensitivity limits the applications only to the most abundant
proteins in milk, this technique can be particularly useful for monitoring process-induced protein
modifications and milk authenticity. Storage conditions [41] or the presence of cows’ milk in non-
bovine milks [42,43] can be determined by whey protein analysis. A CE/MS method [44] has been
proposed for the detection of protein lactosylation, to assess the degree of thermal treatment of milk.

More sophisticated capillary electrophoretic methods, such as micellar electrokinetic chroma-
tography, can also be used for milk-protein separations [45]. Using micellar electrokinetic capillary
chromatography with borate—SDS buffer, it was possible to simultaneously separate caseins, pep-
tides, several free amino acids, and small aromatic molecules, allowing the detection of phosphate-
soluble Cheddar cheese fractions [46].

Proteolytic peptides in dairy products were also successfully analyzed by using CE. By using a
buffer containing citrate/phosphate (pH 3.3), 4 M urea, and a polymeric additive in a coated capillary,
qualitative and quantitative analysis of proteins and peptides in milk, cheese, and whey products was
achieved, whereas separation in a citrate/phosphate buffer (pH 2.8) and a bare silica capillary turned
out to be well-suited for the analysis of small, casein-derived peptides in aqueous cheese extracts [47].

Recently, the major peptides produced by the hydrolysis of water-buffalo casein with plasmin
have been characterized by CE and MS, and compared with their bovine homolog. A novel break-
down product arising from the hydrolysis of water-buffalo P-caseins, obtained by the presence
of a plasmin-sensitive Lys bond at position 68 was identified, which was not present in bovine
B-casein. On the basis of this evidence, an improved procedure for the differentiation of bovine
and water-buffalo products was established [48].

5.3.3 High-Pressure Liquid Chromatography

Although HPLC techniques can be used to separate proteins, their use in proteomic applications for
the direct analysis of intact proteins in complex mixtures is extremely rare. The main problem is con-
cerned with the identification of proteins, as several techniques widely used for protein separation
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Figure 5.5 Electropherograms of a processed cheese analyzed with an electrophoresis buffer
containing: (@) 6 M urea and 0.19 M citric acid-20 mM sodium citrate, pH 3.0; (b) 4.8 M urea and
0.48 M citric acid-13.6 mM sodium citrate, pH 2.3; separation voltage 25 kV. (From Miralles, B.
etal., J. Chromatogr. A, 915, 225, 2001.)

(such as ion-exchange and hydrophobic interaction chromatographies) cannot be easily associated
with mass spectrometric detection owing to the high salt content. On the other hand, gel permeation
does not ensure a sufficient resolution of complex protein mixtures. Finally, standard reversed-phase
(RP) LC, which can be easily interfaced with MS, often does not provide an efficient separation of
complex protein mixtures, besides the fact that ESI-MS sensitivity is low for high-MW proteins.
Thus, protein determination by HPLC is limited to the analysis of the major milk proteins.
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One of the early investigations that used HPLC for separating para-caseinate and whey proteins
from skimmed milk was carried out on a Cq column, by using water/acetonitrile gradients with
0.1% trifluoroacetic acid [49]. The method, easily interfaced with an ESI-MS detector, allowed
the separation and detection of caseins and whey-protein variants according to their molecular
masses. The RP-HPLC analysis was performed after milk dissolution in a buffer containing urea
(6 M) and a reducing agent (e.g., mercaptoethanol or dithiothreitol) to disrupt the micelles and
improve the separation. As the analyte signal may be suppressed under these conditions during the
ESI process, the eluent was bypassed from the electrospray source following sample injection until
urea and dithiothreitol were eluted.

A pre-purification of the samples by gel permeation improved the resolution of the proteins,
allowing to distinguish protein variants as well. This approach, in combination with C5 or C,
columns, has been used for the analysis of ovine [50] and caprine milk proteins [51,52]. Moreover,
an optimized method performed on a C, column was able to separate the major milk proteins
without a pre-purification step [53]. A chromatogram showing the separation of a mixture of stan-
dard milk proteins is shown in Figure 5.6. Such a method can be used for the rapid assessment of
the quality of several types of commercial and raw bovine milks.

Substitution of trifluoroacetic acid with formic acid in the eluent is particularly advisable to
avoid ion-suppression effects in ESI-MS, specifically of o-La, which is particularly sensitive to
trifluoroacetic acid-induced suppression [54].
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Figure 5.6 RP chromatographic profiles of several types of commercial and raw bovine milks:
(@ milk powder; (b) half-skimmed UHT milk; (c) half-skimmed pasteurized milk; and (d) raw
milk. (From Bordin, G. et al., J. Chromatogr. A, 928, 63, 2001.)
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Furthermore, ion-exchange HPLC can be applied for the analysis of milk proteins [55],
although the high salt content in the eluent prevents the interfacing of mass spectrometers, some-
how limiting its utility.

HPLC is also very useful for the determination of small peptides. In this case, the standard
conditions commonly used in RP-HPLC (a water/organic eluent mixture with an acidic modifier)
are also optimal for ESI-MS interfacing, thus allowing the hyphenation of the techniques. More-
over, the resolving power of RP-HPLC for smaller peptides is usually very high, perfectly comple-
menting the low resolution of low-MW compounds usually obtained by 2D-PAGE. Lastly, the
possibility to directly interface the HPLC eluate with an electrospray source allows performing a
rapid characterization of peptides by MS: thus, it is also possible to extract reliable information on
peptide mixtures not completely separated by chromatography, as the molecules of interest, even
if superimposed, can be selectively analyzed by mass spectrometric techniques. Peptide analysis
by HPLC has been applied to dairy proteomics mostly concerning two different aspects: analysis
of the tryptic digests obtained from milk proteins and analysis of the peptides arising from the
natural proteolysis occurring in dairy products, mainly cheeses.

Bovine skimmed milk, whey, and milk fat globule membrane proteins can be digested with
trypsin, and the tryptic peptides can be separated on a standard C;g column by using water/
acetonitrile mixtures with 0.5% acetic acid as eluents [56]. HPLC coupled to MS can be used to
evaluate milk adulteration through the analysis of milk proteome. NanoLC/ESI-tandem mass
spectrometry (MS/MS) has been used to detect plant proteins in adulterated skimmed milk pow-
der (SMP), which is an illegal practice and which cannot be easily detected by the official CZE
method [57]: after an additional enrichment step based on a borate treatment for the reliable
detection of low-level plant proteins, tryptic digestion of the entire protein fraction from the adul-
terated SMP allowed the detection of many peptides originating from the major seed proteins of
soy (glycinin, conglycin) and pea (legumin, vicilin), along with those arising from milk proteins
that could be identified by MS/MS analysis (Figure 5.7).

Indeed, the most important field of application of HPLC analysis of peptides has been in pep-
tidomic applications, directed to the study of the peptide pattern in dairy products, particularly
in fermented milk cheeses. Although separation of such complex mixtures usually yields very
complex chromatograms in standard RP-HPLC (C,4 columns with acidified water/acetonitrile
mixtures as eluents), the use of mass spectrometric detection allows to gain information even on
low resolved chromatographic peaks.

Several examples of analyses of proteolytic peptides of Parmigiano-Reggiano cheese, both the
acid-insoluble [58] and acid-soluble [59] fractions, have been reported: by interfacing with ESI-
MS, it was possible to identify the molecular mass of a number of peptides. After purification of
the selected fractions, also performed by RP-HPLC, peptides were identified by Edman sequenc-
ing and compared with the known casein sequences. The RP-HPLC analysis of peptides may
provide valuable information about the proteolysis and the ripening time of cheese [60].

To improve the separation, several methods to pre-purify the peptide fractions before the
RP-HPLC analysis were developed. The water-soluble extract of cheeses were fractionated by dia-
filtration using 10kDa cut-off membranes: the diafiltrate retentate was further separated by ion-
exchange chromatography on DEAE—cellulose with a linear NaCl gradient at pH 8.6, and by
FPLC [61,62]. Alternatively, after diafiltration with 10kDa nominal MW cut-off membranes, the
permeate was resolved into fractions by gel-permeation chromatography on Sephadex G-25 [63].
Peptides were isolated by RP-HPLC and characterized by N-terminal amino acid sequencing and
MS. The use of formic acid (50 mM) as the gel-permeation eluent gives a different fractionation of
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Figure 5.7 Chromatogram of the borate pellet from an adulterated skimmed milk powder. Five
microliters of tryptic digest from 2.5 mg of adulterated milk powder, were injected for each
LC-MS run. Assigned peaks correspond to peptides (with sequence numbering between the
brackets) from B-lactoglobulin (B-Lg), a.-casein (c-Cas), glycinin (G1, G2, G4), B-conglycinin
(Cona and Conp), lipoxygenase (Lip1-3), legumin (LegA, LegB, LegK), albumin (Alb), provicilin
(ProA and ProB), P54 protein (P54), vicilin (Vic), and convicilin (Con). (From Luykx, D.M.A.M.
etal., J. Chromatogr. A, 1164, 189, 2007.)

the cheese peptides than that obtained with distilled water, which is particularly evident in the sepa-
ration of low-MW peptides [64]. Trifluoroacetic acid in the eluent can be substituted by formic acid
without the loss of separative efficiency, with the advantage of being more ESI-MS compatible [65].

5.4 ldentification Techniques in Proteomics and Peptidomics
5.4.1 Identification by Non-MS-Based Techniques

The identification of proteins in a given proteome mainly relies on MS to achieve partial or total
sequence information on the separated proteins. However, for some selected applications in dairy
studies, it is possible to use different methods, in particular, immunoblotting and UV detection.

Caseins can be visualized by immunospecific detection with 3-casein antiserum [66] or poly-
clonal antibodies against 0i,-casein [67], while 0-La and B-Lg bands can analogously be identified
on a 1D or 2D gel [68]. Such techniques can be useful for the rapid detection of many strictly
related isoforms of the same protein, but they do not provide indications, in the presence of mul-
tiple reactive bands, about the chemical nature of the isoforms. Identification of allergens in the
milk proteome can be loosely associated with this group of identification techniques, as it relies on
the specific reactivity of some protein bands with antibodies (human IgE) [8] or specific mono- or
polyclonal antibodies [69]. In any case, the true molecular identity of the allergen must subse-
quently be assessed by MS.
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Detection by UV spectroscopy can be employed for caseins and whey proteins as well as
derived peptides owing to the presence of aromatic amino acids (Phe, Tyr, Trp) in their structures
[60]. However, the peaks can be identified and quantified only when authentic specimens of pro-
teins are available [23].

5.4.2 Identification by MALDI-MS

MALDI-MS is usually employed after gel separations to assess the protein identity. The most com-
monly utilized method is the peptide mass fingerprint (PMF) [70]. According to this method,
the stained band (or spot) is cut from the gel, the protein is destained (each staining method has
its peculiar destaining procedure), and digested with specific enzymes (usually trypsin). Subse-
quently, the derived peptides are extracted (usually, by an acidified mixture of acetonitrile and
water) and prepared for MALDI analysis. This step usually includes a concentration-desalting
step. Finally, the molecular masses of the tryptic peptides are determined by MALDI-MS. By
software processing of the spectrum, the list of the (exact) masses of the derived peptides is
obtained. A protein database [71] performs the simulation of the digestion on the available
proteins, compares the theoretical MWs with the obtained mass list, and the most-likely identi-
fication of the protein corresponding to the originally stained band is indicated. The matching
score and the percentage of coverage are the values that should be primarily taken into account
for a good assignment. Great accuracy in measurements is obviously an essential requirement for
the correct matching of the peptides with the protein.

In a typical procedure, the 2D spots stained with Coomassie Brilliant Blue G-250 are manually
excised with a clean scalpel, placed in an Eppendorf tube, and washed twice with 50 UL water. Each
gel piece is completely destained by immersion into a solution of 50 mM NH,HCO; in 50% (v:v)
aqueous acetonitrile. The destained spot is then dehydrated by immersion into acetonitrile, and
dried under vacuum after acetonitrile removal. The dried gel piece is then covered with 30 UL of
50 mM NH,HCOj; (about 5uL/mm?®) containing 12ng/uUL of trypsin maintained in an ice-cold
tube. After 45 min, the supernatant is removed and incubated overnight at 37°C. The resulting
tryptic digest is extracted in 40 UL of an acetonitrile/5% formic acid solution (1:1, v:v), and then
concentrated to one-tenth in a vacuum centrifuge for the mass spectrometric analysis. The tryptic-
digest solution (1 UL opportunely desalted) from each extracted spot is loaded on a stainless-steel
MALDI plate along with 1 UL of the MALDI matrix solution (0-cyano-4-hydroxycinnamic acid,
10mg in 1 mL of 50% acetonitrile/50% water, or 3,4-dihydroxybenzoic acid, 10 mg in 1 mL of
water). Mass spectrum acquisition can be performed both in the negative and positive mode by
applying an external mass calibration with low-mass peptide standards [31], and preferably with
internal standards also (typical trypsin autolysis peaks can be used for this purpose).

An alternative destaining method can include the immersion of the gel in 1% (v/v) acetic acid,
until a low background is achieved. After tryptic digestion at 37°C for 16h in gel, the tryptic pep-
tides can be analyzed by MALDI-MS [16]. The PMF of in-gel tryptic digests by MALDI MS (with
0.-cyano-4-hydroxycinnamic acid as the matrix) can determine the modifications of milk proteins
in a milk powder [72].

Basic proteins with low molecular masses (<12kDa), which are commonly present in milk
samples, are usually difficult to identify. However, by this method, it was possible to resolve the
multiple forms of caseins from whole milk, from both bovine [30] as well as other mammals [73].
In this case, MALDI-MS can also be utilized in the linear mode, using sinapinic acid as matrix,
to reveal a large tryptic peptide (mass>5990Da) derived from the C-terminus of k-casein that
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contains all the known sites of genetic variants, phosphorylation, and glycosylation [15]. Genetic
variants containing one or two phosphate groups as well as glycoforms containing a single acidic
tetrasaccharide can be distinguished using mass data alone.

PMEF is also a key point as far as LAB-proteome identification is concerned. A reference map of
alkaline lactococcal proteins was made by using 2-DE of the extracts obtained from the exponentially
growing cells [74]. In the first dimension, IPG spanning from pH 6 to 12 and from 9 to 12 was used,
with N,N-dimethylacrylamide as monomer, whereas standard SDS-PAGE was applied for the sec-
ond dimension. Protein identification by PMF with MALDI-TOF enabled the identification of 153
proteins, products of 85 different genes. Ribosomal proteins with unknown functions represented
the largest groups of identified proteins. The cell-free extract of the Lactobacillus helveticus strain ITG
LH1 was analyzed by 2D-PAGE, using IPG dry strips (pH 4-7), followed by protein digestion with
trypsin, analysis by MALDI-TOF-MS, and subsequent database searches using PMF [75]. Among
the most abundant proteins, seven peptidases were also found, namely the two general aminopep-
tidases (PepN, PepC), three dipeptidases (PepDA, PepV, PepQ), and two endopeptidases (PepO,
PepO3), all of them corresponding to the catalytic classes of metallo- or cysteine-peptidases. Several
stress proteins and other enzymes involved in bacterial metabolism were also identified. In the most
recent approaches to bacterial proteomes, wider pictures have been obtained by combining PMF
MALDI-based methodologies with MS/MS structural determination by ESI instruments. Examples
have been reported for the study of Bifidobacterium longum [76] and S. thermophilus [17].

As an alternative to PMF, after 2D-PAGE, the intact protein can be extracted by passive
elution (the gel spot is cut, crushed, and the protein is extracted with 50% formic acid, 25%
acetonitrile, 15% isopropanol, and 10% water in an ultrasonic bath). The extracted protein can be
directly analyzed by MALDI-TOF, thus allowing the evaluation of protein modifications (hence,
milk quality) after milk lyophilization [72].

Finally, and quite interestingly, MALDI-TOF can also be exploited as a stand-alone tech-
nique, not only in combination with gel separation of proteins, to obtain a quick picture of milk
proteome. The MALDI analysis of milk proteins has been shown to be useful to investigate the
thermal damage undergone by milk proteins during pasteurization and sterilization industrial
processes [77], to characterize milk from different breeds of cows and different mammals [78],
to characterize water-buffalo mozzarella cheese with respect to bovine mozzarella cheese [79], to
identify adulteration in water-buffalo mozzarella and ewe cheese with other milks [80], and to
determine the percentage of bovine milk fraudulently added to ewe milk in the production of
marketed ewe cheese [81].

These examples are based on the comparison of the protein profiles obtained by MALDI in differ-
ent samples. Sinapinic acid in saturated solution of acidified water:acetonitrile is used as the matrix,
and the instrument is often used in the linear mode. In this kind of studies, a calibration curve is often
required, for example, for determining the percentage of bovine milk added to ewe milk.

MALDI-MS has also been used to study the peptide fraction of cheeses: in these cases, given
the lower MW of peptides, MALDI-TOF is usually utilized in the reflector mode. As far as the
MALDI matrix is concerned, 0O-cyano-4-hydroxycinnamic acid in 50% (v/v) acetonitrile/water
containing 0.5% trifluoroacetic acid is suitable for detecting the peptides present in the pH
4.6-soluble and 70% ethanol-soluble fraction of several cheeses. If a very accurate molecular mass
determination is achieved, then the identity of peptides is casily assessed, and thus, it is possible to
recognize the nature of the enzymes that generated them, according to their known casein cleavage
specificities: chymosin, plasmin, and enzymes from starter, nonstarter, or secondary microflora in
caseins. This approach, combined with multivariate statistical analysis for data handling, allowed
the identification of the proteolytic pattern of different cheeses [82].
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5.4.3 Identification by ESI-MS

ESI-MS is largely utilized in dairy food proteomic characterization. In particular, ESI-MS linked
to HPLC allows examining all the major bovine milk proteins, including caseins (0tg;-, Olg,-,
B-, and k-caseins) and whey proteins (0-La, B-Lg, BSA).

ESI-MS is useful to study the complex protein systems associated with genetic polymor-
phisms, post-translational changes (phosphorylation and glycosylation), and multiple isoforms
[49,50] (Figure 5.8).

In particular, LC/ESI-MS also allows the analysis of the native and lactosylated forms of the major
whey proteins in commercial bovine milk samples of different brands subjected to different thermal
treatments (pasteurization and UHT), to be used as markers for the thermal history of milk [54,83].

Using HPLC-ESI-MS, it was possible to quantify goats’ milk adulteration in cows” milk by
monitoring the major whey proteins, making use of a calibration curve obtained by considering
the ratio between B-Lg variant B + B-Lg variant A (from cows’ milk) and the total lactoglobulins
in cows” and goats’ milk [84].

The ESI-MS can also be used for monitoring the charge-state distribution (CSD) of milk
proteins, which is related to their conformation. As a significant example, the effects of different
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Figure 5.8 ESI-MS spectra (left) and reconstructed spectra (right) of B-CN variants Al (a) and
A2 (b) after RP-HPLC separation. (From Léonil, J. et al., Lait, 75, 193, 1995.)
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high-pressure (HP) treatments (pressures ranging between 450 and 650 MPa) on -Lg and o-La,
and on two commercial whey-protein isolates have been examined by ESI-MS: HP treatment
resulted in substantial changes in the CSD of pure lactoglobulin, ascribable to the exposure of side-
chains of buried amino acids to solvent, whereas the CSD of pure lactalbumin was largely insensi-
tive to HP treatment [85] (Figure 5.9).

In any case, ESI-MS, either coupled to LC or used alone, is at its best in the analysis of small
peptides, such as those deriving from tryptic digestion. In the last generation instruments, sensitivity
has been largely improved, allowing the analysis of samples in the femtomolar range, in particular,
when the 7anoESI geometry is used: now, the performances of these ESI instruments are often
comparable with those obtained by MALDI, traditionally, the most sensitive technique. Moreover,
MS/MS experiments, aimed at sequencing the peptides derived from the enzymatic digestion of
the protein of a 2D gel spot, are usually made simpler by using ESI (usually by a Q-TOF analyzer),
rather than by MALDI (TOF-TOF analyzer), and have lower interferences (in MALDI, Coo-
massie or matrix clusters can make the measurements more difficult). The exact mass determination
provided by the last generation of ESI-MS instruments has become an invaluable tool for the rapid
identification of peptides arising from tryptic digests even in very complicated mixtures.

For example, nanoESI-MS/MS analysis can be applied for the identification of casein compo-
nents and definition of the phosphorylated sites in casein spots isolated by 2D-PAGE. This method-
ology ensured identification of more than 30 phosphorylated proteins, 5 -, 15 0,;-, 10 Oi,-, and 4
K-casein components, including nonallelic, differently phosphorylated, and glycosylated forms [31].
In the already-cited detection of plant proteins in adulterated SMP by nanoLC/ESI-MS/MS [57], a
Q-TOF mass spectrometer was set in the positive mode using ESI with a NanoLockSpray source, by
using a standard peptide as lock mass delivered from a syringe pump to the NanoLockSpray source.
The LC/MS was performed with the Q-TOF operating in either MS mode or MS/MS mode for
data-dependent acquisition of MS/MS peptide fragmentation spectra. Processing and searching of
the MS/MS data sets was performed by using both commercial and freely available softwares. An
ESI-MS/MS technique with a nano source and a Q-TOF analyzer was used to characterize and local-
ize up to 10 lactosylation sites in 0-Lg and 0L,-casein. The B-Lac, with five lactosylated peptides,
can be an interesting protein marker for milk powder to detect chemical modifications induced by
processing/storage conditions [27]. In addition, low-abundance proteins of bovine colostral and
mature milk could be identified by using 2-DE and MS/MS analysis performed with a Q-TOF
hybrid tandem mass spectrometer, equipped with a nanospray source [16].

Obviously, LC/ESI-MS can also be used to study the complex mixtures of peptides naturally
present in dairy foods, such as the peptidic fractions of cheeses. In a typical example, extracts of
defatted mild, medium, and sharp Cheddar cheeses were analyzed by RP-HPLC for peptides, fol-
lowed by ESI-MS analysis for MW determination, and MS/MS for amino acid sequence determi-
nation. The combination of MW and amino acid sequence can be subsequently used for peptide
identification. Peptides can be compared with the known sequences of casein peptides, to obtain
information on cleavage sites occurring during fermentation. Using these techniques, 13 peptides
from 0l;-casein, 7 from B-casein, and 5 from K-casein were identified [86] (Figure 5.10).

In an even more striking example, 91 peptides were identified by ESI-MS/MS in Emmental
cheese, 51 arising from 0O(;-casein and 28 from B-caseins [87]. The identification of the cleavage
sites can allow the correlation of the released peptides to the proteolytic systems potentially involved
during cheese manufacture. Also, peptides from goats’ cheeses have been analyzed by MS/MS [26].
In another case, 107 different peptides derived from 0,;-, O,-, and B-casein were identified by
LC/ESI-MS/MS in different fractions of Manchego cheeses, correlating their taste characteristics
(umami and bitter) to their amino acidic composition and sequences [88].
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Figure 5.9 ESI-MS profiles of the relative CSD of B-lactoglobulin A and B genetic variants
before (top) and after (down) pressure treatment at 450 MPa. (From Alvarez, P.A. et al., Int.
Dairy J., 17, 881, 2007.)

Furthermore, phosphopeptides, previously concentrated by affinity chromatography [21],
could be identified by using LC coupled to an ion-trap (IT) ESI-MS/MS. For large peptides,
MS/MS data may be insufficient for a clear-cut identification, but by a clever combination of MS/
MS experiments with partial Edman sequencing, it is possible to provide sufficient ground for the
sequence assessment [24].
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Figure 5.10 ESI-MS/MS spectra of two peptides having MW =1052 (left, MS/MS spectrum
obtained by fragmentation of the singly charged molecular ion) and 1366 (right, MS/MS spec-
trum obtained by fragmentation of the doubly charged molecular ion). (From Alli, 1. et al., Int.
Dairy J., 8, 643, 1998.)

The power of IT-MS, with the possibility to perform MS” experiments, allows peptide iden-
tification in particularly difficult situations. For example, ESI-IT-MS coupled to a 2D liquid
chromatographic separation was applied to the identification of peptides in antimicrobial fractions
of the aqueous extracts of nine Italian cheeses. Active fractions were analyzed by HPLC/ESI-IT-
MS?, with 7 up to 3. Peptide identification was subsequently performed starting from a conven-
tional proteomic approach based on MS/MS analysis, followed by database searching. In many
cases, this strategy had to be integrated by a careful correlation between spectral information and
predicted peptide fragmentation, to reach unambiguous identifications. When even this integrated
approach failed, MS? measurements provided conclusive information on the amino acid sequence
of some peptides, through fragmentation of side groups along the peptide chain. As a result, 45
peptides, all obtained from the hydrolysis of milk caseins, were identified in nine antimicrobial
fractions of aqueous extracts obtained from five out of nine cheeses considered [89].

A different approach for the identification of proteolytic peptides in cheese, alternative to the
use of ESI-MS/MS methodologies, has been also proposed, based on simple LC/ESI-MS single-
stage mass spectrometers. The approach is based on the identification of the mean MW of the
most abundant peptides eluted from an RP-HPLC column, acquired in full-scan mode. A simple
software subsequently compares the identified MWs with all the hypothetical MWs of all the pep-
tides of every possible length, which could be formed by all caseins (whose sequences are known),
by assuming the cleavages in every possible position. This procedure narrows the possibilities to
few peptides. By comparing the expected fragments of these few peptides with the few fragments
obtained by in-source fragmentation, a clear-cut identification of these peptides can be obtained.
This procedure has the advantages of being very fast, requiring only one LC/ESI-MS run for the
identification of several peptides, and using simple low-cost MS instrumentation (Figure 5.11).
By this methodology, many peptides have been identified in Grana Padano [65] and Parmigiano-
Reggiano cheeses [90], some of them never previously reported. Moreover, peptides were also
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easily semiquantified by using a suitable internal standard (a dipeptide not present in the samples),
allowing the comparison of the peptide content in cheese samples of different ages. In a recent
application of the same method, cows’ casein-derived peptides were used as markers of adultera-
tion in sheep-milk cheeses [91].

5.5 Conclusions and Future Perspectives

The proteomic techniques have enormously expanded in the last few years, touching many fields
in science. Applications to food science, such as those reviewed in this chapter for dairy products,
have been quite limited till date, but undoubtedly, they will follow an expansive trend in the
forthcoming years. It is reasonable to expect that what is now being developed for biomedical
proteomics will also find its application in food proteomics.

In particular, high-throughput techniques, such as those based on the enzymatic digestion of
the entire proteome followed by LC/MS/MS analysis or those based on protein microarrays, can
be expected to find increasing applications. Although these techniques are not optimal for char-
acterizing very complex proteomes, they have the main advantage of being fast and chromatogra-
phy-based rather than gel-based, thus eliminating the variability potentially present in all the gel
analysis, particularly as far as the quantitative determination is concerned.

Also, quantitative determination of proteins and, in particular, the relative quantifications used
in all the studies concerning comparative proteomics, is an issue which probably will be studied
with more advanced techniques than those applied today. The crude band-intensity comparison
in different gels will probably be substituted, as in biomedicine, by more sophisticated and more
accurate techniques, such as differential fluorimetry or stable isotope-based methods.

Many important developments will appear from the application of proteomics to dairy sci-
ences, which is currently quite limited. Till date, various studies have been concentrating mainly
on the basic knowledge: what are the proteins or peptides present in milk, dairy products, or LAB.
This knowledge can now be applied to improve the existing technologies, for example, selecting
bacteria with increased expression of proteins of interest, such as those involved in industrial
processes or stress response. Proteomic characterization has the potential to become a standard
analysis to be performed in dairy sciences in the near future, capable of providing an enormous
informative evaluation about the dairy products and the best way to improve them.
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6.1 Introduction

The carbohydrate fraction of milk comprises a complex mixture of mono-, di-, and oligosaccharides
of which lactose, 4-O-B-p-galactopyranosyl-p-glucose, is the major constituent in most mamma-
lian species with the exception of some marsupials, marine mammals, several species of bears,

giant panda, and minks [1]. These milks usually contain greater amounts of free oligosaccharides
other than lactose whose composition varies among different mammalian species [2].
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The lactose content of cow’s milk is in the range of 4.4%—5.2%, averaging 4.8% of anhydrous
lactose. This usually amounts to 50%-52% of the total solids of skimmed milk [3]. Other free
carbohydrates found in milk, but at low concentrations, include glucose, galactose, amino sugars,
sugar phosphates, neutral and acid oligosaccharides, and nucleotide sugars. As lactose is the main
carbohydrate in commercial milk, its determination is a basic indicator for quality control and
detection of abnormal milk, such as the lower concentrations of lactose in mastitic milk.

During heat treatment of milk, lactose is partially transformed into lactulose (4-O-B-p-
galactopyranosyl-p-fructose) that may in turn be degraded to form galactose, tagatose, and
saccharinic acids. On the other hand, lactulose may also get isomerized to form epilactose (4-O-B3-
D-galactopyranosyl-D-mannose) [4-7]. Except galactose, these carbohydrates are absent in raw
milk, and their determination has been proposed for the distinction between different types of
processed milks, as the lactulose and galactose content increases with the severity of the heating
process, whereas epilactose [4,5] and tagatose [6] are only present in sterilized milks.

The amount and composition of milk oligosaccharides differ not only among the mammalian
species, but also during the course of lactation. Human milk and colostrum contain more than
80 different oligosaccharides that constitute over 20% of the total milk carbohydrate [8], and some
of them are thought to be biologically active as it has been suggested that they may play a role in
the local intestinal immune system of the breast-fed infants [9]. Bovine colostrum has a relatively
high content of these constituents when compared with mature cow’s milk that contains only trace
amounts. Thus, the colostrum is considered as a suitable raw material for the large-scale preparation
of milk oligosaccharides to be used as the functional ingredients in the food industry. Although
the oligosaccharides content in goat’s milk is significantly lower when compared with the mature
human milk, it is four to five times higher than that measured in cow’s milk, and hence, goat’s milk
is considered as an attractive natural source of oligosaccharides in human nutrition [10].

During the production of functional fermented milks, oligosaccharides are produced in vari-
able amounts mainly depending on the strains used [11-13], and hence, the functional properties
of fermented milks may not only be owing to its probiotic contents, but also owing to the pres-
ence of oligosaccharides. Galactooligosaccharides (GOS) are produced from lactose by glycosyl
transfer of one or more D-galactosyl units onto the p-galactose moiety of lactose, catalyzed by
B-galactosidase [14]. The linkage between the p-galactose units and components formed depends
on the enzyme origin and the conditions in which transgalactosylation reaction occurred [15,16].
Although the presence of these oligosaccharides improves the probiotic effect of fermented milks,
there are limited data on the oligosaccharide content in commercial samples [11].

Some cheeses are almost lactose-free, because during the manufacturing process, most of the
lactose is removed with the whey, and the remaining lactose in the cheese is gradually consumed
in the fermentation process. However, in fresh cheeses and those made by coagulating fresh milk
or cream with rennet or an acid, lactose remains unchanged, and therefore, these products may
contain appreciable amounts of lactose. As most of the strains ferment only the glucose moiety of
lactose, galactose remains in the curd. Both galactose and lactose may influence the characteristics
of the cheeses, and hence, its contents need to be controlled [17-19]. Determination of lactose may
also be useful for evaluating grated-cheese adulteration with whey solids [20].

6.2 Methods for the Quantitation of Carbohydrates in Milk

The determination of lactose in dairy products is important and a number of methods are avail-
able since many years, such as gravimetric, polarimetric, and colorimetric methods. Most of
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the traditional methods are time consuming, as the quantitative determination of lactose can
be performed only in the soluble serum samples obtained after prior removal of fat and protein
fractions. Moreover, differentiation among the large number of carbohydrates present in dairy
products is impossible. Therefore, there is a considerable incentive to improve the chemical and
instrumental methods of analysis for the rapid determination of lactose as well as for a detailed
analysis of the complex carbohydrate fraction present in the dairy products.

6.2.1 Classical Methods

A considerable number of methods for the determination of carbohydrates in milk have been
developed, including gravimetric, polarimetric, or spectrophotometric analysis (Table 6.1). Early
methods of lactose analysis in milk are based on the determination of lactose by difference, an
indirect method in which lactose is calculated by subtracting the protein, fat, and ash contents of
a sample from the total solids content [8]. Polarimetric methods are based on the measurement
of the specific rotation of lactose in a defatted and deproteinized milk filtrate [21]. On the other
hand, gravimetric methods are based on the reduction of copper sulfate to cuprous oxide precipi-
tated by the addition of potassium hydroxide in the presence of aldoses and ketoses; after weighing
the cuprous oxide formed, the lactose content is calculated using empirical tables that allow the
conversion of the cuprous oxide formed in terms of lactose [21].

The Lane—Eynon method is based on the reaction of lactose with the Soxhlet modification
of Fehling solution, consisting in a mixture of copper sulfate and alkaline tartrate solution. By
boiling the mixed Soxhlet reagent with successive additions of the reducing carbohydrate solution,
Cu,O is formed and the blue color of cupric tartrate tends to disappear. When only faintest per-
ceptible blue remains, some drops of methylene blue solution is added and titration is completed
by small additions of the lactose solution [22].

The chloramine-T method consists of the reduction of chloramine-T (sodium N-chloro-p-
toluenesulfonamide) by the lactose in milk previously defatted and deproteinized, and the excess
of chloramine-T reacts with the acidified potassium iodide that is oxidized to iodine. The iodine
released is then determined by titration with sodium thiosulfate [23].

Quantitative determination of lactose in dairy products by means of anthrone (9-oxo anthra-
cene) includes maceration of the sample with water, and after blending, the addition of sulfuric
acid solution of anthrone, heating of the mixture, and color measurement with a colorimeter using
a 580 filter. This method can be easily adapted to cheese, whole milk, skimmed milk, and nonfat
milk solids [24].

With phenol and sulfuric acid, lactose forms a violet-brown color whose intensity can be mea-
sured at 480 nm. The amount of lactose present is determined by comparison with a calibration
curve using a spectrophotometer [25]. In alkaline media, lactose forms a yellow color with potas-
sium ferricyanide that can be measured at 420 nm [25].

Lactose also reduces the 3,5-dinitrosalicylic acid to the orange-red 3-amino-5-nitro-salicylic
acid, and its intensity can be measured at 570 nm [25].

These methods are based on the assumption that lactose is the only reducing carbohydrate
present in milk; this may cause a problem of accuracy, mainly in some dairy products, such as
fermented milks and cheeses with appreciable amounts of monosaccharides, as well as in human
milks and milks of mammalian species containing high levels of oligosaccharides [26]. This prob-
lem was partially addressed by optimizing the methylamine—sodium sulfite reaction, so that it
formed chromophore with lactose, but not with glucose or galactose [8]. In a complementary
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Table 6.1 Classical Methods of Analysis

Analyte Reagents Detection Ref.

Lactose Copper sulfate Gravimetry [21]
Potassium hydroxide

Lactose Acid-mercuric nitrate Polarimetry [21]
Mercuric iodide

Lactose Copper sulfate Titration [22]
Alkaline tartrate
Methylene blue

Lactose Chloramine-T Titration [23]
Potassium iodide
Sodium thiosulfate

Lactose Anthrone Colorimetry at 580 nm [24]
Sulfuric acid

Lactose Phenol Spectrophotometry at 480 nm [25]
Sulfuric acid

Lactose Methylamine Spectrophotometry at 540 nm [8]
Sodium sulfite

Lactose Alkaline potassium ferricyanide Spectrophotometry at 420 nm [25]

Lactose Methylamine-sodium sulfite Spectrophotometry at 540 nm [27]
Glycine-sodium hydroxide

Lactose 3,5-Dinitrosalicylic acid Colorimetry at 570 nm [25]

Lactulose Potassium hypoiodite Spectrophotometry at 540 nm [28]
Methylamine hydrochloride
Sodium hydroxide
Sodium sulfite

Lactulose Periodate Spectrophotometry at 427 nm [29]
Anthrone-acetic acid
Phosphoric acid-ethanol

Lactulose Sulfuric acid Spectrophotometry at 330 nm [30]
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approach, ammonium molybdate was reacted with the sample under conditions that allowed the
formation of chromophores with glucose and galactose, but gave no color with lactose [27].

Colorimetric methods for the determination of lactulose in milk-based products are limited
owing to the presence of lactose, which is also a reducing disaccharide. Adachi [28] used the
reaction of methylamine with lactulose, which involves a preliminary step to eliminate lactose by
oxidation with periodate to form aldonic acid, followed by its removal by ion-exchangers. Later,
a keto-specific method based on an anthrone—acetic acid—phosphoric acid—ethanol reagent that
allowed the estimation of lactulose in lactose—lactulose mixtures was reported [29], but it was not
sufliciently specific, as anthrone reacted with 5-hydroxymethylfurfural. A method based on the
fact that ketoses are decomposed far more easily than aldoses by the action of mineral acids, which
produces an intense red or violet coloration, where the color appears relatively slowly and is less
intense in the case of aldoses, allowed the determination of a minimum of 10 mg/100 mL concen-
tration of lactulose in milk and dairy products [30]. The reddish-brown color produced on heating
the protein-free filtrate of milk in 6.4 N sulfuric acid was measured at 330 nm.

6.2.2 Infrared Spectroscopic Methods

These methods are based on the absorbance of infrared energy by the hydroxyl groups (OH)
of lactose molecules. Lactose analysis in the mid-infrared (MIR) spectroscopy is performed at
1042 cm (9.610 wm) [31]. Early instruments were entirely filter-based, which used pairs (sample
and reference) of optical filters to select a band of wavelengths for the measurement of fat, protein,
and lactose. More recent equipments based on Fourier transform infrared (FTIR) spectroscopy
use an interferometer to produce the complete spectra information within the MIR region and
provide extensive computing and data manipulation capabilities [32].

Furthermore, the use of short-wave near-infrared (NIR) wavelengths from 700 to 1100 nm for
quantitative analysis of fat, protein, and lactose in milk have also been studied. In this spectral
region, sample pretreatment such as homogenization is not needed and spectral data are obtained
faster. Moreover, a silicon detector generally used in this region, is not as expensive cither [33].
Today, a number of commercial milk analyzers are designed for fast and cost-effective determina-
tion of fat, protein, and lactose in milk samples.

6.2.3 Enzymatic Methods

A considerable number of enzymatic methods to determine lactose have been reported. They have
the common reaction of enzymatic hydrolysis of lactose to glucose and galactose, followed by the
enzymatic determination of one of the liberated monosaccharides. The difference in the monosac-
charide content before and after hydrolysis represents the amount of lactose in the sample. The
most common enzymatic method to measure galactose is based on its oxidation by B-galactose
dehydrogenase to galacturonic acid in the presence of nicotinamide-adenine dinucleotide (NAD)
that is reduced to NADH, as described by the following reaction:

B-D-galactose + NAD* —ELgleweddvdogene 1y o[ ctono-y-lactone + NADH + H*
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The absorbance of NADH at 340 nm is calculated as the difference between the readings before
and after the addition of the enzyme, galactose dehydrogenase [34,35]. Although this UV method
is specific and accurate, as the measurements of NADH require reading in the UV range, replace-
ment of NAD by thio-NAD and measurement in the visible range at 405 or 415 nm can be also
used. This modification allows the simultaneous determination of p-galactose concentrations in
several samples using microplate-readers, rather than UV spectrophotometers [36]. A chromoge-
nic enzymatic method using a microassay format is based on the actions of lactase and glucose
oxidase (GOD) in a buffered solution of iodide, molybdate, and polyvinyl alcohol. Hydrogen
peroxide is produced and measured by its molybdate-catalyzed reaction with iodide to produce
iodine, which forms a colored complex with polyvinyl alcohol [37].

Furthermore, lactose biosensors based on immobilized enzymes with electrochemical detec-
tion have also been reported. Some of them are based on the enzymatic hydrolysis of lactose into
galactose and glucose, followed by the GOD-catalyzed conversion of glucose to gluconate and
hydrogen peroxide. The measurement of hydrogen peroxide produced may be achieved through
different ways, such as by using a Pt electrode [38] or oxidation of 5-aminosalycilic acid and
further reduction using a glassy carbon electrode [39].

Recently, quantitative determination of lactose in milk using a wireless multienzyme biosensor
has been reported [40]. Lactase, GOD, and catalase were co-immobilized onto a magnetoelastic
ribbon-like sensor that was previously coated with a layer of a pH-sensitive polymer. The enzy-
matic lactose hydrolysis produces glucose that is oxidized to gluconic acid, resulting in the pH-
responsive polymer-shrinking that causes a shift in the frequency, which is linearly proportional
to the lactose concentration.

Furthermore, a lactose biosensor based on a newly discovered cellobiose dehydrogenase from
white rot fungi Trametes villosa and Phanerochaete sordida, which catalyzes the oxidation of lac-
tose and strictly prevents the monosaccharides from the catalytic reaction, has also shown a great
potential for the applications in the dairy industry [41].

Enzymatic determination of lactulose is based on its hydrolysis in the presence of lactase to
give galactose and fructose. The amount of released fructose is stoichiometric with the amount of
lactulose:

-D- l .‘d se
Lactulose —E28_y o5 ctose + fructose

B-D-galactosidase

Lactose ——+5==>=— galactose + glucose
As lactose is present in milk in significantly higher amounts than lactulose, the glucose obtained
after hydrolysis would interfere with the determination of fructose. Therefore, the glucose is oxidized
using GOD to gluconic acid, and subsequently, fructose is phosphorylated by means of adenosine
triphosphate (ATP) in the presence of hexokinase (HK) to yield fructose-6-phosphate that is isomer-

ized to glucose-6-phosphate in the presence of the enzyme phosphoglucose-isomerase (PGI):

Glucose + H,0 —GD gluconic acid + H,0,
Fructose + ATP—25 fructose-6-P

Fructose-6-P—"“— glucose-6-P
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The glucose-6-phosphate is oxidized using NADP* in the presence of glucose-6-phosphate
dehydrogenase (G-6-PDH) to obtain 6-phosphogluconate and NADPH:

Glucose-6-P + NADP+ —&&PDH 6-P-gluconate + NADPH + H”

The absorbance of NADPH is subsequently measured at 340 nm, and is observed to be propor-
tional to the fructose and lactulose content [42].

An enzymatic spectrophotometric assay for the determination of lactulose involves the
enzymatic hydrolysis of lactulose and successive treatment of fructose with fructose dehydro-
genase in the presence of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide and
5-methylphenazinium methyl sulfate, to produce a colored compound that can be detected at
570nm [43]. A differential pH technique for the determination of lactose and lactulose in milk
samples based on changes in the pH owing to enzymatic reactions has also been reported [44].
Lactose was determined by measuring the pH change owing to the reaction of glucose and ATP
in the presence of HK before and after treatment of the sample with B-galactosidase. For lactulose
determination, the sample was treated with a mixture of B-galactosidase and glucokinase in the
presence of ATP. After 3h, the pH change was measured, HK was added, and the pH change was
monitored for 4h to observe the p-fructose-6-phosphate formation. The most commonly used
enzymatic methods are presented in Table 6.2.

6.2.4 Flow-Injection Analysis

Flow-injection analysis (FIA) has been widely used for the determination of carbohydrates in dairy
products. It is based on the reproducible injection of samples into a flowing stream of a carrier
or reagent solution to the detector while the desired reactions take place. The detector response
(absorbance, fluorescence, mass spectra, etc.) yields a calibration curve quantifying the target ana-
lyte. Spectrophotometric determination of lactose based on the development of carmine color
when lactose reacts with alkaline methylamine using FIA, allows up to forty samples to be ana-
lyzed per hour, and lactose concentrations as low as 0.6 mg/mL can be readily detected [45]. Flow-
injection technique is well suited for automation of assays based on the enzymatic reactions, and
has been successfully applied to the analysis of mono- and disaccharides in milk. Figure 6.1 shows
a biosensor composed of the immobilized enzymes, B-galactosidase and GOD, integrated into
an FIA system that allows measurement of lactose online in less than 3 min [46]. Ion-exchange
polyelectrolytes have been used for the development of glucose and lactose biosensors with high
enzyme stability. These biosensors coupled to a flow-injection system allow faster determination of
glucose and lactose in milk with high sensitivity and low detection limits [47].

Flow-injection systems have also been used for the determination of lactulose. Consequently,
an automated flow analysis method was developed to allow in-line hydrolysis of lactulose by soluble
B-galactosidase, and separation of the analyte from the milk matrix by a dialysis unit. The quantity
of fructose was determined by using immobilized fructose dehydrogenase and potassium ferricya-
nide as mediator. The reduced mediator was reoxidized at a screen-printed Pe-electrode [48].

6.2.5 Chromatographic Methods

The simultaneous determination of the different carbohydrates present in dairy products may be
achieved by a considerable number of chromatographic methods, including planar chromatography,
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Table 6.2 Enzymatic Methods of Analysis

Analyte Enzymatic Medium Detection System Refs.
Lactose and B-Galactosidase Spectrophotometry at [34,35]
galactose 340nm
B-Galactose dehydrogenase
NAD?
Lactose and B-Galactosidase Spectrophotometry at [36]
galactose 415nm
B-Galactose dehydrogenase
thio-NAD
Lactose and B-Galactosidase, GOD Scanning microtitre plate | [37]
glucose - - autoreader at 490 nm
lodide, molybdate, polyvinyl alcohol
Lactose B-Galactosidase and GOD H,0, [38]
Ag-AgCl electrode
Lactose B-Galactosidase, GOD, peroxidase, Glassy carbon, Pt, and [39]
and 5-aminosalycilic acid saturated calomel
electrodes
Lactulose B-Galactosidase, GOD, ATP, HK, PGI,> Spectrophotometry at [42]
NADP and G-6-PDH¢d 340nm
Lactulose B-Galactosidase, fructose Spectrophotometry at [43]
dehydrogenase, MMT,® and PMSf 570nm
Lactose and B-Galactosidase, glucokinase, Differential pH analyzer [44]
lactulose HK, ATP

2 Nicotinamide adenine dinucleotide.

b Phosphoglucose isomerase.

¢ Nicotinamide adenine dinucleotide phosphate.

4 Glucose-6-phosphate dehydrogenase.

¢ 3-(4,5-Dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide.
f 5-Methylphenazinium-methyl sulfate.

gas chromatography (GC), and high-performance liquid chromatography (HPLC). These
techniques not only provide quantitative information about every analyte in a mixture, but can
also be coupled to spectroscopic instruments to obtain structural information. For convenience,
prior to the analysis, the carbohydrates are isolated from the insoluble materials such as lipids and
proteins, by dialysis [49], centrifugation [50], or precipitation with methanol [51].

6.2.5.1 Planar Chromatography

It includes both paper and thin-layer chromatography (TLC). These techniques are low-cost,
easy to perform, and simultaneously display the overall components present in the sample, in the
chromatogram.
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Figure 6.1 Online FIA measurement system for lactose. (1) Bioreactor, (2) microfiltration mem-
brane, (3) carrier solution, (4) peristaltic pumps, (5) mixer, (6) selection valve, (7 and 8) injection
valves, (9) lactose and glucose biosensors, (10) oxygen electrodes, and (11) amplifiers. (Reprinted
from Ferreira, L.S. et al., Brazil. J. Chem. Eng., 21, 307, 2004. With permission.)

6.2.5.1.1 Paper Chromatography

It was one of the earlier chromatographic techniques for carbohydrate analysis, but currently, it is
scarcely used. In this technique, mixtures of water and alcohols have been used as eluent in both
ascending [52] and descending [53] modes with spray reagents based on anthrone or amine mix-
tures; the latter has been used for the determination of lactulose in infant formulas.

6.2.5.1.2 Thin-Layer Chromatography

Thin-layer plates have replaced paper, particularly to save time. Silica-gel plates, that basically
retain the solutes by adsorption, are impregnated with inorganic salts to introduce new inter-
action mechanisms and modulate the separation of carbohydrates through complex formation.
Boric acid, sodium acetate, and sodium bisulfite have been used for this purpose. Elution has
been carried out with aqueous mixtures of alcohols (methanol, ethanol, and isopropanol) or less-
polar solvents (acetonitrile, ethyl acetate) [54,55]. The introduction of high-performance thin-layer
chromatography (HPTLC) has improved both resolution and quantitative measurements [56],
and has also allowed coupling with mass spectrometry (MS). For example, native milk oligosac-
charides were separated on 10 x 10 silica-gel plates developed in #-butanol/acetic/water (110/45/45)
and matrix-assisted laser-desorption ionization with time-of-flight (MALDI-TOF) analyzer was
selected as the MS technique. Glycerol was used as the matrix, with an infrared laser for MALDI
and an orthogonal TOF for achieving high mass accuracy, allowing a straightforward method
with a detection limit of ~10 pmol of individual compounds [57].

6.2.5.2 Gas Chromatography

Since its introduction over 60 years ago, GC has been widely used for the analysis of milk car-
bohydrates. This technique is rapid, easy to automatize, and has a moderate cost. It is also easy
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to couple this technique with several spectroscopic techniques, and the MS detector is the most
popular technique coupled for obtaining structural information about the analytes.

6.2.5.2.1 Derivatization

Prior to GC analysis, a necessary step is to convert the carbohydrates in the volatile derivatives
[58,59]. In general, all the active hydrogens should be replaced by apolar groups, such as methyl or
trimethylsilyl (TMS) to obtain the corresponding ethers; it is also possible to esterify the hydroxyls
to obtain acetates or trifluoroacetates. It is necessary to keep in mind that reducing sugars in solu-
tion exist in five tautomeric forms, and thus, the corresponding five derivatives are obtained, giving
a high number of chromatographic peaks; these can make the analysis difficult if the number of
carbohydrates present is too high. Monosaccharides in milk have been silylated mainly using three
reagent types: hexamethyldisilazane (HDMS) + trimethylchlorosilane (TMCS) in pyridine [49],
trimethylsilyl imidazole (TMSI), or TMSI dissolved in pyridine [50]. Troyano et al. [6] used very
mild reaction conditions to quantitatively silylate the ketoses. This method was also applied to
measure the free acetyl-aminosugars in milk [60]. For the determination of the monosaccharide
composition of glycoproteins, they are released by treatment with acids such as HF or HCl before
they are converted to volatile derivatives [61].

To reduce the number of derivative peaks, another approach is sometimes used: the carbonyl
group can be reduced to give an alditol which is a single molecule and hence, will produce a single
peak. However, a serious drawback of this approach is that ketoses are transformed into two dif-
ferent isomeric alditols; for example, glucose is converted to sorbitol and mannose to mannitol,
whilst fructose gives a mixture of sorbitol and mannitol. Nevertheless, an interesting alternative is
to transform the free carbonyl groups into its oximes: the hemiacetal ring is opened, the anomeric
center disappears, and two compounds (the £- and Z-isomers) are produced for every reducing
sugar, which are rather stable and easy to silylate. In this way, only two chromatographic peaks
are produced for every sugar. A common method (two steps in one pot) is to add hydroxylamine
chloride in pyridine (2.5%); the formed oximes are then silylated with HMDS and trifluoroacetic
acid. After the reaction, the samples are centrifuged and 1 UL of the supernatant is injected into
the GC injection port [62,63].

Investigation with the capillary columns requires the use of an internal standard: perseitol,
and in particular, methyl-o-galactoside and phenyl-B-glucoside, have been widely used for this
purpose. The three products fulfill the usual requirements for an internal standard: they are not
present in milk, are stable, and are silylated similarly to analytes, displaying an adequate chro-
matographic response.

In spite of the derivatization step, GC enables high resolution, high sensitivity, and good
reproducibility.

6.2.5.2.2 Chromatographic Conditions

The initial analyses were carried out with packed columns, and their efficiency was low, but ade-
quate to separate the few sugars examined at that time [49]. A micropacked column (2% OV-17
on desilanized 120/140 Volaspher A-2 in a 3m x 1.0 mm i.d. stainless-steel tube) was proposed to
improve the analysis of lactulose [51]. At present, the most used columns are those of fused-silica
capillary, coated with different stationary phases based on silicones (methyl, phenyl, and cyano-
propyl), whose dimensions are usually 20-30m of length, 0.2-0.33 mm i.d., and 0.2-0.5um
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of film thickness. Several stationary phases with very different polarities have been assayed to
separate new carbohydrates formed during heating of milk, such as tagatose [6] and 3-deoxypen-
tulose [64] (Figure 6.2).

As dairy products usually contain mono-, di-, and oligosaccharides, temperature program-
ming is often convenient. The most common programs start at 180°C—200°C to elute the mono-
saccharides, and then are programmed (sometimes with multistep ramps) until 270°C-290°C to
elute lactose. These methods are adequate for most commercial dairy products that do not contain
appreciable amounts of oligosaccharides or when their determination is not required. Fortified
milk containing maltodextrins (up to maltoheptaose) has been analyzed by GC using a short cap-
illary column (8 m x 0.25 mm x 0.25 pum) coated with CPSil-5CB with a multistep programming
temperature starting at 130°C and finishing at 360°C, using TMS oximes as derivatives [65].

6.2.5.2.3 Detectors

The most widely used GC detector for carbohydrate analysis is the flame ionization detector
(FID): it has no dead-volume, is robust, very sensitive, and has a very wide linear dynamic range.

. SUReN

Figure 6.2 GC chromatograms of TMS ethers of free monosaccharides in a sterilized milk sam-
ple. Peaks: 1 and 2, 2-deoxypentulose; 3, internal standard; 4, 5, and 8, galactose; 6, tagatose;
7 and 9, glucose; 10 and 11, N-acetylgalactosamine; 12 and 13, N-acetylglucosamine; and 14,
myo-inositol. (From Troyano, E. et al., J. Agric. Food Chem., 44, 815, 1996. With permission.)
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The GC is occasionally coupled with a mass spectrometric detector for identification purposes.
Commercial mass detectors for GC are tabletop equipments: the system of choice is electronic
impact (EI) with quadrupole analyzer. Identification is easily carried out, as the mass spectra of all
TMS derivatives of the monosaccharides and disaccharides present in milk have been published,
and most of them can be obtained from the spectral libraries (Wiley and NIST). As the mass
spectra of isomers are very similar, the combination of spectral data with elution order or retention
indices (from the literature or from the standards) is recommended.

6.2.5.2.4 Applications

The first report on GC-MS analysis of sugars in milk and dairy products was published by
Reineccius et al. [49]. Milk was dialyzed and freeze dried, then silylated and analyzed by GC and
GC-MS. Galactose, glucose, and lactose could be determined in milk, cream, and cheeses. Slight
modifications of this method were used for the quantitative measurements of lactulose [66] and
epilactose [7] in heated milks. The introduction of capillary columns helped in the identification
of tagatose [6] and 3-deoxypentulose [64], which were found in heated milks, owing to thermal
treatments.

Minor carbohydrates in milk have been also reported by GC, such as myo-inositol and traces
of scyllo-inositol [67], N-acetylaminohexoses [60], and sialic acids [61]. Some specific methods have
been designed to determine the minute amounts of lactulose in pasteurized milks [68]; the improve-
ments rely on the equilibration of the samples in N,/N-dimethylformamide to obtain a constant
anomeric composition, and the use of a cross-linked stationary phase, (poly-(50% diphenyl/50%
dimethylsiloxane) ), that allows the separation of sucrose from lactulose and lactose peaks, obtain-
ing a suitable quantification of lactulose in samples, such as condensed and chocolate-based milks,
which contain a high concentration of sucrose. Figure 6.3 shows the analysis of a complex mixture
of sugars in an infant formula.

Representative methods for the GC analysis of carbohydrates in dairy products are presented
in Table 6.3.

6.2.5.3 High-Performance Liquid Chromatography

The HPLC was developed more than 30 years ago, but still remains as one of the most extensively
used techniques. It has been widely employed for the separation of a large variety of carbohydrates
in foods, as it is particularly advantageous in terms of speed and simplicity of sample prepara-
tion. It is possible to inject the sample without a prior derivatization, and obtain a high-resolved
chromatogram in a short period of time [72].

The HPLC allows direct detection of carbohydrates, as they can absorb at low-wavelength
UV region. However, a detection below 200 nm requires the use of high-grade and expensive
reagents, and has low sensitivity and selectivity. The most common sugars-detection system
after HPLC separation is the refractive index; however, the response of this detector is very
poor and nonspecific, and the elution of carbohydrates must be in isocratic regimen. Therefore,
considerable research effort has been directed to design detectors with improved sensitivity
and alternative detection systems, such as light-scattering detectors that are semi universal
mass detectors providing better sensitivity and baseline stability, and electrochemical detectors
[72,73].
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Figure 6.3 GC profiles of TMS oximes of carbohydrates of (a) standard solution and (b) infant
formula. Peaks: 1, fructose; 2, galactose; 3, glucose; 4, galactose + glucose; 5 and 7, internal
standards; 6, sucrose; 8, lactose; 9, maltulose; and 10, lactose. (From Morales, V. et al., J. Agric.
Food Chem., 52, 6732, 2004. With permission.)

6.2.5.3.1 High-Performance Liquid Chromatography Types and Applications

Among the various available chromatographic modes of operation, such as anion or cation
exchange, hydrophilic interaction, size exclusion, and reverse phase, the reverse-phase and resin-
based systems are the most used in carbohydrate analysis [74,75].

In reverse-phase partition chromatography, separation is based on the principle of hydrophobic
interactions resulting from the repulsive forces among a relatively polar solvent, the relatively
nonpolar analyte, and the nonpolar stationary phase. Alkylated and aminoalkylated silica gels are
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most frequently used as stationary phase in combination with aqueous methanol or aqueous ace-
tonitrile as mobile phase, and the separation is carried out by hydrophobic and polar interactions
and partition [76]. The use of a high percentage of an organic modifier (e.g., acetonitrile) in the
eluent can limit the solubility of the carbohydrates. Furthermore, the use of amino-phases has a
noticeable drawback related to the tendency of glycosamine formation with reducing sugars [77].

Bonded silica-gel columns (amino, cyano) are capable of resolving sucrose and lactose, but
not glucose and galactose. Therefore, they are not adequate for the analysis of sugars in fermented
dairy products containing these monosaccharides [78,79]. Some studies on carbohydrates in dairy
products using this mode of chromatography are listed in Table 6.4.

Ion-exchange chromatography (IEC) has almost universally replaced the traditional adsorp-
tion chromatography based on charcoal—celite mixtures developed in the early 1950s, which was
capable of separating series of oligosaccharides up to a degree of polymerization (DP) of 8-10,
using ethanol or butanol gradients in water as eluent [85]. Carbohydrates are separated on the basis
of differences in the net charge using two types of ion-exchanger: anionic and cationic, where the
compounds are negatively and positively charged, respectively. The most commonly encountered
ion-exchange materials are cross-linked polymers of styrene and divinyl benzene with strong cat-
ion- or anion-exchanging attached groups [86].

Several methods based on cationic-exchange HPLC chromatography have been optimized
to analyze carbohydrates in a number of dairy products, using different stationary and mobile
phases, such as Aminex with calcium as counterion, and Sugar Pak (Table 6.5). An important

Table 6.4 RP-HPLC Methods to Analyze Carbohydrates on Dairy Products

Mobile Phase
Composition and
Dairy Product Analytes Column Elution Mode Ref.
Ice cream, ice milk, [Lactose, sucrose, u-Bondapak Acetonitrile:water | [80]
plain yoghurt, maltose fructose, 80:20 (isocratic)
blueberry yoghurt | glucose
Chocolate, Lactose Micropack Si-10 Acetonitrile:water | [81]
whole, and 80:20 (isocratic)
skimmed milk
Differentiation of Lactose, lactulose Bounded Acetonitrile:water | [82]
heated milks (UHT aminocarbohydrates (80:20) (isocratic)
and sterilized) (30°C)
Infant formulas Glucose, galactose, | Spherisorb NH, Acetonitrile/HCI [83]
sucrose, maltose, 0.01M (84:16)
lactose? (isocratic)
Infant formulae, Fructose, sucrose, Tracer carbohydrates | Acetonitrile:water | [84]
formulae for lactulose, lactose (25°C) (75:25) (isocratic)
pregnant women

Note: Detection, refractive index.

2 Simultaneous organic acids (uric and orotic acids) analysis (UV detection at 280nm).




Carbohydrates m 155

Table 6.5 Cationic-Exchange HPLC Methods to Analyze Carbohydrates in
Dairy Products

Column (Cationic | Mobile Phase
Dairy Product Analytes Exchange) Composition | Ref.
Strawberry yogurt; plain | Lactose, glucose, Aminex HPX-87 Water [74]
yogurt; buttermilk milk; | galactose (calcium form;
dried acid, and 80°C)
sweet whey
Lactose-reduced milk Lactose, glucose, Aminex HPX-87 Water [87]
galactose (calcium form;
80°C)
Flavored yogurt Sucrose, lactose Sugar Pak Water [78]
glucose, galactose, (85°C-90°C)
fructose
Cheddar cheese Lactose, glucose, Aminex HPX-87H 0.009N H,SO,| [88]
galactose? (H* form; 80°C)
Infant formulas Glucose, lactose, Aminex HPX-87P Water [89]
lactulose (calcium form;
85°C)
Milk; whey Lactose Sugar Pak (90°C) Water [90]
Direct and indirect Lactulose Aminex HPX-87P Water [91]
UHT milk (75°C)
Ovine milk, ovine Lactose, galactose, Aminex HPX-87H 5mM H,SO, [92]
yoghurts with different and organic acids: (35°C)
fat content lactic, citric, pyruvic

Note: Detection, refractive index; elution mode, isocratic.

@ Simultaneous organic acids analysis (UV detection at 220 or 285nm).

difference between the resin and bonded-phase columns is that the former requires elevated
operating temperature. Furthermore, Aminex-type columns may be used successfully for the
monosaccharides and oligosaccharides separations, but are not very useful for the separation of
disaccharides (sucrose and lactose) [72,78]. Sugar Pak-type columns have produced acceptable
resolution of sucrose, lactose, glucose, galactose, and fructose, without any interference owing to
other components, such as organic acids, in fermented dairy products [78].

High-performance anion-exchange chromatography (HPAEC) coupled with pulsed ampero-
metric detection (PAD) is an alternative analytical technique that provides very high sensitivity
and good resolution for nonderivatized carbohydrates [93]. It was developed at the beginning
of 1980s, and permits a direct quantification of nonderivatized carbohydrates at picomole levels
with minimal sample preparation and cleanup. The separation of carbohydrates and the order of
elution is based on the differences in their pK] values. At high pH, the carbohydrates are at least
partially ionized, have a net negative charge, and therefore, can be separated by anion-exchange
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mechanisms. The columns are packed with poly(styrene-divinylbenzene)-based stationary phases
functionalized with alkyl quaternary ammonium groups [77].

The main problem of HPAEC-PAD is the possible coelution of closely related carbohy-
drates, as they have very similar retention times. Cataldi et al. [94] optimized a robust, rapid,
and sensitive HPAEC-PAD method using 10-12 mM NaOH modified with 1-2mM barium
acetate, which allows the separation and quantitative determination of lactulose and lactose
along with other carbohydrates in heated milks. The different chromatographic profiles of
carbohydrates corresponding to raw, pasteurized, UHT, and in-container sterilized milks are
presented in Figure 6.4. Table 6.6 shows the different optimized HPAEC-PAD methods to
analyze carbohydrates in dairy products. Despite the complexity of milk and the large con-
centration imbalances between lactose and minor carbohydrates, Cataldi et al. [97] established
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Figure 6.4 HPAEC-PAD chromatograms of (@) raw cow’s milk, (b) pasteurized milk, (c) UHT
milk, and (d) in-container sterilized milk. All the samples were diluted 100 times with pure water.
Peak identification: 1, IS; 2, galactose; 3, glucose; 4, GalNAc; 5, lactose; 6, lactulose; and 7,
epilactose. (From Cataldi, T.R.1. et al., Anal. Chem., 71, 4919, 1999. With permission.)
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elution conditions that allow the quantification of minor milk sugars by HPAEC-PAD with
high sensitivity.

Human milk contains a large variety of oligosaccharides with the potential to modulate the
gut flora, affect different gastrointestinal activities, and influence inflammatory processes [98].
Oligosaccharide analysis is very difficult not only owing to the low and variable (depending on the
lactational stage) content of oligosaccharides, but also owing to the complexity of their structures.
Therefore, it is necessary to have appropriate and powerful analytical methods and equipments,
such as HPAEC-PAD and CE, which allow the detection of very low level of these oligosaccharides
(at picomole and femtomole concentrations, respectively) [99].

The HPAEC-PAD provides high-resolution separations of neutral and charged oligosaccha-
rides differing in branch length, linkage composition, and positional isomerism [100]. Twenty
oligosaccharides (acidic and neutral) and N-acetylneuraminic acid were determined by HPAEC-
PAD in a crude human-milk oligosaccharide fraction, obtained by gel-permeation chromatography
[101]. Furthermore, neutral oligosaccharides (GOS) derived from lactose hydrolysis using different
B-galactosidases have been identified and quantified by HPAEC-PAD [15,102,103]. Galactobio-
ses (B 1-3 and 1-6) allolactose, 6' galactosyl-lactose, and 3" galactosyl-lactose were detected in
enzymatic lactose hydrolyzates (Figure 6.5). In addition, two novel trisaccharides obtained by
enzymatic transglycosylation of lactulose were isolated and characterized as 6" galactosyl-lactulose

and 1 galactosyl-lactulose [104,105].

6.2.5.3.2 High-Performance Liquid Chromatography—Mass Spectrometry

An inherent disadvantage of HPLC is that very limited structure information can be derived
from the retention times of carbohydrates. Coupling of HPLC with MS (HPLC-MY) represents
a straightforward approach to obtain valuable information on the composition of oligosaccha-
rides [75].

Over the last decades, the MS has developed into one of the most important techniques for
analyzing organic molecules. Oligosaccharides samples, in their native states or as different deriva-
tives, have been analyzed by MS using a large variety of instrumencts [106].

6.2.5.3.2.1 Oligosaccharides—A method using nano-reverse-phase HPLC (z-RP-HPLC) with
UV detection and online coupling electrospray ionization (ESI) MS and off-line MALDI-TOF
MS, has been optimized to separate and identify free oligosaccharides from human milk. For the
analysis, the sample was submitted to a simple cleanup for deproteinization and defatting, before
derivatization of oligosaccharides, and major human milk oligosaccharides were detected (fucosyl-
lactose, lacto-IN-tetraose, lacto-N-fucopentaose, lacto-/V-difucohexaose) [75].

Although HPAEC-PAD is the most widely used technique for the separation and identifi-
cation of oligosaccharides, the use of mobile phase containing sodium hydroxide and sodium
acetate makes the coupling with a mass spectrometer unfeasible. Online desalting of eluent could
be an alternative to solve this problem, and accordingly, Martinez-Ferez et al. [10] quantified a
large number and variety of neutral and acidic oligosaccharides in goat’s milk, describing 15 new
structures, by HPAEC-PAD, and characterized them by fast bombardment mass spectrometry
(FAB-MS). The oligosaccharides content in goat’s milk was observed to be higher than those
found in bovine and ovine milk.

The HPLC-MS method, in which the carbohydrates are first separated by HPLC on the
graphitized carbon columns using aqueous acetonitrile and then identified by MS, is used for the
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Figure 6.5 HPAEC-PAD chromatograms of GOS production during enzymatic hydrolysis of
lactose (285 mg/mL) with Pectinex Ultra SP-L (16 U/mL) after 7 h at 60°C and pH 6.5: Peaks: 1,
galactose; 2, glucose; 3, galactobiose; 4, allolactose; 5, lactose; 6, 6' galactosyl-lactose; 7, 3
galactosyl glucose; 8, 3' galactosyl-lactose; and HRTGOS: high retention time GOS. (From
Cardelle-Cobas, A. et al., J. Sci. Food Agric., 88, 954, 2008. With permission.)

analysis of milk oligosaccharides. Fucosylated and sialylated oligosaccharides isolated from lip-
ids and proteins of human milk have been analyzed by a combination of techniques, including
microchip liquid chromatography mass spectrometry (HPLC-Chip/MS) and matrix-assisted laser
desorption/ionization Fourier transform ion cyclotron resonance mass spectrometry (MALDI-FT
ICR MY) [107]. Furthermore, Broberg [106] using graphitized columns, analyzed human milk
oligosaccharides, derivatized by reductive amination with N, N-dimethylation, by HPLC-ESI
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ion-trap mass spectrometry (ESI-ITMS). The MS/MS operation of the mass spectrometer allowed
the differentiation of isomeric milk oligosaccharides. These online coupling methods allow the
detection at femtomole level.

6.2.6 Capillary Electrophoresis

Capillary electrophoresis (CE) is a powerful microanalytical technique based on the electropho-
retic separation in narrow capillaries. The high speed of analysis, the minute amounts of analyte
required, and the high resolution make CE an attractive method to separate a wide range of
charged and uncharged compounds, including substances of food interest [108].

6.2.6.1 Capillary Electrophoresis Modes

The CE has emerged as an alternative to current analytical techniques for carbohydrates. However,
carbohydrates present high ionization constants (pX;, values of 12 or higher) and therefore, do not
carry electrical charges at neutral pH. This, along with the fact that carbohydrates do not absorb
UV light above 200 nm, hinders its analysis by CE. To overcome both the problems, different pro-
cedures have been developed, such as derivatization with direct detection using chromophore- and
fluorescent-probe carriers of electrical charges, to facilitate detection via UV-VIS absorbance or
laser-induced fluorescence (LIF). A large variety of derivatization reagents have been suggested for
carbohydrate analysis [109,110]; however, although derivatization methods lead to improved sen-
sitivity and resolution, several drawbacks are often encountered, such as difficult control problems
owing to a different reactivity of derivatizing reagent for analytes, formation of several adducts,
etc. [111].

An alternative methodology that allows CE analysis of underivatized carbohydrates has also
been developed. This includes the use of high-alkaline electrolyte, to ionize the carbohydrates and
make them suitable for indirect UV detection, using chromophore compounds and modifiers
(background electrolyte, BGE) to reverse the direction of electroosmotic flow inside the capillary
and promote the comigration of the analytes [93,100,112,113].

Ionization of carbohydrates at high pH values also allows the CE analysis with electrochemical
detection using gold or copper electrodes [114,115]. Complexation of alternate hydroxyls groups
with borate, and electrochemical and amperometric detection is another alternative for CE analysis
of carbohydrates without derivatization [116].

6.2.6.2 Applications

The different optimized CE methods to analyze carbohydrates in different types of dairy products
are shown in Table 6.7. Major sialylated acidic oligosaccharides, including structural isomers, of
pooled human milk have been quantified using a sensitive and highly reproducible high-perfor-
mance capillary electrophoresis (HPCE)-UV detection method [118]. In addition, GOS derived
from lactose hydrolysis with different types of B-galactosidases have been quantified by CE and
UV detections [102,119]. The coupling of CE-MS can provide important advantages in food
analysis, because of the combination of the high separation capabilities of CE and the powerful
identification and confirmation abilities of MS, although there are other very well-assessed chro-
matographic techniques.
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Table 6.7 CE Methods to Analyze Carbohydrates in Dairy Products

Detection
Product Analytes Background Electrolyte Method Ref.
Without Derivatization
Fresh milk; dairy Sucrose, | 1-Napthylacetic acid (NAA) Indirect UV: [111]
products glucose, 222nm
fructose,
lactose
Yogurt Lactose Cetyltrimethylamonium Indirect UV: [93]
sucrose hydroxide (CTAH) and 350nm
2,6 pyridinedicarboxylic
acid (PDC)
Yogurt, different Lactose Hexadecyltrimethyl Indirect UV: [112]
varieties of cheese ammonium bromide (CTAB) | 230nm
Powdered milk, Galactose, | Hexadecyltrimethylamonium | Indirect UV [113]
skimmed milk ready glucose, | bromide (CTAB) (electrolyte:
to drink milk with fructose, | NaOH; chromophore:
chocolate, natural, lactose, sorbate ion)
and flavored yogurts sucrose
Sugar-free milk Lactose — Electrochemical | [114]
powder (free and detection
full cream)
With Derivatization
Infant milk; powder Lactose Sodium tetraborate or p-Nitroaniline [117]
milk boric acid (PNA)
(derivatizing
agent), UV
406 nm (light-
emitting diode,
LED)

6.2.7 Mass Spectrometry

The MS is a technique that produces a mass spectrum by converting the analytes of a sample into
rapidly moving gaseous ions, and resolving the ions on the basis of their mass-to-charge (m/e or
m/z) ratios. In addition to its use as a detector in chromatography, several techniques for direct
analysis of oligosaccharides have been introduced.

Perhaps, MALDI (in different modes and couplings) is the most popular among them. In
MALDI, sample molecules and a special matrix are codeposited on a laser target. The matrix
absorbs the laser energy and promotes the ionization of the sample. This ionization mode usually
works with a TOF analyzer. The MALDI-TOF spectrum gives information about the molecular
weight of the polymer, their units, as well as the finer structural details.
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The analysis of milk oligosaccharides is difficult, as besides their complexity, they contain
labile fucosylated and sialylated components. Therefore, a number of different matrices have been
assayed to control the ion stability and the extent of fragmentation, and different parameters, such
as sets of layers in the matrices, additives, ion modes, etc., have been proposed [120].

Structural elucidation can also be performed through ESI with an ion-trap detector, which is
capable of performing successive fragmentations on selected ion fragments (MS/MS or MS”) after
off-line separation using different techniques. The fragmentation spectra of negative ions provide
information on linkage types and branching position, including details about fucose residues
[121]. More sophisticated couplings, such as MALDI-TOF/TOF-MS/MS have shown new frag-
mentation pathways, and provided the possibility of mapping the present linkage positions [122].

6.2.8 Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy allows the direct analysis of milk components
without sample preparation. The large signal from water at 4.65 ppm is suppressed in the 'H NMR
spectrum, and the quantitative determination of lactose is achieved by measurement of the inten-
sity of the 3.40-3.90 ppm signals owing to lactose [123].

One of the most useful application of NMR in dairy products is the structural and conforma-
tional characterization of oligosaccharides from milk and colostrum of different species. Mono-
saccharide composition, chain length, and linkage type have a major influence on the biological
activity of these compounds; hence, the characterization of milk oligosaccharides by NMR tech-
niques has been a topic of interest since many years.

Prior to analysis, oligosaccharides have to be extracted from the sample and the analysis can be
achieved by either 'H or *C spectra. Although one-dimensional (1D) NMR spectra are generally
used, the two-dimensional (2D) techniques have also been applied [124,125].

Currently, more than ninety milk oligosaccharides have been identified. The NMR studies
have shown that they may be constituted by neutral compounds (galactose, N-acetylglucosamine,
and often fucose linked to a lactose core), or may also contain N-acetyl-neuraminic acid [26].
Furthermore, the structure of oligosaccharides originated during enzymatic hydrolysis of lactose
and lactulose have also been determined. They mainly consist of a mixture of di- and trisaccha-
rides, and trace amounts of higher oligosaccharides [15,105].

The '"H NMR spectroscopy combined with electrospray mass spectrometry (ESMS) has also
been used to determine the structures of various nonfucosylated and fucosylated neutral oligosac-
charides from human milk [126].
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7.1 Introduction

Lipids are among the most important constituents of milk for economic and nutritional reasons
and because of the physical and sensory attributes that they give to dairy products. Triacylglycerols
(TAGs) are the principal class, accounting for 97%-98% of all the lipids in milk, with minor
contributions by diacylglycerols, monoacylglycerols, free fatty acids, sterols, phospholipids, and
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fat-soluble vitamins. TAG composition is extremely complex due to the many different fatty acids
(FAs) that can be esterified in the three positions on the L-glycerol molecule (Figure 7.1). Although
almost 400 different FAs have been identified in milk fat [1,2], varying in concentration depending
on a range of factors, such as lactation stage, diet, and the animals themselves, only about 14 are
present at concentrations above 1% (see Chapter 10). Considering these 14 FAs alone yields 2744
potential positional isomers (#%), if FA position in TAGs is entirely random. Disregarding FA
position on the TAG molecule still yields 560 compositionally different TAGs [n(z + 1)(n + 2)/6],
taking into account those in which all the FAs are different and combinations in which the same
FA occurs at multiple positions.

Additionally, each TAG species may be separated into regiospecific and stereospecific isomers
by determining the exact position of the three FAs on the glycerol backbone. The carbon atoms
on the glycerol portion are numbered 1-3 (Figure 7.1). A Fischer projection of a natural L-glycerol
derivative shows the secondary hydroxyl group to the left of C-2. The carbon atom above this
is then C-1, the one below is C-3, and the stereospecific number (s7) designated in front of the
name of the compound. A single molecular species is identified by listing the sz-1, s#-2, and s»-3
positions in order. The term regiospecific analysis will be used to refer to methods that do not dis-
criminate between the s#-1 and s#-3 positions on a TAG, and the term stereospecific analysis will
be reserved for methods that enable the composition to be determined at all the three positions.

The TAG profile in milk fat spans a broad range of molecular weights (from acyl carbon
26-54) arising from the large differences in chain length of the constituent FAs (from C4 to
C20). In the TAG composition of bovine milk, TAGs with 36—40 acyl carbons and 46-52 acyl
carbons prevail [2]. The TAG profile differs from the milks of other ruminants, primarily goat’s
milk, in which the C40-C44 TAGs predominate [3]. The range of carbon number (CN) values
is considerable, indicating that there can be significant variation in the TAG composition both
over the course of the dairying season and between geographical regions. TAG properties depend
on the FA combination making up the molecule. Both the FA composition and the positional
distribution of the three FAs on the glycerol backbone of the TAG are a product of the mechanism
of milk fat biosynthesis. The FA and TAG structures are important in determining a TAGs rela-
tive digestibility and the nutritional effects of the TAGs and individual FAs. In addition, physical
properties such as crystallization and melting point, which have an important effect on the texture
and taste of milk fat products, cannot be explained completely on the basis of the properties of
the individual FAs but rather also depend on the properties of each TAG in its entirety. The wide
range of possible TAGs in dairy fat is constrained somewhat by consistent biosynthesis, which
causes the distribution of the FAs among the positions to be far from random.

Owing to its complexity, milk TAG determinations pose a special challenge for analytical
chemists. The overall TAG composition can readily be determined by gas chromatography (GC),
and this method has been used with packed and short capillary columns to separate the TAGs

H,C-0-CO-R, sn-1 position
R)-CO-O e (C ——mn H sn-2 position
H,C-0-CO-R; sn-3 position

Figure 7.1 Stereospecific numbering (sn) convention for TAGs based on the Fischer projection
of L-glycerol.
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according to their CNs and can also be employed to detect foreign fats in milk fat. In this respect,
the European Union (EU) has developed strict standards of identity for butter and has estab-
lished that this dairy product must be produced exclusively from milk or cream [4,5]. In any
case, it should be noted that GC alone, while convenient, only separates TAGs into groups having
similar molecular weights but does not provide information on the individual TAGs. Combined
or hyphenated chromatographic techniques are therefore indispensable to identify and quantify
individual molecular species of TAGs. These include thin layer chromatography (TLC) and high-
performance liquid chromatography (HPLC) with Ag* as the prefraction stage followed by super-
critical fluid chromatography (SFC), GC using long capillary columns, and reverse-phase HPLC
(RP-HPLC) with mass spectrometric (MS) detection. These methods, along with nonspecific or
specific hydrolysis procedures, provide better knowledge of the positional distribution of the FAs
within the TAG molecules. This chapter reviews the developments in analytical techniques for
studying TAGs in milk fat.

7.2 Gas Chromatography-Based Analysis

The first studies aimed at characterizing the TAGs in milk fat were carried out using GC with
short (0.5-0.8m) columns packed with thermostable nonpolar dimethyl polysiloxane-type sta-
tionary phases (OV-1, OV-101, and SE-30) and flame ionization detection (FID). Separations of
TAGs were based solely on vapor pressure differences, which are correlated with the molecular
masses of the components [6]. The introduction of capillary columns ushered in a new stage in
the GC analysis of milk fat TAGs. These columns achieve better separation efficiencies along with
longer lifetimes of the chemically bonded stationary phases. Today, fused silica capillary columns
protected by a coating of temperature-resistant polymide are widely used.

7.2.1 Separation of TAG Classes According to Carbon Number

Most current analytical approaches to authenticity issues involving milk fat constituents are based
primarily on GC separation [7-12]. Although milk fat TAG composition is affected by differences
in diet depending on the season and region, GC determination of classes of milk fat into groups
having identical numbers of acyl-C atoms (C24—C54) is a more effective criterion for determining
milk fat origin than FA composition.

On the basis of an idea originally developed by Timms [13], a mathematical transform was
applied to stabilize natural variability in the TAG profile of bovine milk fat. Using 76 Australian
milk fat samples, pure milk fat was characterized by an equation that included terms for the
percentage content of the C40, C42, and C44 TAGs, and the method was capable of detecting
levels of foreign fat as low as 5% [13]. Subsequently, more comprehensive and accurate studies car-
ried out by Precht [14-17] applying multiple regression analysis to 755 samples of pure milk and
samples of animal and vegetable fats modified the equation, increasing the sensitivity of the pro-
cedure to the presence of different foreign fats in milk fat. The limit of detection varied according
to the source of the added fat but was generally <5%. Alternative computational models (artificial
neural networks, principal component regression, and partial least squares regression) were equally
effective in detecting low levels of adulteration [18-21]. The method based on these equations has
been officially accepted by the EU [22] for the determination of the purity of milk fat, and limits
are given to assess the presence of different foreign fats. The applicability of the method has been
corroborated for Belgian butter [23] and Italian milk fat [24] and by another report using butter
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samples from various EU member states [18]. More recently, representative collections of milk fat
samples from New Zealand and South Africa have been fully identified as pure unadulterated
milk fat as well [25]. On the basis of all these results, the TAG method for assessing authenticity
can be assumed to be applicable globally.

Although the official EU method for determining the purity of milk fat is based on TAG
analysis using packed column GC, the original EU regulation [22] and its revised versions [4,5,26]
also make provision for capillary columns as an alternative technique, on the condition that the
same results are obtained. Short capillary columns (2.5-5 m) yield profiles comparable with those
obtained with packed columns, with a single peak for each group of TAGs having the same CN,
facilitating integration and quantification when compared with the higher resolution and separa-
tion of each group of TAGs into multiple peaks achieved using long capillary columns suitable
for other purposes (see below) but not for simple quality control analysis [27]. Work on assessing
the authenticity of milk fat using GC with short capillary columns (shorter than 5m) has been
reported by different authors [27-33]. This large volume of work has ensued as a result of the devel-
opment of better columns with high stationary phase thermal stability and selectivity. Addition-
ally, short capillary column analysis reduces analysis time (1015 min) and consumes less carrier
gas than packed columns while providing similar levels of accuracy, especially for TAGs with high
CN (i.e., C54). Nevertheless, there has been some controversy concerning quantitative aspects
of TAG profiling of milk fat by short capillary column GC, although capillary column GC was
equivalent to packed column GC in terms of analytical precision, and all the samples tested ful-
filled the purity criteria (S-values) in both cases, Ulberth et al. [33] observed that S-values obtained
by capillary column GC differed somewhat from those obtained using packed column GC and
that the differences exceeded the reproducibility limits laid down by the EU regulations. A later
study [31] checked the method by testing the purity of 50 widely varying samples of milk fat in
accordance with EU rules and found that the differences in the S-values obtained from packed
and capillary column data did not exceed the reproducibility limits stipulated by EU regulations
for any of the samples. However, to guarantee comparable results, they recommended rechecking
by each laboratory wishing to use capillary column GC instead of packed column GC to monitor
milk fat purity.

More recently, a fast method of separating milk fat TAGs (C24—C54) using a short nonpolar
capillary column (4 m prepared from a commercially available 15m DB-5HT column) took less
than 4 min [34] (Figure 7.2). The experimental results confirmed that this column, too, could be
used in place of packed columns to detect foreign fat in milk fat.

Because of the differences in the TAG profiles for milk fat from different species already
referred to above, the equations put forward under EU regulations are not suitable for monitoring
caprine or ovine milk fat. Accordingly, new multiple regression equations for detecting foreign
fats in caprine and ovine milk fat have been proposed based on the TAG composition of caprine
and ovine milk fat [3,35]. Fontecha et al. [3] applied these mathematical equations to determine
admixtures of dairy fats in goat’s milk. However, it did not attain a particularly low detection
limit.

The proposed equations have been applied to cheeses with low levels of lipolysis, with good
results [36]. However, high lipolysis levels pose a problem, because lipases are stereospecific and can
thus alter the proportions of esterified acids and hence of the TAGs [37,38]. The results reported by
Fontecha et al. [38] suggested that the regression equations can be useful in detecting foreign fats
in cheeses that undergo high levels of lipolysis, but only if they are applied early in ripening.

The injection method is critical in quantitative GC analysis of milk fat TAGs, because samples
consist of mixtures of TAGs ranging widely in volatility and relatively high temperatures are
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Figure 7.2 Gas-liquid chromatogram of pure milk fat analyzed by GC on a short nonpolar
open-tubular capillary column (4.0m x 0.25 mm i.d., film thickness 0.10 um). Number of carbon
atoms of the triacylglycerides is indicated for each peak. (From Destaillats, F. et al., J. Chro-
matogr. A., 1131, 227, 2006. With permission.)

required for complete vaporization. Conventional hot split injection is by far the least suitable
technique, in that it could result in TAG discrimination and decomposition. On-column injection
has been the approach most commonly used to reduce these undesirable effects [27,29-33,39]. Pro-
grammed temperature vaporizer (PTV) injection has also been successfully tested [32,40—42].

7.2.2 Separation of Molecular Species of TAGs

There is a great deal of interest in the molecular species of TAGs present in dairy fats because of
their influence on processing aspects (melting point, crystallization behavior, etc.), physiology
(biosynthesis), and nutrition (action of lipolytic enzymes). However, these species are difficule
to determine quantitatively and qualitatively in milk. Long capillary columns (25-30 m) have
improved TAG resolution, and more thermostable, nonpolar stationary phases have enhanced sep-
arations of the components of different TAG classes having the same CNs in samples that did not
undergo prefractionation [27]. However, to improve resolution within a given TAG class having
the same CN, high capillary column efficiency needs to be coupled with stationary phase selectiv-
ity. Better separation efficiency of milk fat TAGs has been achieved using capillary columns coated
with more polar polysiloxane phases containing a high proportion of phenyl groups (50%—65%).
Temperature-resistant columns have greatly enhanced resolving power and allow some individual
TAG species to be determined. Separations on these columns are performed according to acyl CN,
and within each acyl CN group according to the degree of unsaturation (Figure 7.3). Neverthe-
less, despite the advantages afforded by these columns with respect to short columns, the longer
analysis times (30—45 min) and the high temperatures (up to 350°C) to which the high boiling
point TAGs are subjected result in lower precision and accuracy in the determinations [27,32].
Furthermore, none of these analyses yields definitive quantification of individual TAGs, inasmuch
as each peak still contains different unresolved molecular species [8,43,44].
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Figure 7.3 Gas chromatographic profile of triacylglycerides in ovine milk fat separated using a
25 m capillary column. Number of carbon atoms of the triglycerides is indicated for each peak
group. (From Fontecha, J. et al., Int. Dairy J., 15, 1217, 2005. With permission.)

As previously mentioned, the use of supplementary methods before GC has allowed complex
mixtures like milk fat TAGs to be separated into simpler fractions (Table 7.1). With time, Ag*
chromatography has become an important method of fractionating and characterizing lipids. The
principle underlying this chromatographic technique is that silver ions interact reversibly with the
T electrons of double bonds (cis more strongly than #rans) to form polar complexes, and the greater
the number of double bonds in a molecule, the stronger the complex formed, and the longer it
is retained. In chromatographic systems, complex formation is transient, and complexes are in
kinetic equilibrium with the native olefin. Dobson et al. [45] and Christie [46] have published
fairly comprehensive listings of applications of Ag* chromatography in analyzing the TAGs in a
variety of substrates. Ag*-TLC has been widely used for dairy fat and is still a preferred method
of fractionating TAGs at some laboratories [47-50], but Ag* liquid chromatography offers many
advantages and has also gained acceptance.

Lund [47] used Ag*-TLC to separate milk fat into three fractions (saturated TAGs, monoun-
saturated TAGs, and the remaining TAGs), and Myher et al. [48] were able to separate a distillate
of milk fat into six bands according to chain length, number of double bonds, and geometric con-
figuration (¢is- and #rans-monoenoic TAGs). Fraga et al. [49] fractionated milk fat into the same
number of bands, i.e., a group comprising two bands of trisaturated TAGs, another group consist-
ing of two bands of monounsaturated TAGs (in both groups the band with the lower R;contained
a TAG containing butyric acid), a fifth band of diunsaturated TAGs, and a sixth band of tri and
polyunsaturated TAGs. Fontecha et al. [50] used Ag-TLC to separate goat’s milk fat into four



Triacylglycerols in Dairy Foods m 175

Table 7.1 Chromatographic Methods Used to Fractionate and Analyze Milk Fat
Triacylglycerides Described in the Literature

Fractionation Chromatographic
Technique Technique Detector Refs.

TLC RP-HPLC uv [97]
RP-HPLC MS [88]
GC FID [47]

Ag+TLC GC MS [48-50]
RP-HPLC LSD [76,83]
RP-HPLC uv [76]
RP-HPLC MS [65,79]

Ag*-HPLC RP-HPLC MS [84,85,90,94]
RP-HPLC LSD [78,80,81]

Ag*-SPE GC MS [51-54]

RP-HPLC GC FID [69,70,99,100]
Ag*-HPLC MS [89]

SGC NP-HPLC MS [95]
GC MS [54]

GPC RP-HPLC MS [88]

Ag*-HPLC, silver ion high-performance liquid chromatography; Ag*-SPE, silver ion solid-
phase extraction chromatography; Ag*TLC, silver ion thin layer chromatography;
FID, flame ionization detector; GC, gas chromatography; GPC, gel permeation
chromatography; LSD, light scattering detector; MS, mass spectrometry; NP-HPLC,
normal phase high-performance liquid chromatography; RP-HPLC, reverse phase
high-performance liquid chromatography; SGC, short flash chromatography grade
silica gel column; TLC, thin layer chromatography; UV, ultraviolet.

primary fractions. Each of the fractions was then analyzed by GC. Figure 7.4 depicts partial chro-
matograms of the C36 TAG class in whole goat’s milk fat and the four TLC fractions.

The TAGs in butter oil can also be separated into saturated, monoene, diene, and triene frac-
tions on a p-propylbenzene sulfonic acid solid-phase extraction column loaded with Ag* [51-54].
This method shortened analysis times and facilitated separation of the TAGs by molecular weight,
particularly important in the case of milk fat in view of the broad range of molecular sizes pres-
ent. This column affords a useful alternative to Ag*-TLC for separating milk fat TAGs and yields
relatively pure TAG fractions for further analysis by GC [55,56].

Replacing FID detection with MS detection in GC has become an essential tool for qualita-
tive analysis of milk fat TAGs. TAGs can be identified on the basis of the MS spectrograms of the
components making up the ionized overall molecule and of the ionized fragments of the molecule,
the sum of which is practically unique for each chemical compound. Using capillary GC with
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Figure 7.4 Partial gas chromatograms of triacylglycerides (CN 36 zone) of goat’s milk fat (GMF)
and the Ag*-TLC fractions: A, saturated (C6 and longer FAs); B, saturated (C4 and longer FAs);
C, monounsaturated; D, polyunsaturated. Peak numbers are the most abundant TAGs identified
by MS: 49, 8,12,16; 50, 6,14,16; 51, 4,16,16; 52: 4,14,18; 53, 4,15,18/4,16,17; 54, 4,16:1,16:1; 55,
4,14:1,18:2. (From Fontecha, J. et al., Int. Dairy J., 10, 119, 2000. With permission.)

MS, Evershed [57] determined some molecular species of cow’s milk fat TAGs and Fontecha et al.
[58] reported the identity of the major TAGs in ovine milk fat. However, a TAG prefractionation
technique is a requisite first step to provide a solid basis for further qualitative MS analysis of the
molecular species of TAGs in butterfat. Major and some minor molecular species of TAGs have
been identified from electron impact (EI) GC-MS analytical data for milk fat fractions separated
by Ag-TLC [48-50] or on a solid-phase extraction column loaded with Ag* [52,53].

Murata and Takahashi [59] and Murata [60] reported the first quantification of TAGs in
milk fac by GC-EI-MS using a nonpolar GC column. However, mass spectral studies suffer
from difficulties associated with the accurate quantification of the different types of TAGs. The
sensitivity of MS differs with the degree of unsaturation of the TAGs, and fully saturated TAGs
tend to display a lower molecular ion response than unsaturated TAGs [2]. Furthermore, the size
of molecular and fragment ions and even regioisomerism can have a significant effect on relative
ion yields, and hence on the empirical correction factor used in quantifying TAGs. A quantita-
tive GC—EI-MS method for determining TAG molecular species using molar correction factors
for [M-RCOQY]* ions was recently developed [54]. The method enabled quantification of 139
individual TAG species from butterfat, including several regioisomers of short-chain TAGs, and
provided an alternative for elucidating the nutritional and processing properties of mixtures of
TAGs containing relatively saturated FAs.

Comparative characterizations of milk fat, lard, and beef tallow TAGs have been achieved
using matrix-assisted laser desorption/ionization-time-of-flight (MALDI-TOF) MS after
fractionation by TLC and FA analysis by long capillary column GC [61], with good identification
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of the signature TAGs for each animal fat. The data provide insight into molecular differences in
animal fat, but the potential of MALDI-TOF for rapid milk fat profiling seems to insufficiently
support measuring small changes in short-chain TAGs.

7.3 High-Performance Liquid Chromatographic Analysis

HPLC is one of the most widely used methods for TAG analysis in different foodstuffs
[43,44,46,62]. Because milk fat is so complex, developing efficient methods of HPLC analysis has
required improvement and optimization of the chromatographic system components (solvents,
elution gradients, detector type, and column characteristics). Normal phase HPLC (NP-HPLC),
RP-HPLC, and silver ion HPLC (Ag-HPLC) modes have all been used appropriately, with the
latter two being the most effective for analyzing complex mixtures of TAGs.

RP-HPLC of TAGs is performed on nonpolar stationary phases using almost exclusively col-
umns packed with silica gel chemically bonded with octadecyl groups. The solvent system (usually
mixtures of acetonitrile with acetone or methanol) should be more polar than the stationary phase,
which reverses the elution order of the solutes. The elution order of TAGs in RP-HPLC is based on
the combined effect of chain length and the degree of unsaturation of the FA moieties, i.e., each
double bond is equivalent to about two methylene groups in its effect on the retention properties.
The term equivalent carbon number (ECN) was introduced for this reason [63] and was defined
as ECN = CN - 2DB, where CN is the total carbon number and DB is the total number of double
bonds in the TAG molecule. Within a sample of TAGs having the same ECN, the elution order
is first of all those TAG molecules containing polyunsaturated fatty acids (PUFAs), followed by
those containing monounsaturated FAs, and lastly those containing saturated FAs. Furthermore,
there is greater retention of TAGs containing short-chain FAs on the columns [64—66]. The main
difficulty with this type of approach when analyzing complex mixtures to separate TAGs is that
TAG species with the same ECN value, known as “critical pairs,” coelute on columns filled with
a packing with a 10 pm particle size and cannot be resolved. Development of column stationary
phases with 3—5pm particle size packing improved the separation of ECN critical pairs [67].
Their new retention properties were expressed more specific as theoretical carbon number (TCN)
determined experimentally for each fatty acyl moiety on the TAG moiety.

In RP-HPLC, the mobile phase has a main effect on the separation of TAGs through com-
petition between the mobile phase and the TAGs for the stationary phase and the increase or
decrease in TAG solubility in the mobile phase, which can enhance or retard their separation. The
most widely employed solvent system is a mixture of acetonitrile and acetone. Acetone improves
the separation of critical pairs of TAGs, and acetonitrile is able to interact with the T electrons of
unsaturated FAs, thereby exerting an effect on the separation of unsaturated species. Combining
different eluting solvents (acetone, acetonitrile, benzene, dichloromethane, ethanol, hexane, isooc-
tane, isopropanol, methanol, etc.) could be suitable for separation, but the choice of mobile phase
depends mainly on the solvents’ aptness for the detection mode.

7.3.1 Detection Systems

The choice of detection system has proved to be of great importance in milk fat analysis. Refraction
index (RI), ultraviolet (UV), and MS detectors were the first detectors used for HPLC analysis of
dairy TAGs [68]. RI detection was widely used at first [69—73], but certain difficulties arise against

its use, e.g., the differing response to saturated and unsaturated compounds, low sensitivity, and



178 m  Handbook of Dairy Foods Analysis

its unsuitability for gradient elution. UV detection [74,75] does allow the use of gradients and has
been used to detect TAG molecules containing FAs with conjugated double bonds that absorb
at selective wavelengths [76]. However, UV detection is incompatible with mobile phases that
contain acetone, which absorbs in the same regions of the spectrum where TAGs absorb. For such
cases, the use of hexane, n-propanol, ethanol, and other solvents as the mobile phase has been
proposed [62]. FID detection has been tried by way of an alternative [77], but light scattering (LS)
detection could be a more suitable option [66,76,78—83], since it can be operated with gradients
and at the same time allows all organic solvents to be used as the mobile phase.

As previously mentioned in the section dealing with GC, MS is the most suitable detection
system for qualitative analysis and thus for identifying different TAG species. The efficient separa-
tions achieved using HPLC and the structural information provided by MS suggest that HPLC-
MS has considerable potential for elucidating the composition of dairy fat. Chemical ionization
(CI)-based methods are the most widely employed MS procedures for ionizing and characteriz-
ing the molecular fragments of milk fat TAGs separated by HPLC. Using RP-HPLC with both
positive and negative CI detection, Kuksis et al. [64] were able to analyze the TAGs present in
some butter oil fractions. Chloroform attachment negative ion CI produced [M + Cl]- ions, which
enabled the molecular mass of each TAG species to be determined. Analysis of the same fractions
by positive CI yielded both protonated molecular ions and diacylglycerol ions, allowing the FAs
present in each TAG to be determined. Molecular species of milk fac TAGs were identified with
this method [64]. In subsequent work [65,79,84,85], this ionization method has been a key factor
in characterizing numerous species of milk fat TAGs.

HPLC in association with atmospheric pressure CI (APCI)-MS has also been shown to be
a powerful tool for TAG analysis [86,87], and this approach has been very useful in elucidating
the structure of cow’s milk [88] and donkey’s milk [89,90] TAGs. APCI-MS of TAGs typically
yields protonated molecular ions [M + HJ*, diacylglycerol ions resulting from loss of a fatty acyl
moiety, and the FAs themselves in the form of acylium ions. Whereas protonated molecular ion
abundance is low in highly saturated TAG species, the diacylglycerol ions enable the FAs in the
sn-2 position to be differentiated from those in the s»-1 and s#-3 positions.

Tandem MS is another detection method used to analyze milk fat TAGs on HPLC systems. In
this method, an initial positive or negative ionization step is followed by a subsequent step to ionize
the fragments resulting from the first step. The initial fragmentation products are used to determine
the CNs and the double bonds of the FAs making up the TAGs, while the second fragmentation can
yield mass spectra helpful in determining the regioisomers. Applying this method to human milk fac
[91-93] revealed palmitic acid to be the most abundant FA in the s#-2 position and the 18:1-16:0—
18:1 to be the most important TAG quantitatively (10% of the total TAGs). Similarly, tandem MS
has also been used successfully to identify minor TAGs with branched-chain FAs or odd-numbered
carbon FAs in cow’s milk [66,94]. Still, this ionization method is not entirely problem-free. Studies
using tandem MS in which diacylglycerol ions and FA ions are formed from TAG ions have shown
that the diacylglycerol ions were not representative of the expected random distribution of diacylg-
lycerols but rather contained more of the FAs at the s#-2 position [91,95]. In other words, cleavage
of FAs from the s7-2 position was less than that from the s#-1 and s7-3 positions.

7.3.2 Determination of Molecular Species of TAGs

HPLC has not been used for quality control and milk fat authenticity studies like GC but has been
employed to study changes in the TAG profile due to such factors as seasonality and diet [71-73].
TAGs have been tentatively identified based on the TCN and relative retention times. However,
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none of these studies using a single HPLC column was able to reliably determine individual TAGs,
because most of the chromatographic peaks contained a number of TAG species. Barrén et al. [74]
used two HPLC columns connected in series and GC to determine the FA composition of the
resulting fractions. These authors [74] identified 116 TAG molecular components of milk fats from
different ruminant species. Later, up to 181 TAG species were identified using LS detection and
deconvolution software for determining different molecular components in each chromatographic
peak [82].

7.3.2.1 Fractionation Methods

As already discussed in the section on GC, most of the procedures that have been put forward for
determining individual TAG species in dairy fat have been based on prefractionation of samples
followed by HPLC determination (Table 7.1). TLC was one of the first methods tested. This
method separated the milk fat TAGs into distinct bands according to TAG CN. Each of these
fractions was then analyzed by HPLC [76,83,88,96,97]. Gas permeation chromatography (GPC)
to separate milk fat TAG fractions prior to HPLC analysis has also been reported [88]. Separation
was observed to take place by polarity rather than by molecular size, suggesting that the mode of
separation was more similar to RP-HPLC than to true size-exclusion chromatography.

While Ag*-TLC has been used [65,76,79,83], Ag*-HPLC columns have ultimately carried
the day as a prefractionation method [78,80,81,84,85,90,94]. Stable Ag* columns for HPLC
in which the silver ions are linked, via ionic bonds, to phenylsulfonic acid moieties bound to a
silica matrix are commercially available (ChromSpher Lipids™, Chrompack, Middelburg, the
Netherlands). These Ag*-HPLC columns have well-defined chemical properties, and since most
chromatographic conditions (temperature, mobile phase composition, and flow rate) can be very
precisely controlled, reproducible data can be obtained. Trisaturated species elute first, followed by
disaturated-monoenoic species and saturated-dimonoenoic species, as expected. Indeed, not only
the usual fractions with saturated and cis-monoenoic residues, but also those with #ans double
bonds could be separated on these columns. These Ag-HPLC columns were used by Adlof [98]
and have since been applied extensively to separate the TAGs in dairy fats.

Ag*-HPLC followed by RP-HPLC with MS detection proved to be an effective tool for
characterizing the TAGs in milk fat [84,85,90,94]. Successful fractionation by Ag*-HPLC
of TAGs with configurations differing in one FA is significant, because afterwards geometric
(cis and trans) isomers are not differentiable by MS. Using this method, Laakso and Kallio [84]
were able to discriminate between TAGs with two saturated FAs and one monounsaturated FA
differing only in the geometric configuration of this last-mentioned FA. They found a higher
proportion of cis FAs on TAG molecules containing short-chain FAs. This was attributed to
steric hindrance produced by esterification of long-chain FAs on molecules that already con-
tained a #rans FA. A similar analytical approach subsequently developed by Kallio et al. [85]
added more information about the location of cis and #rans FAs at the primary and the second-
ary positions of TAGs. Their results suggest that the sn-position of cis- and #rans-monoenoic
FAs depends on the two other FAs present on the molecule. Such study [85] suggests that cis-
and srans-FAs are processed in milk fat biosynthesis with other FAs affecting the regiospecific
position of the monoenoic C18 FAs.

Prefractionation by RP-HPLC followed by GC analysis of the fractions thus obtained is
another method that has yielded abundant information on the molecular structure of milk fat
TAGs (Table 7.1). Maniongui et al. [99] and Gresti et al. [100] carried out a comprehensive study
combining these two procedures to determine the proportions of 223 individual TAGs composed
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of the 14 major FAs that made up 80% of the total in bovine milk fat. This work was of decisive
importance in proving the nonrandom distribution of FAs in the TAGs of dairy fats.

7.4 Supercritical Fluid Chromatography

In SEC, a gas compressed above its critical temperature and pressure is used as the mobile phase
to clute analytes from a chromatographic column. Supercritical fluids are characterized by low vis-
cosities and high diffusivities, thereby shorting solute retention times. A further potential advan-
tage of this technique is that universal FID can be employed for quantification provided that pure
carbon dioxide is used as the mobile phase. Buchgraber et al. [44] reviewed SFC analysis of TAGs
and concluded that even long-chain high-molecular-mass TAGs can be eluted at moderate tem-
peratures (<150°C), thus eliminating the problem of thermal degradation usually associated with
high-temperature GC of TAGs.

Despite the large body of work addressing instrumental optimization, to date application
of this method of analysis to milk fat TAGs has been minor compared with that of other chro-
matographic procedures, even though the results appear to be comparable with those obtained
using GC. TAGs with the same CNs have been separated on short (5m), nonpolar capillary
columns, the odd-number carbon peaks eluting just after the even-number carbon peaks
[101,102]. Using capillary columns with polar stationary phases, Manninen et al. [103] was able
to improve the separations so that they also took into account the degree of unsaturation of the
TAG molecules.

FID was the usual detection mode, but MS has also been employed. Combining SFC separa-
tion on slightly polar capillary columns with EI-MS detection, Kallio et al. [102] determined the
proportion of TAGs with differing degrees of unsaturation in each of the peaks eluting with the
same CN. Later, capillary SFC combined with APCI was used to identify milk fac TAGs [104].
Ionization was accomplished by pumping ammonia vapor in methanol into the ionization cham-
ber, which resulted in the formation of abundant [M +18]* and [M-RCOO]J* TAG ions, which
respectively defined the molecular weight and the FA constituents of the TAGs. In addition to
identifying the major chromatographic peaks for molecules with 2654 acyl carbons, minor peaks
for TAGs with an odd number of acyl carbons were separated and identified.

7.5 Positional Distribution of the FAs in TAGs

The distribution of FAs on the backbones of TAG molecules is nonrandom and affects the melting
point and hardness as well as the digestibility of ruminant milk fat. The nutritional characteristics
of milk are determined, in part, by TAG structure. However, determination of the positional
distribution of FAs in individual TAGs is extremely difficult and time-consuming, requiring a
method capable of differentiating both the TAGs and also the positions of the FAs on the glyc-
erol backbone. The literature contains some excellent reviews dealing with this topic and setting
out details of the analytical methods employed and their application to different natural fats
[43,46,105,106]. This chapter will make reference only to those applications that have been used
for milk fat analysis.

Initial studies of milk fat TAGs were based on enzymatic methods, in particular using pancre-
atic lipase, which hydrolyzes the sn-1 and s#-3 positions on the TAG molecule without distinction.
The simplest approach to regiospecific analysis comprises hydrolyzing the TAGs using pancreatic
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lipase followed by isolating the 2-monoacyl glycerols and analyzing the FAs attached to the sn-2
position by GC. The mean composition of each FA in the sn#-1 and s»n-3 positions can be calculated
from its concentrations in the intact TAGs and in the s#-2 position on the basis of the relationship
(all values expressed in mol%):

[positions 1 and 3] = (3 X [triacylglycerol] — [position 2])/2

This method has traditionally been used to analyze the FAs esterified in the s7-2 position [107,108]
and has also been an extremely helpful tool in characterizing enzymatically modified butterfat
TAGs [109-112]. Applying various chromatographic techniques (TLC, GC, and HPLC) in com-
bination with enzymatic analysis has also yielded valuable information. By applying enzymatic
methods to TAG fractions isolated by RP-HPLC, Kermasha et al. [113] found higher abundance
of certain FAs (C14, C16, and C18) at the sn-2 position in butterfat. This method allowed vari-
ous interesterified dairy fats to be characterized [114,115]. GC and 'H-NMR spectroscopy has
also been used to determine the positional distribution of butyryl groups in milk fat TAGs, and
integration of the characteristic NMR signals has been used to elucidate natural and interesterified
butter oil mixtures [116].

Chemical methods that offer an alternative to pancreatic lipase for regiospecific analysis of
TAGs have also been developed. For this, TAGs are reacted with ethyl magnesium bromide (Gri-
gnard reagent), releasing FAs and forming all possible glycerides (di- and monoacylglycerols), pro-
vided that the reaction is not allowed to run to completion. The reaction time must be controlled
to achieve roughly 50% hydrolysis. The various reaction products can be isolated by TLC on layers
of silica gel G impregnated with boric acid [46].

There are two options for stereospecific analysis of milk fac TAGs: separating the enantiomeric
derivatives of the partial diacylglycerides (3,5-dinitrophenylurethane [DNPU] derivatives) formed
with an achiral reagent by HPLC with a chiral stationary phase or separating the diastereomeric
derivatives of the partial diacylglycerides formed with a chiral reagent by HPLC with an achiral
stationary phase.

Chiral substances may be applied on HPLC column stationary phases to separate sn-1,2,
sn-1,3, and sn-2,3-diacylglycerides previously formed by partial hydrolysis of the TAGs on incu-
bation with Grignard reagent as mentioned previously. Chiral-phase HPLC has been used to
determine the positional distribution of butyric acid from DNPU derivatized diacylglycerols
and corroborated that this FA was present almost exclusively in the s7-3 position in bovine milk
fat [117]. More recently, a very similar analytical approach undertaken by Valeille and Martin
[118] confirmed that ¢is-9 trans-11 C18:2, an FA with potentially healthy properties, is predomi-
nantly located in the external position on dairy fat TAGs and that it is mainly acylated in the
sn-3 position. This positioning is highly favorable for complete release in free form, which is most
likely relevant from the standpoint of bioavailability and biological activity. However, it needs to
be borne in mind that this analytical procedure is long and laborious and calls for expensive chiral
stationary phase HPLC columns.

As an alternative to HPLC with chiral phase columns, Christie et al. [119] and Christie [56]
proposed derivatizing s7-1,2, sn-2,3, and sn-1,3 diglycerides with a chiral reagent to yield chiral
diastereomeric derivatives resolvable on silica columns by adsorption HPLC. Although they suc-
ceeded in resolving the chiral enantiomers present in simple natural fats, they were unable to
completely separate the pure peaks in more complex fats like dairy fat. The s7-1,2 and s2-2,3
diglyceride derivatives separated in different peaks, but each peak still contained several diastereo-
meric derivatives.
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Some work has discussed the potential ability of MS to differentiate TAG regioisomers, and
some of this information has been referred to in previous sections. However, numerous studies
using GC or HPLC with positive and negative CI-MS [48,79,64,75], capillary SFC-APCI-MS
[104], GC-EI-MS [51], HPLC-tandem MS [66,94], and HPLC-APCI-MS [88-90] have failed
to disclose direct evidence of the presence of stereoisomers in dairy fats. Kalo et al. [95] used
NP-HPLC with positive ion tandem MS to obtain quantitative information on the stereoisomers
in milk fat fractions containing low molecular weight TAGs. Although the FAs in the s#-1 and
sn-3 positions could not be differentiated, the overall distribution of butterfat FAs calculated from
direct MS measurements was consistent with the results of indirect determinations based on ste-
reospecific analysis of total butterfat.

7.6 Final Considerations

Advances in chromatographic techniques have made it much easier to determine many of the
components of the fat fraction in milk while making it possible to address formerly intractable
analytical problems. Thus, for quality control purposes, GC analysis of TAGs by CN using short
capillary columns would appear to be a wholly reliable procedure.

Combining fractionation methods like Ag*-TLC and Ag*-HPLC with GC or RP-HPLC with
MS has enabled large numbers of molecular species of TAGs to be identified and quantified. In
addition, stereospecific and chemical methods have also been used to increase our knowledge of
the distribution of FAs on the TAG molecules. Nevertheless, because of the complex nature of this
milk component, further work is needed with a view to simplify analytical procedures generally
and those aimed at elucidating the distribution of FAs on TAG molecules in particular.
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8.1 Introduction

8.1.1 Polar Lipids in Dairy Products [1-5]

The polar lipids in dairy products comprise phospho- and sphingolipids, which are amphiphilic
molecules with a hydrophobic tail and a hydrophilic head group. As not all the sphingolipids in
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dairy products possess an organophosphate group, the term dairy polar lipids is preferred over dairy
phospholipids to denote the group of phospho- and sphingolipids present in dairy products.

The first group of polar lipids in milk is the “glycerophospholipids.” They consist of a glycerol
molecule to which two fatty acids are bound on position sn-1 and sn-2. To the third hydroxyl group
of glycerol, a phosphate residue with different organic residues (choline, serine, ethanolamine, etc.)
may be linked. Lysophospholipids are similar in structure, but contain only one acyl group, pre-
dominantly situated at the sn-1 position. The head group remains similar. The major glycerophos-
pholipids in dairy products, namely phosphatidylethanolamine (PE), phosphatidylcholine (PC),
phosphatidylserine (PS), phosphatidylinositol (PI), and phosphatidic acid (PA) are represented in
Figure 8.1.

The second group is the “sphingolipids,” whose characteristic structural unit consists of a sphin-
goid base, which is a long-chain (12-22 carbon atoms) aliphatic amine, containing two or three
hydroxyl groups. Sphingosine (d18:1) is the most prevalent sphingoid base in milk, containing 18
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Figure 8.1 Molecular structure of the major glycerophospholipids in dairy products. The fatty-
acid residues are taken arbitrarily. (From Rombaut, R., Enrichment of nutritionally advantageous
milk fat globule membrane fragments present in dairy effluents, PhD dissertation, Ghent
University, Gent, 2006. With permission.)
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carbon atoms, two hydroxyl groups, and one double bond. A ceramide is formed when the amino
group of this sphingoid base is linked to a saturated fatty acid. Furthermore, odd-numbered (e.g.,
C23:0) acyl chains can be found [6]. On this ceramide unit, an organophosphate group can be
bound to form a sphingophospholipid (e.g., phosphocholine in the case of sphingomyelin [SM])
or to a sugar residue to form the sphingoglycolipids (glycosylceramides). Monoglycosylceramides,
like glucosylceramide or galactosylceramide, are often referred to as cerebrosides. Finally, gan-
gliosides are highly complex oligoglycosylceramides, containing one or more sialic acid groups
in addition to glucose, galactose, and galactosamine. The major sphingolipids in dairy products,
glucosylceramide (GluCer), lactosylceramide (LacCer), and SM, are represented in Figure 8.2.
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Figure 8.2 Molecular structure of the major sphingolipids in dairy products. Acyl residues
are taken arbitrarily. (From Rombaut, R., Enrichment of nutritionally advantageous milk fat
globule membrane fragments present in dairy effluents, PhD dissertation, Ghent University,
Gent, 2006. With permission.)
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In milk, the glycerophospholipids are more unsaturated than the triglyceride fraction of milk.
The short- and midchain fatty acids (C4—C14), which are typical for milk fat, are virtually absent
in the phospholipid fraction of milk. In particular, PE is highly unsaturated, followed by PI and
PS. PC is rather saturated when compared with the other glycerophospholipids. The fatty-acid
pattern of SM is very uncommon. Although long-chain fatty acids occur, nearly all of them are
saturated (=97%). In addition, the occurrence of C23:0 (>17%) is remarkable [6].

In the last decade, milk polar lipids have gained attention for their presumed beneficial nutri-
tional properties. In particular, sphingolipids and their metabolites, ceramide, sphingosine, and
sphingosine phosphate, have been found to be highly active and are linked to age-related dis-
eases, blood coagulation, immunity, and inflammatory responses [7-10]. Sphingolipids and their
metabolites have been shown to exhibit a profound downregulating effect on intestinal inflam-
mation and the development of colon cancer, and could as such be an important mediator in the
prevention of bowel-related diseases [4,11,12]. Sphingolipids are also found to significantly lower
the cholesterol absorption in rats (up to 85.5% reduction) [13]. This dose-dependent decrease was
found to be higher for milk SM than SM from other sources [14,15]. Following sphingolipids,
other dairy polar lipids are also believed to exert a certain positive health effect [16-18].

8.1.2 Location of Dairy Polar Lipids

Major part of the polar lipids in dairy products is arranged in the membranous mono- or bilay-
ered structures. During the secretion of milk fat in the secretory cells of the mammary gland,
the milk fat globule is enveloped by a monolayer and a bilayer of polar lipids, thereby stabilizing
the fat globule in the continuous phase of the milk, and preventing it from enzymatic degrada-
tion by lipases [5,19]. This milk fat globule membrane (MFGM) is a highly complex biological
membrane, consisting of polar lipids, specific MFGM-proteins, cholesterol, and traces of mono-,
di-, and triglycerides [20]. As such, in raw, unhomogenized milk, the majority of the milk polar
lipids is situated in the MFGM surrounding the fat globule. The remaining polar lipids can be
recovered in the sedimentable lipid fraction upon ultracentrifugation of milk (sometimes denoted
as the plasma-membrane fraction) and consist of cellular debris and membrane material of the
secretory cell, leukocytes, bacteria, and damaged MFGM-fragments [21]. After milk secretion
and milking, compositional and structural changes in the MFGM occur, and the membrane
material is shed into the skimmed milk phase. Factors like (mechanical) agitation, temperature,
age, bacteriological quality, stage of lactation, and season can influence these changes [22]. Upon
processing of milk, the MFGM is ruptured and the filamentous MFGM-fragments are recovered
in the aqueous process stream like whey (cheese production), buttermilk (butter production), and
butter or cream serum (butter oil production) [23-25].

8.1.3 Polar Lipid Content of Dairy Products

The polar lipid content of raw milk is reported between 9.4 and 35.5mg/100g. The major milk
phospholipids are PE (19.8%-42.0%), PC (19.2%-37.3%), PS (1.9%-10.5%), and PI (0.6%—
11.8%). The major milk sphingolipids are GluCer (2.1%-5.0%, w/w), LacCer (LacCer) (2.8%—
6.7%, wiw), and SM (18.0%—34.1%, w/w) [5]. Lysophospholipids and PA are normally not present
in dairy products. Their occurrence is attributed to enzymatic activity of phospholipases, caused
by excessive storage and bad sample preparation. Newburg and Chaturvedi [2] investigated the
detailed glycosphingolipid composition of bovine milk. They reported values of 0.67 mg GluCer
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and 1.71 mg LacCer/100 g of raw milk. Different gangliosides are present in bovine milk; however,
some of them are present only in trace amounts. The ganglioside content of bovine milk, of which
monosialoganglioside 3 (GM,;) and disialoganglioside 3 (GD;) are the major ones, varies between
0.14 and 1.10mg/100 mL [26,27]. For more details on structure, naming, function, and occutr-
rence of milk gangliosides, the reviews of Jensen [28] and Rueda et al. [29] can be referred.

In Table 8.1, the polar lipid content is given for the basic dairy products. For a more detailed
list, the work of Rombaut et al. [5,25,30] can be referred. From this table, it can be clearly noticed
that huge differences in the polar lipid content on product, dry matter, and fat base can occur
among different products. The increased content of polar lipids on a fat base in products like but-
termilk and whey is owing to the preferential migration of MFGM fragments toward aqueous
products during processing, as discussed eatlier [25].

8.2 Sample Preparation
8.2.1 Extraction

Prior to the analysis, the polar lipids should be liberated from their matrix. As discussed eatlier,
dairy polar lipids are embedded in a biological membrane, bound tightly to membrane-specific
proteins and polysaccharides. Moreover, in milk and dairy products, these polar lipids gener-
ally comprise 0.1%-1.5% of the total dry matter [30], which consists mainly of lactose, protein,
triglycerides, and minerals. All these, together with the amphiphilic character of the polar lipids,
make it quite difficult to completely extract the polar lipids out of a dairy product matrix. The
ideal solvent to extract should be sufficiently polar to break down any polar lipid—protein bounds,
without coextracting the proteins or without causing any chemical breakdown of the polar lipids.
Polar lipids are generally more prone to hydrolysis and oxidation than the triglyceride fraction
of the dairy products. The official methods for fat determination of dairy products by gravi-
metric difference after extraction, using a mixture of diethylether, petroleum ether, ethanol, and
ammonia (Mojonnier method; ISO 1211) or hydrochloric acid (SBR method, ISO 5543), or a
reflux of hexane after destruction with hydrochloric acid (Weibull-Berntrop method, ISO 8261)
are not suitable, as they induce hydrolysis of polar lipids, with the formation of free fatty acids and
lysophospholipids [31]. For suitable polar lipid extraction, an organic apolar solvent like hexane,
chloroform, or dichloromethane should be mixed with a polar solvent, preferably an alcohol, like
isopropanol or methanol, to break down the polar lipid—protein interactions.

Most extraction methods using mixtures of chloroform and methanol are derived from tra-
ditional total fat extraction procedures, like those of Folch et al. [32] or Bligh and Dyer [33].
Folch-based methods are typically biphasic, i.e., in a separatory funnel an upper and lower phase
is obtained. The latter is the chloroform phase, containing the polar lipids. If desired, the upper
phase, containing the sample, can be re-extracted with fresh solvent. After separation, the lower
phases are pooled and the solvent is evaporated. Bligh and Dyer-based methods are typically
monophasic, i.e., during extraction, two-phase separation does not occur. The sample is filtered or
centrifuged off from the solvent. The solvent is then allowed to stand to separate into two phases,
or is evaporated under vacuum. Owing to the toxicity of the chloroform/methanol mixture, Hara
and Radin developed and evaluated alternative solvent systems like hexane/isopropanol [34]. The
extraction yield of brain material was comparable with chloroform/methanol-based methods.
The method was quicker, monophasic, and the solvents were cheaper and less toxic. Furthermore,
the extract was completely clear. Turbid extracts can occur with chloroform/methanol-based
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methods, owing to protein coextraction. The latter can be removed from the organic phase by
washing with water or salt buffers, or by removal of contaminants by gel permeation chroma-
tography [31,35]. Another major drawback of the use of the original chloroform/methanol-based
methods described earlier is that during the extraction of low-fat dairy products, stable emulsions
can be formed at the interphase, which do not separate even upon centrifugation [35,36]. In
Table 8.2, an overview of the different extraction procedures of dairy products is given.

Theodet and Gandemer [36] evaluated the SBR method, the Rése-Gottlieb method, the Folch
method, a modified Folch method adapted for the extraction of (human) milk [37], and a hexane/
isopropanol method [31] for the extraction of Emmenthal whey. They found that only the SBR extrac-
tion method resulted in a lower polar lipid yield, when compared with the other methods. However,
no difference in the relative polar lipid species were noted among the different methods, except for
the SBR method, where almost all the polar lipids were hydrolyzed, producing troublesome chro-
matograms upon high-pressure liquid chromatography (HPLC) analysis. Vaghela and Kilara [35]
carried out a similar evaluation of different extractions of 75% whey-protein concentrates. However,
only the total lipid yields were evaluated, without the determination of the polar lipid yield.

In the last decade, new techniques for the total lipid analysis, like extraction with supercritical
carbon dioxide (SCO,) or pressurized solvents [38] have emerged. These techniques were mainly
developed to minimize the use of toxic solvents, decrease the analysis time, and increase the ver-
satility during extraction. The recovery of (polar) lipids during SCO,-extraction has been shown
to be far lower than 100%, even with the use of a polar modifier like ethanol [39]. Therefore, this
methodology may not be applicable for analytical purposes. However, preparative applications of
SCO, for the isolation, fractionation, and purification of polar lipids from soy flakes [40,41] or
buttermilk-derived fractions [42] have been applied successfully, with different recoveries in func-
tion of temperature, pressure, and ethanol concentration. Here, the major advantage is that no
solvent residues remain in the final extract.

8.2.2 Fractionation of Dairy Polar Lipids

Dairy products can often contain high proportions of triglycerides, which make it advisable
in some cases to further fractionate the crude lipid extract into different lipid classes, prior to
analysis. First, the polar lipids can be easily separated from the crude lipid extract by solvent
partitioning. Galanos and Kapoulas [43] found that the polar lipids of milk fat can be completely
recovered in the ethanol fraction upon partitioning between ethanol/water (87/13) and petroleum
ether. A variant of this methodology was described by Hartman [44]. However, these methods are
labor intensive and high solvent volumes are required to obtain high recoveries. Therefore, these
methods are more suitable as a first concentration step [45] or for preparative purification, where
complete recoveries are not envisaged. Using a similar methodology, Baumy et al. [46] succeeded
in obtaining a final polar lipid fraction from cheese whey with a purity of 77% dairy polar lipids.
Here, after evaporation of the extraction solvent, cold acetone was added to the extract, in which
polar lipids are not soluble, and brown lumps were formed, which then could be easily separated
by filtration and centrifugation techniques.

Another technique for lipid fractionation is the use of column chromatography. In this tech-
nique, the crude lipid extract is redissolved in the correct solvent and is brought on a self-packed
open glass column, or small prepacked solid-phase extraction (SPE) columns or cartridges, which
can be pressurized or put under vacuum at one side to increase the elution speed. By discon-
tinuous addition of solvents with different strengths, different lipid classes can be separately col-
lected in different fractions. The drawbacks of these methods are that they are time-consuming
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(especially self-packed open columns), the lipid material often remains on the column resulting
in low recoveries, and often there is an overlap of different lipid classes in different fractions col-
lected, resulting in low and variable recoveries and thus, erroneous results. Therefore, the use of
an internal standard that is added to the sample before the extraction and fractionation is recom-
mended. This internal standard should be chemically inert, should be absent in dairy products,
should not interfere with other compounds during analysis, but should have a high resemblance
to polar lipids, such as phosphatidyldimethylethanolamine, which elutes between PI and PS upon
normal phase separation [47]. In Table 8.3, some methods which have shown to work with dairy
products in our laboratory are given. The first three methods given in Table 8.4 are normal-phase
separations, where a polar packing is used and the neutral lipid fraction is obtained first, followed
by the glycolipids and polar lipids, upon increasing solvent polarity. Thus, the relatively pure lipid
fractions (90%-98%) can be obtained. With a silica packing, even polar lipid classes can be sepa-
rated, albeit after some trial-and-error, as the results can differ between batches of silica. Roughly,
the polar lipid fractions tend to elute in the following order with chloroform/methanol mixtures

Table 8.3 Examples of SPE Procedures for the Enrichment of Polar Lipids out of a
Crude Lipid Extract

Fraction
Column Type Mobile Phase Obtained Matrix Reference
Silica gel Chloroform Neutral lipids Oil [45]
Acetone Glycolipids
Methanol Polar lipids
Sep-Pak silica Hexane/ Neutral lipids Human milk [74]
cartridge diethylether
(1/1)
Methanol Polar lipids
Chloroform/ Polar lipids
methanol/
water (3/5/2)
Aminopropyl Chloroform/2- Neutral lipids Whey protein [35]
SPE column propanol (2/1) concentrate
Acetic acid/ Fatty acids
diethylether
(2/98)
Methanol Polar lipids
Cg SPE column Methanol Polar lipids Egg powder [48]
Chloroform/ Polar lipids
methanol (3/2)
Chloroform Polar lipids

The mentioned solvent ratios are volumetric.
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Table 8.4 HPLC Methods for the Separation of Polar Lipid Extract of Dairy Samples

B. Isopropanol

Reported Polar Total
Lipids in Order of | Run
Increasing Time
Stationary Phase Mobile Phase Retention (min) Detector |References
Silica (Lichrospher |A. Chloroform PE, PI, PS, PC, SM 25 ELSD [61]
Si60, 5um, 250 x - (Sedere
4.6mm) B. Methanol/ammonia Sedex 45)
(27%)/chloroform
(92/711)
Silica (Inertsil, A. Chloroform/methanol |Cerebroside, PI, PE,| 36 ELSD (Varex [62]
5um, 250 x (80/20) PS, PC, SM, LPC ELSDII)
2.1mm)
B. Chloroform/methanol/
water/ammonia (20%)
(60/34/6/0.25)
Silica (Zorbax A. Chloroform/methanol/ |PE, PI, PS, PC, SM 40 ELSD [60]
Rx-SIL, 5um, ammonia (30%) (Sedere
250 x 4.6 mm) (80/19.5/0.5) Sedex 75)
B. Chloroform/methanol/
ammonia (30%)/water
(60/34/0.5/5.5)
Silica (Prevail, A. Chloroform/methanol/ | GluCer, LacCer, PA, 21 ELSD [63]
3um, 150 x buffer (87.5/12/0.5) PE, PI, PS, PC, SM, (Alltech
3.2mm) LPC ELSD 2000)
B. Chloroform/methanol/
buffer (28/60/12)
Buffer: water with 1M
formic acid, pH adjusted
to 3 with triethylamine
Silica A. Isooctane/ ceramide 30 ELSD (ACS [47,64]
(Spherisorb, tetrahydrofurane (99/I) | monohexoside, 750/14)
3um, 100 x 5mm) ceramide
B. Isopropanol/ dihexoside, PE, PI,
chloroform (4/1) phosphatidyl-
dimethylethanol-
C. Isopropanol/water (1/1) . .
amine as internal
standard, PS, PC,
SM
Polyvinylalcohol- |Quaternary gradient of  |PI, PE, PS, PC, SM, 30 ELSD [65]
silica (150 x 3mm) . LPC (Polymer
A. Dichloromethane labs ELS
1000)
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Table 8.4 (continued) HPLC Methods for the Separation of Polar Lipid Extract of Dairy
Samples

Reported Polar Total
Lipids in Order of | Run
Increasing Time
Stationary Phase Mobile Phase Retention (min) Detector |References

C. 2,2,4-Trimethylpentane

D. Methanol

Solvents B, C, and D
contain 7.2mM
triethylamine and
formic acid

The mentioned solvent ratios are volumetric.

as eluting solvents: PA (95/5, v/v), PE and PS (80/20, v/v), PC and PI (50/50, v/v), and SPH and
lysophosphatidylcholine (LPC) (pure methanol) [45]. The fourth method described in Table 8.3 is
a reversed-phase method, where polar lipids are eluted first [48]. The collected polar lipid fraction
still contains 20%-30% of nonpolar lipid material; however, about 93% of the sample’s nonpolar
lipid material remains in the column, and the polar lipid recoveries are over 97%, making this
method ideally suitable for a quick enrichment of polar lipids prior to the analysis. For a more
in-depth review on the fractionation of (polar) lipids, the work of Christie [1] and Vanhoutte
et al. [3] can be referred.

8.3 Polar Lipid Analysis
8.3.1 Total Phospholipid Content

The classical method for measuring the total phospholipid content is by direct determination of
phosphorus in the polar lipid extract. The organic phosphorus is first converted to inorganic phos-
phate by dry ashing or acid digestion, after which, it is further converted to colored complexes,
whose intensity is proportional to the concentration of phosphorus. By means of a spectropho-
tometer, phosphate standard solutions, and proper phosphorus/phospholipid conversion factor
(depending on the food matrix), the phospholipid concentration can be determined. The method
of Bartlett [49] is generally used for the determination of phosphorus after derivatization into
phosphomolybdate complexes. Christie [1] proposed a method, based on the method of Bartlett,
which can be used for phosphorus determination in oils or food extracts, and which uses reagents
that can be stored for more than 1 month. For the analysis of total phospholipid content in dairy
products, the method proposed by Hundrieser et al. [50] or its modification proposed by Ulberth
[51] is recommended.

More advanced techniques like atomic absorption spectroscopy (AAS) [52], inductively cou-
pled plasma-optical emission spectroscopy (ICP-OES) [53], and Fourier-transformed infrared
spectroscopy [54,55] can be used for the determination of total phosphorus in oils or food extracts.
The main advantages of these methods when compared with the classical spectrophotometric



200 m Handbook of Dairy Foods Analysis

methods are the time of analysis, the accuracy, the sensitivity, and the less use of chemicals. How-
ever, expensive equipment is necessary to carry out these methods.

The dairy products contain large amounts of inorganic and organic phosphorous, mainly in
the casein fraction, and not in the phospholipid fraction. During the extraction of milk polar
lipids, traces of milk proteins can be coextracted, resulting in a serious overestimation of the total
phospholipids in the extract. Therefore, the extraction solvents should be washed thoroughly, or
the extracts should be fractionated prior to analysis. The methods for the total phospholipid deter-
mination do not give any information about the individual phospholipids. GluCer and LacCer,
the two sphingolipids which can count up to 10% of the polar lipid fraction in the dairy products,
do not contain phosphorous, and hence, may not be analyzed when measuring the total phos-
pholipids. Therefore, the above-mentioned methods for total phospholipid determination are less
applicable to dairy products, but can give valuable information when used correctly.

8.3.2 Total Sphingolipid Content

Merrill et al. [56] developed a method for the quantification of free sphingosine in liver, which was
adopted by Ahn and Schroeder [57] to measure the total sphingolipids in dairy products (i.e., SM,
cerebrosides, gangliosides, sphingosine, and ceramide). After extraction, the extract was hydrolyzed
by acid, which freed the sphingosine. This was further converted into o-phthalaldehyde derivatives
that were consecutively analyzed by HPLC on a C18-column. The results observed were in line
with other researches.

8.3.3 Thin-Layer Chromatography

Although an old technique, thin-layer chromatography (TLC) is still often used, as it is cheap,
quick, easy-to-use, versatile, and rather inexpensive when compared with other methods. For this
technique, all types of mobile phases can be used in multiple dimensions, even those that are
not compatible with HPLC. Several specific staining sprays exist, which allow the identification
of unknown complex lipids. If a nondestructive visualization spray is used, then the bands can
be scraped off, and can be used for further analysis. As such, in the case of a polar lipid mixture,
highly detailed information about the individual polar lipids can be obtained. The plates can be
scanned and analyzed with specific software, which can give, after standardization and calibration,
a quantitative result. For quantification purposes by densitometric scanning, the method should
however be scrupulously validated and standardized, because the staining intensity is time- and
matrix-dependent, and saturation can occur very quickly, depending on the polar lipid species.
Therefore, TLC is principally used for the qualitative and semiquantitative purposes. For a more
general overview of TLC separation methods and selective spraying reagents, the work of Christie
[1] and Vanhoutte et al. [3] can be referred.

The method published by Leray et al. [58] was found to be highly convenient for the separation
of polar lipids of dairy origin. In this method, the polar lipids are separated on a plain polar silica
plate with chloroform/ethanol/water/triethylamine (30/35/7/35, vol.). Only one development step
is necessary to separate most of the polar lipid species, while most other methods use multiple run-
ning steps with different classes of solvents. As such, this decreases the analysis time tremendously,
when compared with other methods. Rombaut [59] proposed a modification of the relative solvent
composition of the above-mentioned method to increase the resolution. The result of this is shown
in Figure 8.3. In this method, the apolar fraction (mono-, di-, and triglycerides, cholesterol, and
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Figure 8.3 Thin-layer chromatogram of acid buttermilk whey polar lipid extract. Bands were
visualized with ammonium molybdate and copper sulfate in sulfuric acid. U, unknown and S,
original spot. Individual bands from each lane were identified by comparison with a standard mix-
ture, and the identity of GluCer, LacCer, and PI were cross-checked with a carbohydrate-specific
visualization reagent (0.2% orcinol in concentrated sulfuric acid). (@) Developed with chloroform/
ethanol/water/triethylamine (30:35:7:35, vol), as described by Leray et al. [58]. (b) Developed with
chloroform/ethanol/water/triethylamine (40:50:10:35, vol), as proposed by Rombaut [59]. (From
Rombaut, R., Enrichment of nutritionally advantageous milk fat globule membrane fragments
present in dairy effluents, PhD dissertation, Ghent University, Gent, 2006. With permission.)
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free fatty acids) completely migrates toward the end of the plate, and GluCer, LacCer, PE, PS, PI,
PC, and SM are completely resolved.

8.3.4 High-Performance Liquid Chromatography
8.3.4.1 Separation of Polar Lipid Classes

The principle of HPLC is quite similar to that of TLC, but HPLC outperforms TLC on its
separation power (resolution), accuracy, and precision. For the analysis of polar lipids, the extract
is separated on a polar column (mostly silica or diol-modified silica) using a mobile phase with
increasing polarity gradient. Each peak represents a single polar lipid class, however, representing
numerous molecules with different fatty-acid residues. If a nondestructive detector is used or a split
is mounted between the column and the detector, then these polar lipid classes can be collected
and separated individually on an apolar column (typically C18-modified silica) to resolve the indi-
vidual polar lipid species according to their fatty-acid composition. The latter technique is however
beyond the scope of this work, and has been reviewed by Christie [1].

Numerous HPLC methods have been published for the separation of lecithin samples. How-
ever, they contain neither sphingolipids nor PS, and are therefore, less applicable to dairy prod-
ucts. On the other hand, methods developed for the separation of extracts of animal or human
tissue can be possibly adapted to dairy sample extracts, as polar lipid classes in both the product
groups are quite similar. In Table 8.4, the HPLC methods for the separation of dairy polar lipid
extracts are given. Most of these methods use a plain silica column and a binary gradient of
chloroform/methanol/water/ammonia as mobile phase [60—62]. Although this solvent system
produces an excellent separation of all the polar lipid classes, the presence of ammonia results
in a rapid decrease in the separation power upon consecutive injection of samples, as silica is
soluble in aqueous environments at a pH>7, and the column is destroyed. A modification of
this method was published by Rombaut et al. [63]. In their method, a gradient of chloroform,
methanol, and an aqueous formic acid—triethylamine buffer at pH 3 is used. GluCer, LacCer,
PE, PI, PS, PC, and SM were completely separated in less than 21 min, including column regen-
eration, while column life was extended to over 1500 runs. Even difficult matrices like butter
polar lipids were separated acceptably, without any fractionation or purification step, prior to
injection. This is illustrated in Figure 8.4, where chromatograms of a standard mixture and four
different dairy products are given. Christie et al. [47,64] proposed a ternary gradient of isooctane,
tetrahydrofurane, isopropanol, chloroform, and water for the separation of milk polar lipids. In
their technique, synthetic dipalmitoyl PE was used as an internal standard. Although separation
of all the polar lipids was obtained in less than 20 min, the complex ternary gradient required
advanced equipment and premixing of all the solvents. This method was easily adapted to other
matrices like rat liver, hart, plasma, and erythrocytes [64]. Fagan and Wijesundera [65] proposed
a method in which simple lipids were removed online prior to analysis: the polar lipids were first
concentrated on a guard column, and by means of a dual injection system, were further separated
on an analytical column. They used a complex gradient of dichloromethane, isopropanol, 2,2,
4-trimethylpentane, and methanol. All the solvents, except dichloromethane, contained 7.2 mM
triethylamine and formic acid in combination with a polyvinylalcohol column (PVA-SIL). This
type of column has a uniform surface of hydroxyl groups derived from polymerized vinyl alcohol,
which allows constant phase activity with apolar and polar solvents. As such, this column may
certainly replace unbonded silica or diol-modified columns to a certain extent, as new methods
are further developed.
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Figure 8.4 HPLC chromatograms using ELSD of (a) polar lipid standards, (b) acid whey,
(©) Gouda cheese, and (d) Butter. U, unknown. (From Rombaut, R. et al., J. Dairy Sci., 88, 482,
2005. With permission.)
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8.3.4.2 HPLC Detectors for Polar Lipid Analysis

The evaporative light-scattering detector (ELSD) has gradually replaced the ultraviolet (UV),
fluorescence, and refractive index (RI) detectors in the analysis of (polar) lipids [66]. The UV
and fluorescence detectors are highly dependent on the unsaturation and oxidation degree of the
fatty-acid moieties of each polar lipid class. Therefore, its response can vary widely, and extensive
calibration with identical standard material as the polar lipid extract is indispensable. Moreover,
only a limited number of solvent systems are compatible with the UV detector, as they should be
UV-transparent. Similarly, RI detection is not advisable, as it is not compatible with gradient elu-
tion, and not very sensitive; hence, a preconcentration step of the extract is necessary. With ELS
detection, the mobile phase and analyte is atomized in a heated tube, where the solvent evaporates,
and the analyte droplets that must be less volatile than the mobile phase, scatter a laser beam
mounted at the end of the tube. This scattering is converted to a signal by a photomultiplier, and
is primarily dependent on the mass of the analyte. This system offers many advantages: it is com-
patible with a broad range of solvents, has a stable baseline even with gradient elution, and if the
working conditions (i.e., nebulizer gas flow and temperature) are maintained, highly reproducible
results can be obtained. A drawback of the ELSD is that its response is sigmoidal in function of the
injected concentration [67]. However, a broad linear working range can be defined [63]. Although
the ELSD is believed to be a uniform mass-sensitive detector, the response of each polar lipid class
still differs; hence, it is necessary to set up calibration curves for each polar lipid. Rombaut et al.
investigated the dependency of the ELSD output on nebulizer gas flow and temperature by means
of a response-surface experimental design [63]. For all the polar lipid classes, the response was
highly dependent on the flow of the nebulizer gas, decreasing sharply with the increasing flow.
As such, the optimal nebulization gas flow was found at 1.4 L/min. The effect of temperature was
less pronounced and varied on the type of polar lipid, but was nevertheless, significant for all the
polar lipids investigated [63]. The principle and applications of the ELSD are extensively discussed
elsewhere [66,68,69].

Recently, a new type of HPLC mass-sensitive detector, a charged aerosol detector (CAD), was
developed. In this technique, the effluent from the column is nebulized, the acrosol particles are
charged, and the current form the charged aerosol flux is measured. When compared with the
ELSD, this detector is claimed to be more sensitive, produces more uniform response, and has
a higher reproductive results. However, the initial results on polar lipid analysis did not show a
spectacular improvement when compared with the latest ELSD models [70].

8.3.5 3'Phosphorous Nuclear Magnetic Resonance

Nowadays, 3!'phosphorous nuclear magnetic resonance *'P-NMR) is gaining popularity for abso-
lute quantification of phospholipids in food matrices like dairy products, as it has many advan-
tages when compared with other methods. Sample preparation is limited, as nonphosphorous
contaminants are not detected. No physical separation of the sample is performed, because the
chemical shift of the phosphorous atom is dependent on its molecular environment, and unique
shifts are obtained for each phospholipid class. Furthermore, the peak areas are directly pro-
portional to the phosphorous concentration, making 3'P-NMR an absolute technique [71-73].
In Figure 8.5, a 3'P-NMR spectrum of milk phospholipids is given. In the last decade, more
powerful machines and analysis software have been introduced, thereby strongly increasing the
resolution power, even in such a way that a phospholipid class can be split up into saturated/satu-
rated, saturated/unsaturated, and unsaturated/unsaturated peaks. However, the disadvantages
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Figure 8.5 3'P-NMR spectrum of milk phospholipids on a Bruker 300 MHz Avance 1 spectrom-
eter equipped with a BBI probe. Milk phospholipid extract was redissolved in CDCl;/MeOH/
aqueous Cs-EDTA 1mM, pH 8 (1/1/1). (Courtesy of Dr. Bernd Diehl, Spectral Service, Cologne,
Germany. With permission.)

of this technique are the high investment cost, the need of skilled operators, and the restriction
to phosphorous-containing lipids. Therefore, to our opinion, this technique will rather remain
a method for research and reference validation and certification, rather than a routine analysis
method for quality control purposes.

Abbreviations

ELSD evaporative light-scattering detector
GluCer glucosylceramide

HPLC high-performance liquid chromatography
LacCer lactosylceramide

LPC lysophosphatidylcholine

MFGM milk fat globule membrane

NMR nuclear magnetic resonance

PA phosphatidic acid
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phosphatidylcholine
phosphatidylethanolamine
phosphatidylinositol
phosphatidylserine
sphingomyelin

) supercritical carbon dioxide
thin-layer chromatography
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9.1 Introduction

Few biological lipids surpass dairy fat in the complexity of their facty acid (FA) composition. Milk
fat is regarded as one of the most complex naturally occurring fats and oils, because of the large
number of FAs and the variety of molecular structures they encompass. Using a combination
of chromatographic and spectroscopic techniques, researchers have identified approximately 400
FAs in milk fat. Jensen [1] compiled a listing of various types of FAs. The vast majority of these
acids are present in extremely small quantities (<0.01% of the total FAs). However, there are about
14 FAs that are at or above concentrations of 1.0% in ruminants. Most of the FAs (>95%) are
esterified in glycerides, mainly triacylglycerols (TAGs), with very minor amounts present in the
phospholipids or in free form (free fatty acids, FFAs).

Milk FA composition affects flavor, nutritional properties, and physical functionality and con-
sequently influences the suitability of milk for food applications. The FA profile of milk fat can
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readily be altered through animal nutrition, genetic selection, and variations in seasonal factors.
The most important factors influencing milk fat composition are feed and farm practices along
with certain postfarm treatments, such as fractionation.

The saturated FAs present in significant quantities in milk fat are molecules consisting of
unbranched hydrocarbon chains varying in length from 4 to 20 carbon atoms. These FAs account
for approximately 60%—-75% of the total. Quantitatively, the most important saturated FA is 16:0,
which accounts for about 20%—30% of the total, while two other FAs, 14:0 and 18:0, reach values
in the region of 10%-15%. Short-chain FAs (4:0 to 8:0) and, to a lesser extent, medium-chain
FAs (10:0 to 12:0) lower the melting points of TAGs, and hence their presence helps keep milk
fat liquid at physiological temperatures. Among the minor saturated FAs are branched-chain and
odd-numbered carbon FAs. Monomethyl branched-chain FAs can be quite plentiful, making up
about 2.5% of the total FAs, principally in goat’s milk fat.

The cis-monoenoic acid content of ruminant milk is about 20%—25%. Oleic acid (cis-9 18:1) is
the main acid of such type, making up around 20% of the total, while the proportions of the other
¢is-18:1 isomers are lower. There are also relatively small but significant contributions from other
cis-monounsaturated acids, namely 10:1, 12:1, 14:1, 16:1, and 17:1 (less than 2%). Cis-polyenoic
acids comprise linoleic acid (¢i5-9 ¢is-12 18:2) and oi-linolenic acid (¢75-9 ¢is-12 ¢is-15 18:3) almost
exclusively, the former in a proportion of about 2% and the latter in a proportion of about 0.5%.
The concentration of #rans-18:1 varies considerably, from about 1% to 6%, well below the level
present in hydrogenated fats. Vaccenic acid (VA, zrans-11 18:1) is the most important #rans isomer,
accounting for about 60% of the total #7ans C18:1. Precht and Molkentin [2] identified a number of
trans-octadecadienoic acids in milk fat that contained one or two #ans double bonds. Most of these
acids are present in small amounts, less than 1%, with #rans-11 cis-15 and cis-9 trans-11 exhibiting
considerable variations in mean concentration. The ¢is-9 trans-11 isomer is the principal conjugated
linoleic acid (CLA) and makes up about 70%-90% of the total CLA. The generic name CLA is a
collective term including all octadecadienoic acids (18:2) having a conjugated double-bond system
in the 7-9, 8-10, 9-11, 10-12, 11-13, 12-14, and 13-15 positions and a cis—cis, cis—trans, trans—cis,
or trans—trans geometric configuration. These FAs, mainly cis-9 trans-11, are of particular interest
because of their influence on human health, and dairy products are the richest common source of
CLA in foodstuffs.

Because it is so complex, analysis of milk FAs is a challenging task and one of the most impor-
tant analytical fields for scientists working on the physiological aspects of milk fat production and
modification. No single method is currently capable of resolving all the FAs in dairy products. There
is a long-standing tradition of using gas chromatography (GC) as an analytical method to assess
the adulteration of milk fat based on the composition of the major FAs [3,4]. In the past 15 years,
however, the analysis of minor FAs in ruminant milk has taken on new importance, because of their
nutritional significance. This chapter describes the most frequently used methods for analyzing these
compounds in milk and dairy products. The key steps in elucidating the FA profile of milk are form-
ing derivatives and then separating the FAs using chromatography. Identification of the molecular
structure of the FAs by mass spectrometry (MS) has been gaining importance in recent years.

9.2 Preparation of Fatty Acid Derivatives

Conventional analysis of lipid FAs has entailed derivatization to form less polar and more volatile
compounds. Preparation of volatile derivatives is often a preliminary step carried out before
analyzing the FA profile using GC. The most widely employed procedure involves converting the
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FAs into methyl esters (fatty acid methyl esters, FAMEs). Dairy lipid methylation can be carried
out in either an acidic or a basic medium. Acid-catalyzed methylation (BF;, HCl, or H,SO in
methanol) converts all the known FA classes present in glycerides, phospholipids, and FFAs into
FAME:s. BF; in methanol has commonly been used as a transesterification catalyst, in particular as
a means of quickly esterifying dairy products rich in FFAs [5]. However, this reagent has a limited
shelf life, even when refrigerated, and using old or too highly concentrated solutions often results
in artifacts and appreciable losses of polyunsaturated fatty acids (PUFAs). Furthermore, as a rule,
acid-catalyzed methods result in extensive isomerization of conjugated dienes and thus yield allylic
methoxy artifacts [6] that may interfere with chromatographic analysis. Moreover, increasing the
temperature or incubation time during methylation produces more artifacts [7].

Base-catalyzed methylation methods using NaOCH; or KOH in methanol at room tempera-
ture are considered most reliable for determining the FA profile of milk fat. FAs from glycerides are
very quickly transesterified in anhydrous methanol in the presence of a base catalyst. Additionally,
these reagents cause no isomerization and produce no methoxy artifacts [5]. Nevertheless, phos-
pholipids and FFAs are not normally esterified, and care must be taken to exclude water from the
reaction medium. An aqueous medium may contribute to hydrolysis of the TAGs, thus prevent
ing FAME formation. International Standard ISO 15884-IDF 182:2002 [8] specifies a method
for preparing FAMEs by base-catalyzed methanolysis of the glycerides in dairy fat based on the
procedure of Christopherson and Glass [9]. After reaction, the mixture is neutralized by adding
crystalline NaHSOj to avoid saponification of the preformed esters. The method is not suitable for
analyzing partially lipolyzed fat (>1 mmol FFA/100 g fat). For such cases, the standard includes an
Annex that sets out an alternative procedure based on acid-catalyzed transesterification employing
H,SO, in methanol as catalyst in mild conditions.

Quantitative difficulties may arise when preparing FAMEs from the great variety of FA classes
present in dairy products. Because short-chain FAMEs are highly volatile, quantitative recovery
of these FAMEs from the reaction medium can be difficult. In addition, short-chain and some
medium-chain FAME:s require correction factors, because they do not have any quantitative flame
ionization detector (FID) response. For all these reasons, longer-chain alcohols have been used as
an alternative to form such derivatives as FA isopropyl and butyl esters [5,10,11]. Substituting the
methyl group with an ethyl, propyl, or butyl group can progressively improve the flame ionization
efficiency of the FA esters [12]. Wolff [13] demonstrated that esters of C3-alcohols have conversion
factors close to 1, independently of acid chain length, and hence that there was no need to apply
correction factors to transform percentage peak area into FA percentage weight when butyl or
propyl esters were used. Furthermore, short-chain FA isopropyl esters, less volatile than FAMEs,
were readily separated from the solvent front by GC.

9.3 Gas Chromatographic Analysis of Fatty Acids

GC is by far the most commonly used method of analyzing milk fat FAs. GC has gained wide-
spread favor due to its versatility, high sensitivity, and relatively low cost. GC combined with an
FID is routinely employed to quantify derivatized FAs from dairy fat. Column selectivity and
separation efficiency have increased markedly in recent years with the advent of wall-coated open
tubular (WCOT) capillary columns, which have in many cases made the original packed GC
columns obsolete (Figure 9.1). International Standard ISO 15855-IDF 184:2002 [14] describes a
procedure for determining the FA composition of milk fat and fats obtained from dairy products
based on the separation and determination of FAMEs by capillary gas liquid chromatography.
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Figure 9.1 Partial gas-liquid chromatograms of FAMEs derived from a bovine milk sample
on different column types. (a) Packed column: 2m, 15% DEGS; initial temperature 50°C; tem-
perature was raised at 4°C/min to 180°C; carrier gas: N,; (b) capillary column: 100m, CP-Sil 88
(Chrompack, Middelburg, the Netherlands, 100% cyanopropyl polysiloxane), 172°C isothermal;
carrier gas: H,. (From Precht, D. et al., Lipids, 36, 213, 2001. With permission.)

Capillary columns are very narrow (0.1-0.3 mm internal diameter) and typically 25-100 m long,.
They consist of fused silica reinforced by a flexible external polymeric coating and a thin internal
coating of a bonded liquid phase. The thickness of the liquid phase has a marked impact on reten-
tion time: the thicker the film, the longer the retention time, but the greater the column capacity.
FAs travel down the column with the carrier gas (He, H,, or N,) and diffuse into the liquid phase
to varying degrees according to their equilibrium constant, thus being separated. In dairy fats,
quantification of individual FAMEs is usually carried out by reference to milk fat with known
or certified FA composition. CRM 164 from the European Community Bureau of Reference in
Brussels (Belgium) is the preferred material. FAs present in dairy fats in very small amounts, e.g.,
9:0, 13:0, and 19:0, are also commonly used as internal standards.

Although someone new to the method may be tempted to purchase columns 100 m long to
obtain the maximum possible resolution, excellent results can be achieved with 25 and 50 m long
columns during routine milk fat analysis in which it suffices to quantify only the most important
FAMEs. One advantage of shorter columns is that analysis times can be appreciably shortened,
allowing more samples to be processed in a given amount of time. There have been reports in
the literature [15] of short analysis times (20-25 min) for milk FA profile determinations, but
such analyses may only be of practical value in special circumstances, because the time needed to
process the data may be much longer than the GC run times.

The liquid phases in use for GC analysis of FAME:s in dairy fats are generally polyesters with dif-
fering polarities. In these columns, unsaturated components are eluted after the saturated FAs of the
same chain length. These phases are much better suited to FA analysis, in that they allow clear sepa-
rations of esters having the same chain length with zero to six double bonds. Polyesters can be clas-
sified according to their polarity, and in current practice only two main types need be considered,
namely, low-to-medium-polarity polyesters, e.g., Carbowax-type phases (differing proportions of
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polyethylene glycol esters) or Silar 5CP phases (silicone, 50% phenyl, 50% cyanopropyl), and high-
polarity phases, such as CP-Sil 88, BPX70, and SP 2560 (100% cyanopropyl polysiloxane). Chang-
ing the polarity of a polyester phase does not change the elution order of different components in a
given chain-length group, but it can affect elution order relative to components having other chain
lengths. With low- to-medium-polarity phases, all the unsaturated C18 FAs elute from the column
before any of the C20 components. Difficulties involving overlapping components of different chain
lengths can thus be eliminated by using polyester liquid phases of this kind. The highest polarity
columns resolution, especially of positional or geometric isomers, is substantially improved. Their
principal disadvantage is some overlap between FAs of different chain lengths (Figure 9.2), and
the nature and extent of the problem can be rather sensitive to column temperature. The inherent
resolution is such that there may be few problems of actual overlap between major components, but
there can be a multiplicity of peaks for dairy fat, giving rise to identification problems. Difliculties
in resolving several families of FAs in milk fat using GC may be encountered, for instance, when
separating the different 16:1 isomers from the 17-carbon branched-chain FAs, when discriminating
between rrans- and cis-monoenoic FAs, and when attempting to resolve the different CLA isomers.

Separation of the different FA regions on chromatograms of milk fats was evaluated using a
60 m Supelcowax 10 column and a 100 m CP-Sil 88 column [16] for comparison. The Supelco-
wax 10 column was shown to yield better resolution of the saturated short-chain FAs and their
monounsaturated fatty acid (MUFA) analogs and was able to separate the o-linolenic and 20:1
isomers completely. In contrast, the CP-Sil 88 column provided better resolution of the CLA
isomers, MUFAs, previously isolated #rans and cis isomer fractions, and PUFAs. A 100m long
highly polar capillary GC column would appear to be required to analyze milk FAs, whereas
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Figure 9.2 Partial gas chromatogram of the 18:2 (n — 6) to 22:6 (n — 3) FAMEs using a 100 m CP-
Sil 88 capillary column, H, as carrier, and a typical temperature program from 45°C to 215°C.
(@) FAME standard #463 from Nu-Chek (b) total milk FAMEs from cows fed a diet containing fish
meal. (From Kramer, J.K.G. et al., Lipids, 37, 823, 2002. With permission.)
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a 60 m Supelcowax 10 capillary column can at best serve as a complementary GC column, mainly
because of the different separation characteristics ensuing from its intermediate polarity.

Trans 18:1 positional isomers were eluted in the order of double-bond progression along the
carbon chain from carboxyl using 100m high-polarity polyester columns [13,17-21]. Depending
on column type, frans isomers up to VA or 13—14 have lower retention times than oleic acid. A first
group of rrans 18:1 FAs, including the trans-6-8, trans-9, trans-10, and frans-11 isomers, appeared
relatively well resolved before the oleic acid peak. The z7ans-6—8 isomers were not resolved. A second
group, including the srans-12 through #rans-15 isomers, eluted with oleic acid and other ¢is-18:1 iso-
mers (cis-6 through cis-11). Nonetheless, direct GC analysis on the 100m polar CP-Sil 88 column
cleatly results in the overlap of cis and zrans isomers (Figure 9.1). Indeed, many overlapping ¢rans 18:1,
cis 18:1, and cis/trans 18:2 isomers are only partially resolved at best, and furthermore, overlap of zrans
16:1 with C17 branched-chain FAs and C18 FAs with C19, C20, and C21 FAs using the highly polar
stationary phases that have become popular for FAME analysis of milk has also been reported. In the
past few years, 200 m capillary columns of intermediate polarity have become available [21], yielding
some improved separations of the 18:1 isomer region. However, using such columns requires higher
head pressures, and the joint between the two 100 m columns is prone to leak.

Using 100m cyanopropyl polysiloxane capillary columns, the CLA region of the GC chro-
matogram represents a challenge, even though this area is relatively free of other FAs except for
21:0 [22,23]. The elution order of the CLA isomers on these columns is all the cis—trans and trans—
cis isomers, followed by all the cis—cis isomers, and finally all the trans—trans isomers (Figure 9.3).
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Figure 9.3 Partial GC-MS chromatograms depicting the profiles of CLA methyl esters from
processed cheese fat (solid line) and a standard mixture from Nu-Chek (dotted line). CLA isomers
in the standard mixture: 1, cis-9 trans-11; 2, trans-8 cis-10; 3, cis-11 trans-13; 4, trans-10 cis-12; 5,
cis-9 cis-11; 6, trans-11 trans-13; 7, trans-8 trans-10 + trans-9 trans-11 + trans-10 trans-12. ¢, cis; t,
trans. (From Luna, P. et al., J. Agric. Food Chem., 53, 2690, 2005. With permission.)
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There are about 20 different CLA isomers in natural milk fat, and many of them are not resolved
on the columns tested. The cis—trans and trans—cis isomers overlap with some cis—cis isomers, and
some trans—trans isomers coelute. Additionally, most of these separations are distinctly visible
only when the relative concentrations of the different isomers are similar. Whenever the relative
concentrations are uneven, a number of CLA isomers will be masked by the predominant isomers.
For example, the trans-7 cis-9 18:2 isomer, the second most abundant CLA isomer in dairy fat,
coelutes with the ¢is-9 trans-11 isomer in GC. Some CLA isomers therefore have to be resolved by
other chromatographic techniques.

Changing the GC operating conditions (column inlet pressure, oven temperature, sample load,
and injection volume) can offer an alternative method of resolving overlapping peaks. Kramer
et al. [24] analyzed different milk fats using a 100 m polar CP-Sil 88 column and performing two
separations using isothermal temperature programs at 175°C and 150°C. By combining the results
of these two separate GC analyses following fractionation, it was possible to determine most of the
geometric and positional isomers of the 16:1, 18:1, 20:1, 18:2, and 18:3 FAs present in milk fat.
Only few minor FAs could not be resolved, notably CLA isomers that still required further separa-
tion using other methods.

In recent years, comprehensive two-dimensional (2D) GC (GC x GC) has proven to be a
powerful separation method for many types of complex samples, such as milk FAs. This proce-
dure is a multidimensional separation technique in which the initial sample is separated on two
GC columns with different separation mechanisms connected in series by a modulator [25]. The
modulator acts both as a collection zone and as a fast re-injection device, resulting in a series of
sharp pulses eluting from the 2D column for each peak entering the cryomodulator from the one-
dimensional (1D) column. The GC x GC method offers high separation efficiency and enhanced
sensitivity, thanks to concentrative modulation. Identification of compounds is more reliable than
in traditional GC, since discrimination is based on two different separation principles. Usually,
the first column is nonpolar, and the separation is based mainly on the different volatilities of the
analytes, while the second column is polar or semipolar and the analytes are separated on the basis
of polarity. GC x GC is also a good method for analyzing samples like milk fat, in which com-
ponents are present in very different concentrations. Hyotyldinen et al. [26] applied this method
to milk fat using four column combinations. The best results were obtained by a nonpolar—polar
set with a narrow-bore Carbowax column as the second column, which improved separation of
the FAs when compared with conventional 1D GC. Owing to the modulation, relatively dilute
samples could be used, and major and minor components in the sample could be analyzed in a
single run. New combinations of columns have also improved the overall separation of FAMEs
when compared with 1D GC, and the well-ordered structure of the compounds in a GC x GC
contour plot facilitates identification and classification of known and unknown compounds in
different milk fats [27]. Nevertheless, further research is needed to achieve increased separation of
a number of specific peak pairs such as #7ans and cis 18:1 isomers.

9.4 lIsolation and Fractionation of Fatty Acids

Although data from 25 to 100m polar capillary columns should be accurate enough for many
applications, including food labeling and quality control work, if greater resolution is required,
GC analysis must be used in conjunction with another separation technique, particulatly sil-
ver-ion (Ag') chromatography, i.e., thin-layer chromatography (TLC), high-performance liquid
chromatography (HPLC), or solid phase extraction (SPE).
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Over time, Ag' chromatography has developed into an important method of fractionating
and characterizing lipids. The principle underlying this chromatographic technique is that silver
ions interact reversibly with the 7 electrons of double bonds (¢is more strongly than #rans) to form
polar complexes; the greater the number of double bonds in a molecule, the stronger the complex
formed and the longer it is retained. In chromatographic systems, complex formation is transient,
and complexes are in kinetic equilibrium with the native olefin. Christie [28] presented a fairly
comprehensive listing of applications of Ag* chromatography (TLC and HPLC) in lipids analysis
using a variety of substrates. Ag*-TLC has been used widely for milk fats and is still favored for FA
fractionation by some laboratories [17,19-21,29-31], but HPLC and SPE have many advantages
and are gaining acceptance.

Ag*-TLC can be carried out on glass plates or plastic sheets carrying a layer of silica gel impreg-
nated with AgNO;. In most cases, the TLC plates are dipped in a 5%-20% AgNOj solution in
acetonitrile or water, then dried and activated at 100°C-110°C and developed in saturated tanks
at room temperature in hexane—diethyl ether or petroleum ether—diethyl ether [19,28,32]. During
migration on TLC plates, the FAME:s retention depends mainly on the geometric conformation of
the ethylenic bonds, as well as on the degree of unsaturation. Proper elution conditions allow for
distinct spots as a function of unsaturation. Monoenoic, dienoic, and polyenoic FAs can be sepa-
rated in this way. In operating conditions for monoenoic rans FA analysis, Ag*-TLC of a milk fat
FAME sample has led to the formation of four main spots corresponding to PUFAs, cis-monoenoic
FAs, trans-monoenoic FAs, and saturated FAs. Following separation, FAMEs on a TLC plate can be
visualized under UV light after spraying with 2',7'-dichlorofluorescein in methanol. On comple-
tion of TLC runs, the silica gel can be scraped off the plate and the FAMEs extracted with organic
solvents for GC analysis.

If samples are analyzed by GC before and after the Ag*-TLC separation (Figure 9.4), quanti-
ties of #rans acids in the mixture can be determined using an internal standard. The simplest way
to determine the FA profile, including the #7ans monounsaturated group, is to collect the bands
for the saturated and #7ans-monoenoic FAMEs and then analyze them by GC. The proportion
of trans MUFAs can be determined by comparison with the analysis of the total sample [28,29].
On the whole, despite certain differences in published protocols, Ag*-TLC fractionation is the
least expensive and easiest to use method, since it requires only ordinary laboratory equipment.
However, certain researchers have deemed the methodology to be time-consuming and labor-
intensive, and the technique cannot be automated.

Several attempts have been made to adapt Ag'-TLC to HPLC, the main problem being to
achieve a stable and reproducible stationary phase with a controlled Ag* content and a reasonable
working life. An Ag* column for liquid chromatography was first developed by Christie [33], who
added Ag* to a commercially available Nucleosil 5SA column. A decade later, stable Ag* columns
for HPLC in which the Ag* are joined via ionic bonds to phenylsulfonic acid moieties bound to a
silica matrix had become commercially available (ChromoSpher 5 Lipid, Varian, Middelburg, the
Netherlands).

GC combined with prefractionation by Ag*-SPE [24] or preparative Ag'-HPLC [34,35] has
been shown to be a good alternative to Ag*-TLC to isolate specific groups of FAs in milk fat.
Kramer et al. [24] applied total FAME:s from different milks onto Ag*-SPE cartridges and eluted
with hexane containing increasing amounts of acetone, finding that 99:1 (v/v) eluted saturated
FAs, 96:4 (v/v) eluted monounsaturated #rans-FAMEs, 90:10 (v/v) eluted monounsaturated cis-
FAMEs, and 0:100 (v/v) eluted dienoic FAME:s. Lastly, trienoic FAMEs were eluted with 6% (v/v)
acetonitrile in acetone. All fractions were dried and reconstituted in hexane for analysis by GC.
The Ag*-SPE method proved to be easier than Ag*-TLC and yielded better resolution of FAs in
different regions of the GC chromatogram (Figure 9.5).
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Figure 9.4 Partial chromatograms of C18 and total C18:1 FAMEs (unfractionated milk fat) and
profile of the trans-octadecenoic and cis-octadecenoic acid methyl esters isolated by argenta-
tion TLC. Analysis on a 100m CP-Sil 88 capillary column (175°C, H, pressure 160kPa). (From
Precht, D. and Molkentin, J., Int. Dairy J., 6, 791, 1996. With permission.)

9.5 Silver lon HPLC of CLA

The use of Ag-HPLC to complement GC in the assay of CLA was first reported by Sehat et al.
[36]. This method was based on the work of Adlof [37], who used an acetonitrile:hexane elution
system. The system used for isocratic separations of CLA FAME was equipped with commercial
ChromSpher 5 Lipids columns, the mobile phase being 0.1% (v/v) acetonitrile in hexane. CLA
isomers are selectively detected by their characteristic UV absorbance at 233 nm, and isomer iden-
tities in HPLC chromatograms are based on coinjections of known reference materials obtained
from commercial sources or synthesized. The Ag*-HPLC profile has been shown to separate the
different trans—trans compounds followed by a chromatographic elution zone containing the cis/
trans (cis—trans plus trans—cis) isomers (Figure 9.6). Although these geometric isomers are not
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Figure 9.5 Partial gas chromatograms of milk fat separated using a GC program at 150°C
depicting the 16:1 FA isomers. The total milk FAMEs were compared with the trans, cis, and
saturated FA fractions isolated from total milk fat FAMEs using Ag*-SPE columns. (From Kramer,
J.K.G. etal., Lipids, 43, 259, 2008. With permission.)
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Figure 9.6 Silver-ion HPLC chromatograms (three columns in series and UV detection at
233nm) of bulk milk fat from goats fed a reference diet (solid line) and a diet supplemented
with whole linseed (1.85% dry matter) and sunflower oil (0.81% dry matter) (dotted line) for
3 months. AU, arbitrary unit; ¢, cis; t, trans. (From Luna, P. et al., J. Dairy Sci., 91, 20, 2008.
With permission.)
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resolved, species differing in positional double bonds elute separately. Operating from one to six
Ag-HPLC columns in series progressively improved the resolution of the methyl esters of CLA
isomeric mixtures from natural and commercial products but increases time and cost of analysis
(38,39]. Ag-HPLC have been widely used in separating CLA isomers in dairy fats [20,21] and,
in combination with GC with different detectors, was able to identify the presence of trans-7 cis-9
isomer in milk fat [40].

9.6 Determination of Free Fatty Acids

The FFA content is very low in microbiologically high-quality milk but can be sizeable in some
dairy products. Quantification of FFAs in cheese, for instance, is important, owing to the impact
of some of these compounds on organoleptic properties [41]. Typically, cheeses with more than
3000 mg FFA/kg have a characteristic lipolytic aroma/flavor, with lipolysis playing a major role
in ripening. Furthermore, FFAs are precursors for a wide range of flavor components (ketones,
aldehydes, lactones, etc.). Several helpful reviews [41-44] do provide useful information on FFA
composition and describe analytical methods for dairy products in detail. Additionally, a recent
fairly comprehensive listing of chromatographic applications for analyzing FFAs in milk products
was presented by Kilcawley [45]. The present section will place particular emphasis on those meth-
ods that the authors have found to be particularly useful, and is therefore much less comprehensive
in its coverage of the literature.

Determining the FFAs in dairy products is quite complicated, because FFAs generally repre-
sent less than 1% of total milk lipids, which consist primarily of TAGs. Good separation of FFAs
and TAGs mainly depends on avoiding hydrolysis of the latter during fractionation. The most
frequently described methods of analysis of FFAs in dairy foods involve separation of the FFAs
from the bulk of the TAGs by stirring with anion-exchange resins, which retain the FFAs [46-48];
fractionation on different types of liquid chromatography columns that adsorb the FFAs followed
by elution [49-54]; or one-step preparation of methyl esters of both FFAs and glycerides (in sepa-
rate phases) using tetramethylammonium hydroxide (TMAH) as catalyst [53,55-57]. In this last-
mentioned method, FFAs and TAGs are not separated prior to derivatization, thus facilitating the
analysis of large numbers of samples.

Once separated from the rest of the dairy lipids, FFAs can be derivatized (see Section 9.2) or
analyzed directly in free form by GC. To decrease analysis time, certain researchers [50,58,59]
have proposed injecting the FFAs on GC columns without derivatization. However, FFAs could
be adsorbed and retained on the stationary phase, giving rise to tailed peaks and poor separations.
What is more, the retained FFAs could then elute during subsequent injections, resulting in erro-
neous determinations. Deeth et al. [49] and Contarini et al. [58] employed columns packed with
a stationary phase specially prepared for FFAs (free fatty acid phase, FFAP). Using FFAP avoids
retention of the FFAs on the column, but this stationary phase is not able to discriminate between
unsaturated and saturated FFAs like cis-9 18:1 and 18:0.

Although GC is the most popular means of FFA determination, several advantages inherent
to HPLC could make it useful, mainly for quantifying short-chain FFAs. Most of the procedures
described in the literature are based on the use of reverse-phase (RP) HPLC columns and UV
or fluorescence detectors. Reed et al. [60] derivatized the FFAs in butter samples by convert-
ing them to p-bromophenacyl (PBP) esters. These derivatives improved the sensitivity of the
UV detector, but two chromatographic runs were required to quantify all the FFAs because of
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problems involving coelution of some medium- and long-chain FFAs. Complete resolution of
PBP esters of saturated and unsaturated FFAs with an acyl chain length of C4:0 to C18:0 was
accomplished by gradient elution while holding RP column temperature at 10°C [61]. Further
development of the PBP derivative technique was undertaken by Garcia et al. [62], who used
a water/methanol/acetonitrile gradient to achieve faster separation of all the FFAs. Kilcawley
et al. [63] also used these derivatives to quantify the short-chain FFAs in different types of
cheese. Alternatively, Miwa and Yamamoto [64] developed an HPLC method based on the reac-
tion of the FFAs with 2-nitrophenylhydrazine hydrochloride. The FFAs, derivatized to their
hydrazide form, were separated into two groups by a simple solvent extraction, short- and long-
chain FFAs, and analyzed on an RP column with detection at 400 nm. Fluorescence-oriented
derivatization coupled with HPLC has also been well documented and used to analyze the FFAs
in dairy samples [65-67].

9.7 Ildentification of Fatty Acid Structure

Identification of the FAs in milk fat is also challenging and is usually based solely on comparisons
of GC retention times. GC with FID is a standard analytical tool for FA analysis and can pro-
vide useful information about the number of mixture components, retention times, and elution
sequence. However, FID traces do not provide structural information. Furthermore, owing to the
limited availability of standards and the occurrence of overlapping peaks, identifications tend to
be tentative at best.

Milk fat contains a multiplicity of small quantities of positional and geometric isomers of
unsaturated FAs. GC identification of these FAs is based mainly on GC-MS rather than on
GC-FID data. Excellent and comprehensive overviews [28,68] have dealt with this subject, and
readers can find more details in those publications. Updated information on different aspects of
this field is also available from the Mylnefield Lipid Analysis Unit at the Scottish Crop Research
Institute (www.lipid.co.uk).

In MS detectors based on electronic impact ionization (EII), the various ionic species gener-
ated are separated according to mass (mass/charge ratio, 7/z) in a magnetic field, and a spectrum
is obtained that in effect is a bar diagram showing the masses of the ions and their abundance
relative to the most abundant ion, assigned a value of 100%. Methyl esters are generally regarded
as being unsuitable for pinpointing the position of double bonds or other centers of unsatura-
tion in an FA, because a charged aliphatic chain produces an indeterminate number of fragments
and double-bond migration during electron impact MS. To obtain more relevant information on
FA structure, the carboxyl group has to be derivatized with a nitrogen-containing reagent, since
the nitrogen atom rather than the alkyl chain carries the charge during MS, which minimizes
the ionization and migration of double bonds. The first useful nitrogen-containing derivatives,
pyrrolidides, were described more than 30 years ago. However, most analysts now prefer either
picolinyl ester or 4,4-dimethyloxazoline (DMOX) derivatives [32,68]. Reviews of the FA mass
spectral fragmentation properties of picolinyl ester and DMOX derivatives have been published
by Harvey [69] and Spitzer [70], respectively. DMOX derivatives are readily prepared by a simple
reaction, are only slightly less volatile than FAMEs, and can be subjected to GC analysis on
polar stationary phases under comparable conditions, yielding equivalent resolution. Picolinyl
esters require column temperatures about 50°C higher than FAMEjs, initially meaning that they
had to be separated on nonpolar phases, which gave relatively poor resolution. However, the
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introduction of new polar phases that are stable at high column temperatures (see Section 9.3)
has greatly lessened the problem of GC resolution of picolinyl esters, and only very long-chain
FAs tend to cause problems.

For FA identification, a basic instrument with EII would be capable of meeting most needs. In
fact, structural characterization of some families of PUFAs, like CLA isomers, has been achieved
by GC-EII-MS in combination with other chromatographic techniques [71]. Using GC-MS
analysis of DMOX derivatives of some FAME fractions isolated by preparative Ag*-HPLC, it was
possible to identify the position of the double bonds of the 13 conjugated isomers of arachidonic
acid and 6 isomers of O-linolenic acid in cheese fat [34]. More recently, Destaillats et al. [72]
and Plourde et al. [73] confirmed by GC-EII-MS of picolinyl esters and DMOX derivatives the
presence of low quantities of rumelenic acid (cis-9 #rans-11 cis-15 18:3), an intermediate generated
during ruminal biohydrogenation of a-linolenic acid (Figure 9.7), in milk fat.

Notwithstanding all the above positive features, GC-MS of nitrogen-containing derivatives
has to be combined with other techniques if the FAs are to be identified in full, especially for
purposes of determining cis or trans configuration. Furthermore, although geometric configura-
tion can be inferred from chromatographic behavior, geometric isomers cannot be differenti-
ated on the basis of their mass spectra. Acetonitrile covalent adduct chemical ionization tandem
mass spectrometry (CACI-MS/MS) has been shown to be an alternative method for elucidating
double-bond position and geometric configuration in methyl esters of unsaturated FAs [74]. The
(1-methyleneimino)-1-ethenylium ion (m/z = 54) generated by self-reaction of acetonitrile under
mass spectrometer chemical ionization conditions reacts with unsaturated FAs to yield an [M +
54]* ion. Collisionally activated dissociation of the [M + 54]* ion yields two diagnostic ions pro-
duced by bond cleavage at specific locations on unsaturated FAs. In CLA molecules, these ions
result from C—C cleavage at a position vinylic to either side of the conjugated diene unit, yielding
an o diagnostic ion containing the ester group and an ® diagnostic ion containing the terminal
methyl group. In CLA with mixed double-bond geometrical configurations, for steric reasons,
the m/z = 54 ion preferentially bonds across the cis double bond, giving rise to a higher abundance
of the diagnostic ion in which C-C cleavage occurs vinylic to the original #ans double bond.
Subsequently, acquisition of CLA standards and publication of the mass spectra demonstrated
that all the peaks in a milk fat sample had been properly assigned without standards by CACI-
MS/MS [75]. Extension of this technique to other #7ans monoenes and to conjugated FAMEs
with three or more double bonds is an area of active research. The unusual ¢is-12 ¢45-15 18:2 and
cis-9 trans-11 cis-15 18:3 FAs were unequivocally identified in ruminant fat by CACI-MS/MS
[76], and this methodology has also elucidated the molecular structure (¢is-9) of heptadecenoic
acid (17:1) in milk [77].

Application of Fourier transform infrared (FTIR) spectroscopy can also be a useful tool in
determining the total #7ans FA content of different fats and oils [78]. T7ans ethylenic bonds display
specific absorption in the infrared spectrum from 956 to 976 cm™!. However, IR-spectroscopy is
inappropriate for studying individual zzans FA isomers, since it does not furnish any informa-
tion on the proportions of the different isomers or specific details on isomer type, such as chain
length or the number and position of #7ans bonds. A combined method of GC-FTIR can be used
to determine ethylenic bond geometry [79]. The advantage of this combined method is that it
directly provides the IR spectrum of each FAME peak after chromatography. Nonetheless, this
approach is quite expensive, is not widely employed, and requires technical expertise. This analyti-
cal method is still a procedure for research laboratories and does not appear to be particularly well
suited for routine quality control laboratories.
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Figure 9.7 Mass spectra of the (a) picolinyl ester and (b) DMOX derivatives of cis-9 trans-11
and cis-15 18:3 acid obtained by GC-MS analysis of milk fat FAs. (From Destaillats, F. et al.,
J. Dairy Sci., 88, 3231, 2005. With permission.)
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9.8 Final Remarks

Presently, there is no single standard procedure for determining all the FAs in milk fat. Long GC
capillary columns are the main tool for elucidating the major FAs and a substantial portion of the
minor FAs. Using such chromatographic methods as TLC and HPLC for fractionation is essential
to separate certain groups of FAs, for instance, PUFAs and frans geometric isomers. Even then,
mass detectors have to be used with GC systems to be able to elucidate the molecular structure of
the minor FAs in milk fat. Despite the significant developments in the various chromatographic
methods that have taken place in recent years, additional advances are needed for analysis of the

minor components.
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10.1 Introduction

Cholesterol is the principal mammalian sterol containing 27 carbon atoms with a combination
of steroid and alcohol (Figure 10.1). The name cholesterol originates from the Greek: chole- (bile)
and stereos (solid), and the chemical suflix-o/ for an alcohol [1]. Cholesterol is required by all the
mammalian cells for the proper functioning of cellular membranes [2]. Cholesterol is also a pre-
cursor of bile acids and steroidal hormones, such as progesterone, testosterone, estradiol, cortisol,
and vitamin D [3].

Most of the cholesterols are synthesized by the body, and some are of dietary origin. All the 27
carbon atoms of cholesterol are derived from acetyl CoA through the 3-hydroxy-3-methylglutaryl-CoA

Figure 10.1

Cholesterol (C,,H,,0) (molecular mass: 386.6).
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(HMG-CoA) reductase pathway in many cells, including the liver [3,4]. Cholesterol ester synthesis also
takes place in the mammary gland [5]. Cholesterol is more abundant in tissues having densely packed
membranes, such as the liver, spinal cord, and brain.

The pathway of cholesterol biosynthesis may be generally divided into four stages [3]: (1) the
formation of mevalonic acid from three molecules of acetyl CoA, (2) the biosynthesis of squalene
from six molecules of mevalonic acid through a series of phosphorylated intermediates, (3) the bio-
synthesis of lanosterol from squalene via cyclization of 2,3-epoxysqualene, and (4) the modification
of lanosterol to produce cholesterol.

Cholesterol is bound to one of the various lipoproteins, and transported into the circulatory
system. The main types of lipoproteins are low-density lipoprotein (LDL) and high-density lipo-
protein (HDL), and they carry the cholesterol from and to the liver [6,7]. Abnormally high cho-
lesterol levels (hypercholesterolemia) and abnormal proportions of LDL and HDL are associated
with cardiovascular disease through the development of atheroma in arteries (atherosclerosis) [8].
This disease process leads to myocardial infarction (heart attack), stroke, and peripheral vascular
disease. As high LDL contributes to this process, it is termed as “bad cholesterol,” while high
levels of HDL (“good cholesterol”) offer a degree of protection. The balance can be redressed with
exercise, healthy diet, and medications [7,9].

Cholesterol contents of foods have been reported in numerous publications. The U.S. Depart-
ment of Agriculture Handbook No. 8 (10 and later versions), Composition of Foods: Raw, Pro-
cessed, Prepared, serves as the basic reference on food composition. The cholesterol contents of
various foods are listed in Table 10.1. Cholesterol occurs naturally in foods of animal origin. The
highest concentrations are found in brain, liver, and egg yolk, but red meats, poultry (especially
the skin), whole milk, and cheese make significant contributions to the diet [7].

Accurate determination of cholesterol in various foods is important for two reasons. First, the
influence of diet on blood lipids and the health concern over the role of excess plasma cholesterol
in atherosclerosis [11]. This is based on the fact that high-dietary cholesterol is directly related to
the elevation in blood cholesterol, which in turn has shown to increase the incidence of coronary
heart disease in humans [12,13]. This situation emphasizes the importance of the determination of
cholesterol in foods of animal origin, including meat, eggs, milk, and their products.

Second, accurate cholesterol assays in foods are necessary for regulatory aspects of food labeling
(14]. Nutrition plays an important role in determining the capacity of the body to adapt to stress
and ward off diseases [15]. Knowledge of the nutrient composition, such as cholesterol contents, of
foods is only one of the many factors involved in attaining optimum human nutrition [16].

10.2 Analytical Methods for the Determination of Cholesterol

Determination of sterols in dairy products may be focused on three main objectives, namely, mea-
suring the total cholesterol content of the product to obtain the nutritional information, detecting
the presence of vegetable fats, and quantitating specific phytosterols added as tracers to cream and
butter [17].

Determination of sterols in dairy products including milk and cheese is more complex, because
the analysis should be preceded by fat extraction [17]. Sterols are polycyclic alcohols having a
secondary —OH group at position 3, and the presence of this group makes the sterols more polar
than triglycerides. In addition, as cholesterol, both free (90%) and esterified, is one of the constitu-
ents of the fat globule membrane in milk fat [18], particular care is necessary during fat extraction
from dairy products to recover the whole sterol fraction.
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Table 10.1 Cholesterol Contents of Foods

Cholesterol Cholesterol
Food (mg/100g) Food (mg/100g)
Beef, raw 70 Kidney, raw 375
Butter 250 Lamb, raw 70
Cheese: Lard and other:
Cheddar 100 Animal fat 95
Cottage, creamed 15 Liver, raw 300
Cream 120 Lobster 200
Other (25-30% fat) 85 Margarine:
Cheese, spread 65 All vegetable fat 0
Chicken, raw 60 Two-thirds animal
Crab meat 125 Fat, one-third
Egg, whole 550 Vegetable fat 65
Egg, white: 0 Milk:
Fresh 1500 Fluid, whole 11
Frozen 1280 Dried, whole 85
Dried 2950 Mutton 65
Fish, steak, or fillet 0 Pork 70
Heart, raw 150 Shrimp 125
Ice cream 45 Veal 90

Source: Watt, B.K. and Merrill, A.L., Composition of Foods—Raw, Processed,
Prepared, U.S. Department of Agriculture, Agriculture Handbook
No. 8, December, 1963.

Most cholesterol assay methods are based on the initial lipid extraction, usually performed
using diethyl ether or chloroform—methanol mixtures as solvents, followed by saponification
of the polar fraction, and colorimetric, enzymatic, or instrumental quantification. Reported
methods for cholesterol determination include gas chromatography—thin-layer chromatography
(GC-TLC-FID) [19-21], GC-FID [22-24], gas chromatography/mass spectrometer (GC-MS)
[25], high-performance liquid chromatography (HPLC) [14,20,21,26-28], colorimetric method
[29-32], enzymatic method [33,34], and supercritical fluid chromatography (SFC) [35]. Mid-
infrared (MIR) spectroscopy with Michaelson interferometry, known as Fourier transform infra-
red (FTIR) spectroscopy and Fourier transform near-infrared (FT-NIR) spectroscopy, have been
used for the analysis of cholesterol in several foods [36—39]. Recently, molecularly imprinted solid-
phase extraction technique has been used for cholesterol determination in cheese products [40].
A variety of methods may exist for the quantification of cholesterol in various foods. However,
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consulting proper and most-recently updated analytical methodologies would be essential to adapt
less laborious, less time consuming, more convenient, precise, and accurate methods for assaying
cholesterol of dairy products.

10.2.1 Association of Official Analytical Chemists (AOAC) Method
(Adapted from AOAC, 16th Edition, 1996; No. 994.10 [20])

A. Principle

Lipid extract from a sample is saponified at high temperature (around 80°C) with ethanolic KOH
solution. Toluene is used to extract unsaponifiable fraction containing cholesterol and other ste-
rols. Sterols from the unsaponifiable fraction are derivatized to trimethylsilyl (TMS) ethers and
their concentrations are quantified by GC.

B. Apparatus

a. Magnetic stirrer-hot plate, equipped with variable speed and heat controls.

b. Micropipettes capable of delivering 100 and 200 uL; metal body.

c. Test tube mixer.

d. Analytical balance capable of weighing up to 0.0001 g.

e. Glassware—Erlenmeyer flasks, 125 and 250 mL; volumetric flasks and pipettes; graduated
cylinders; separatory funnels, 500 mL.

f. Rotary evaporator—with glass condenser flask between concentration flask and metal shaft.

g. Centrifuge tubes of 15 mL size, Pyrex No. 13. Procedures for silanization of the centrifuge
tubes are as follows: the tubes are filled with 10% hydrofluoric acid and left to stand for
10 min. Subsequently, the tubes are rinsed thoroughly with H,O, and then with anhydrous
methanol. The tubes are dried under stream of nitrogen. Then, the tubes are filled with 10%
hexamethyl disilane (HMDS) in toluene and left to stand for 1h. After that, the tubes are
rinsed thoroughly with toluene, and then with anhydrous methanol. The tubes are dried at
100°C in an oven before use. Alternatively, commercial silinizing reagent may be used. Before
each reuse, the tubes should be cleaned with H,O, ethanol, hexane, and acetone, and dried
at 100°C in an oven. The tubes can be reused without resilylation if strong alkali wash is
avoided. However, the tubes should be resilanized at least every 6 months.

h. GC—Equipped with FID, capillary column, split-mode, 25m, 0.32 mm, and 0.17 um film
thickness, cross-linked 5% phenyl-methyl silicone or methyl silicone gum, split inlet liner
filled with 10% SP 2100 on 80-100 mesh Supelco packing, and 2 ramp oven temperature
programming. Operating conditions: temperatures—injector, 250°C; detector, 300°C; col-
umn, 190°C; hold, 2 min; increase, 20°C/min to 230°C; hold, 3 min; increase, 40°C/min to
255°C; hold, 25 min. Flow rates: helium—column, ca. 2 mL/min; split vent, ca. 30 mL/min;
purge vent, ca. 3 m/min; auxiliary make-up gas, ca. 20 mL/min; hydrogen, ca. 35 mL/min;
and air, ca. 280 mL/min.

C. Reagents

. HMDS.

. Dimethylformamide (DMF)—distilled in glass.
. Trimethylchlorosilane (TMCS).

. Toluene—distilled in glass.

. Sodium sulfate—anhydrous.

o 80 T
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f. Glass wool.

g. 5a-Cholestane internal standard solution—0.1 mg/mL standard 50.-cholestane in
n-heptane.

h. Cholesterol standard—Make the stock and working solutions as follows: (1) Stock
solution—2.0 mg/mL DMEF. (2) Working solutions—Dilute stock solution with DMF to
obtain six solutions at concentrations of 0.0025-0.2 mg/mL (i.e., 0.0025, 0.005, 0.01, 0.05,
0.1, and 0.2 mg/mL).

i. 50%, 1N and 0.5N KOH solutions—(1) 50% KOH (w/w)—dissolve 500¢g of KOH in
500g of H,O. (2) 1 N KOH—dissolve 56 g of KOH in ca. 800 mL of H,O at low tempera-
ture and dilute to mark in 1L volumetric flask. (3) 0.5N KOH—dilute 1 parc 1N KOH
solution with 1 part H,O.

D. Saponification

Two to three grams of the test sample (W)) is accurately weighed to the nearest 0.001g into
250 mL Erlenmeyer flask. The amount of sample should contain 1g of fat or 5g of H,O (i.e,, 1g
of pure oils, 1.5g of salad dressings, and 5g of substances with high moisture content). A mag-
netic stir bar is placed into the flask, and 40 mL of 95% ethanol and 8 mL of 50% KOH solution,
C(i)(1) are added to the flask (Noze: Portion of ethanol may be retained and used as rinse after
KOH addition. This will help to prevent the ground-glass joints of the flask and condenser from
freezing together).

The flask is put on the magnetic stirrer-hot plate, the condenser is attached, the stir-hot plate is
turned on, and reflux 70210 min. Complete saponification can be ensured by occasional checking
of the sample and any clumps should be dispersed with glass rod or by adding KOH solution to
the sample while stirring.

While continuously stirring the solution, heating is stopped and 60 mL of 95% ethanol is
added through the top of the condenser. (Caution: Add carefully to avoid spurting of alcohol from
the top of the condenser.) The flask is removed from the condenser after 15 min, closed with a
stopper, and the solution is cooled to room temperature. The sample is observed to remain stable

for 24h.

E. Extraction

About 100 mL of toluene (V}) is added to the saponified sample while stirring. The flask is stop-
pered and stirred for 30s. The solution is poured into 500 mL separatory funnel without rinsing.
Subsequently, 110mL of 1N KOH solution, C(i)(2), is added, and the funnel is shaken vigor-
ously for 10s. The layers are allowed to separate and the aqueous (lower) layer (will be turbid) is
discarded. About 40 mL of 0.5N KOH solution, C(i)(3), is added to the separatory funnel, and
the funnel is inverted and the contents are gently switled for 10s. The aqueous (lower) layer is
discarded.

About 40 mL of H,O is added to wash the toluene layer, by gently rotating the separatory funnel.
The layers are allowed to separate and the aqueous phase is discarded. The H,O washes are repeated
at least thrice, by shaking more vigorously each time. If emulsification occurs, small amount 95%
ethanol is added, the contents of the funnel are swirled, the layers are let to separate, and H,O
washes are continued. The toluene layer should be crystal clear after the final wash.

The toluene layer is poured from the top of the separatory funnel through the glass funnel
containing plug of glass wool and about 20 g of Na,SO; into 125 mL Erlenmeyer flask containing
about 2 g of Na,SO,. The flasks are stoppered and the contents are swirled. The mixture was let to
stand for 15 min. The sample extracts may remain stable for 24 h if tightly sealed.
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About 25 mL of the extract (V) is pipetted into 125 g flat-bottom boiling flask and the contents
are evaporated to dryness on the rotary evaporator at 40£3C. About 3 mL of acetone is added and
the contents are evaporated to dryness again. The residue is dissolved in 3.0 mL of DMF (V}), C(b).
The final concentration of cholesterol in DMF should be within the range of working standard
solutions, C(h)(2).

Note: After quantitation by GC, if the test portion concentration falls outside the standard
curve, then change the amount of toluene extract evaporated or volume of DMF used to dissolve the
residue, or both, so that the final concentration of cholesterol in DMF falls within the range of the
standards. If the sample contains little or no cholesterol, then 75 mL of toluene extract, dried and
redissolved in 2mL of DMF, is adequate to detect 1 mg of cholesterol/100g in 1g of the sample.

F. Derivatization
One milliliter (1.0 mL) of aliquots of working standard solutions, C(h)(2), and the test solution are
pipetted into separate 15 mL centrifuge tubes, B(g). About 0.2 mL of HMDS, C(a), and 0.1 mL of
TMCS, C(c), are added to each tube. The tubes are stoppered and shaken vigorously on the test-
tube mixer or by hand for 30s. The solution is left undisturbed for 15 min. Subsequently, 1.0 mL
of 5at-cholestane internal standard solution, C(g), and 10 mL of H,O are added to each tube. The
tubes are stoppered, shaken vigorously for 30, and centrifuged for about 2 min.

Sufficient portion of heptane (upper) layer is transferred to the injection vial, but the aqueous
layer should not be transferred. The standards and samples are derivatized and must be analyzed
within 24 h.

G. GC analysis

One UL or other appropriate volume is injected into GC. The areas of 50.-cholestane and cho-
lesterol peaks are determined using height—width measurement or digital integrator. (Noze:
50-Cholestane and cholesterol should elute in 11-13 and 16-18 min, respectively. If these reten-
tion times are not met, then the carrier gas flow and temperature should be adjusted.)

The cholesterol peak area is divided by the internal standard peak area to obtain the standard
response ratio. Response ratios of four high standards (0.01-0.20 mg/mL) are plotted against the
cholesterol concentrations. The standard response ratio plot should bracket the sample response
ratio. If necessary, low standard curve (0.0025-0.05 mg/mL) is plotted for low-level test samples.
The dilute high-level test sample should fall within the standard range.

The calculation for g of sample/mL derivatized is as follows:

g sample/mL derivatized = (W;/V;)(V2/V3)

where
W, is the weight of the sample, g
V, is the volume of toluene used in extraction, 100 mL
V, is the aliquot of extract brought to dryness, 25 mL
V, is the volume of DMF used to dissolve residue, 3 mL

The cholesterol content in the test sample is calculated as follows [41]:

mg cholesterol /100 g test sample
_ ( mg/mL cholesterol in sample from
" | standard curve 100

) / (g sample/mL derivatized )
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10.2.2 Federation Internationale de Laiterie — International Dairy
Federation (FIL-IDF) Method (IDF Standard 159:1992) [19]

A. Principle

The principle of cholesterol assay method of IDF is similar to that of AOAC. However, the
IDF method uses betulin as the suitable standard for unsaponifiable sterols, while AOAC uses
50.-cholestane as the internal standard. Saponification with methanolic KOH and solvent extrac-
tion of the unsaponifiable matter by thin-layer chromatography are performed. Another difference
is that the sterols are derivatized to silylderivatives in IDF method, whereas they are derivatized to
TMS ethers in AOAC method. The sterols are determined by gas—liquid chromatography.

B. Saponification
Using a pipette, a suitable volume of standard solution (e.g., 10mL of standard solution containing
0.6 mg of betulin/mL di-isopropylether) and 100 mL of methanolic KOH (2 mol KOH/L methanol)
are added to the test sample. It is fitted to the reflux condenser and boiled gently on the water bath for
approximately 1 h. The extraction of the unsaponifiable matter is then performed using diethyl ether.
For the sterol separation from the unsaponifiable matter, TLC plates (20 x20cm silica gel
60F,s,), previously activated at 100°C for 30 min, are used. The sterol fraction is silylated with
0.2mL of pyridine dried GR and 0.2mL of Sylon BFT (BSTFA + TMCS, 99:1) at 70°C for
30 min. The silylating agents are then removed under N, flow.

C. Determination

On-column injection (manual system): The sterol fraction converted to silyl derivatives is dissolved
in 10mL of hexane, and 1 UL of the solution is injected in a GC equipped with an FID. An HP5
(5% phenyl, 95% methylpolysiloxane) column, 30 m x 0.32mm i.d. x 0.25um of film thickness
or fused silica SE54 (5% phenyl, 95% methylpolysiloxane) column, 25m x 0.32m i.d. x 0.12um
of film thickness, is used under the following GC conditions: initial temperature of 60°C, main-
tained for 2 min, raised at a rate of 40°C/min to 250°C, maintained at this temperature for 15 min
and then raised at a rate of 6°C/min to 320°C; detector temperature is 330°C; carrier gas used is
H, at a flow of 2 mL/min. For sterol identification, standard solutions of phytosterols are analyzed
under the same conditions to compare the retention times.

Split injection (manual system): The sterol fraction is dissolved in 0.3 mL of hexane. A HP5 or fused
silica OV17 or equivalent (7% cyanopropyl, 7% phenyl, 85% methyl, and 1% vinylpolysiloxane)
column, 25m x 0.22mm i.d. x 0.12 um of film thickness, are used in a GC equipped with an FID.
The GC conditions adapted are: initial temperature of 280°C, maintained for 10 min, raised at a
rate of 4°C/min to 310°C, maintained for 15 min. The carrier gas used is H, at 2mL/min, the split
ratio is 1:50, and the injector and detector temperature is set at 330°C.

Response factor and calculation: The response factor, cholesterol/betulin, must be calculated for the
quantitative determination of cholesterol. A standard solution of cholesterol and betulin (1:1) is
prepared by mixing 1 mL of the following solutions: cholesterol (1 mg/mL 7-hexane) and betulin
(I mg/mL di-isopropyl ether). After evaporation, it is silylated, and then injected to a GC under
the same conditions selected for the samples. The equations for the response factor and calculation
are as follows:

R, = [Cholesterol concentration (mg/mL)] X [peak area of betulin]

X [ peak area of cholesterol | x [betulin concentration (mg/mL)]
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Calculation:

concentration =J M X Achol X Rt X 100

Abct X 1

where
my,, is the mass, in mg, of betulin added to the test portion
A, is the area of the cholesterol peak
R is the response factor of cholesterol

Ay is the area of the betulin peak
m, is the mass, ingredient, of the test sample

In this method, all the sterols (cholesterol, campesterol, stigmasterol, B-sterol, and betulin) are
determined by GC method. The FIL-IDF method has an excellent accuracy, ranging from 99.3%
to 105.9%.

10.2.3 Capillary Gas Chromatographic Method
with Direct Saponification [24]

A. Equipment, apparatus, and materials required

The equipment, apparatus, and materials used for this method are as follows: a capillary column
GC system equipped with an FID, an automatic sampler, and a chromatography data system are
used. A temperature regulated water bath, a vortex mixer, a centrifuge, a magnetic stirrer plate,
solvent dispensers, and sample preparation tubes (16x 12.5mm, with tefron-lined screw caps)
are used. The reagents used include hexane, methanol, KOH, and cholesterol, with a GC-grade
standard.

B. Preparation of saponification solution and cholesterol standards

For saponification solution, a 0.5M methanolic KOH solution is prepared by dissolving 14 g of

KOH in methanol on a magnetic stirrer plate and diluting to 500 mL volume with the solvent.
For cholesterol standards, the stock solution and working solution are prepared. The stock

solution (2mg/mL) is made by dissolving 20 mg of cholesterol in a flask containing 10 mL of

hexane. The working solutions are prepared by appropriately diluting aliquots from the stock solu-

tion with hexane to obtain the solutions in the range of 10-80 pLg/mL.

C. Sample preparation

Directly saponified cholesterol extracts from the experimental samples are prepared as follows:
a 0.2 g of experimental samples of the dairy products (milk, yogurt, butter, ice cream, or well-
ground cheese) is accurately weighed in a sample preparation tube, to which 5 mL of methanolic
KOH solution is also added. The tube is capped tightly, and its contents are vortexed for 15s.
The lower half of the tube is then immersed in an 80°C bath for 15 min, removing the tube
every 5min to vortex for 10s. Several tubes could be handled conveniently by placing them in
a wire basket. Following heating, the tube is cooled with tap water, 1 mL of water and 5 mL of
hexane are added, and the contents are vortexed vigorously for 1 min and then centrifuged for
1 min at 2000 x g. An aliquot of the upper phase is transferred into the autosampler vial for GC
analysis.
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D. GC conditions

The GC is equipped with a fused silica capillary column (15m x 0.32mm id x 1.0 um film thick-
ness) coated with SPB-1 and FID. The oven temperature is set at 285°C, injection port tem-
perature at 300°C, and detector temperature at 300°C. The flow rates are 2mL/min for helium,
30 mL/min for hydrogen, and 300 mL/min for air. The injection volume is 1 uL with a split ratio
of 20:1. The typical chromatograms of GC elution profiles for sterol moieties of total steryl esters
are shown in Figure 10.2 [42].

E. Determination of cholesterol contents
The cholesterol calibration curve is constructed by injecting 1 UL of each standard working solu-
tion, and plotting the recorded peak area versus the corresponding mass of the analyte injected.
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Figure 10.2 GC elution profile of sterol moieties of total steryl esters. (@) Common dietary
plant sterols. (b) Plasma steryl esters from a patient with phyto-sterolemia. Peak identification:
1, cholestanol; 2, cholesterol; 3, brassicasterol; 4, campestanol; 5, campesterol; 6, stigmasterol;
7, unknown; 8, 24-methylenecholesterol; 9, stigmasterol; 10, B-sitosterol; 11-14, unknown;
15, avenasterol; and 16, unknown. Operating conditions, Supelcowax 10 on flexible quartz cap-
illary column (15m x 0.32mm i.d.); temperature, 250°C isothermal; carrier gas, H,, 5 psi inlet
pressure; and sample, sterylacetates. (Adapted from Ong, C.P. et al., J. Chromatogr., 515, 509,
1990; Wilson, R.H., Trends Anal. Chem., 9, 127, 1990. )
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The slope, intercept, and least-squared fit of the standard curve are computed. The data for the
slope and intercept of the calibration curve are used to compute the mass of the analyte in the
unknown sample extracts (1 L) that are injected. The concentration, C (mg/100g) of cholesterol
in the analyzed samples is calculated according to the following equation:

C=MxVx25

where
M is the computed mass (nanograms) of the analyte in the injected extract (1 L)
Vis the dilution factor, if any, that was applied

The overall recovery and precision of this method is 98.6% and 1.4%, respectively. Fletouris
et al. [24] reported the cholesterol contents of selected milk and milk products analyzed by capil-
lary GC with direct saponification (Table 10.2).

10.2.4 High-Performance Liquid Chromatography Method
10.2.4.1 Method 1 [14]

A. Solvents and standards

The solvents needed are HPLC-grade hexane and isopropanol. Petroleum ether (bp 30°C-60°C)
is used as received. The diethyl ether should not have ethanol preservative and must be peroxide
free. The 2.0N methanolic KOH is prepared daily, and 10% NaCl (v/v) is prepared whenever
needed. The liquid scintillation cocktail was purchased to ensure compatibility with the solvents
in the evaluation method. The [4—1“C] cholesterol (0.02 mCi/mL) is obtained, and the cholesterol
standard is prepared at a concentration of 0.1 ug/UL in HPLC mobile phase.

B. HPLC analysis

HPLC system used: The HPLC system used consists of the solvent delivery system, an injector, a
C-18 column, and a variable wavelength detector at 205 nm. The HPLC mobile phase is hexane/
IPA (99.9/0.1,v/v flowing at 2.0 mL/min).

Analytical procedure: The following chemical and analytical procedures are performed for HPLC
analysis: 1g of milk powder (or 1 mL of liquid) is added to a 250mL round bottom flask, and
dispersed with methanol to prevent clumping. About 50mL of freshly prepared 2.0N KOH/
CH;OH is added, and the sample is refluxed for 30 min. The solution is transferred while it is
warm, to a 250 mL separatory funnel. The round bottom flask is washed with two 25 mL portions
of water, and these also are added to the separatory funnel. This solution is cooled to room tem-
perature, and 10mL of 10% NaCl is added. The resulting solution is partitioned twice with two
100 mL portions of 1:1 diethyl ether/petroleum ether. The ether phases are collected, evaporated
to dryness, and diluted to 50 mL with petroleum ether. Subsequently, 10 mL is withdrawn and
run through a silica Sep-pak™. The Sep-pak is washed with 10mL of 7/93 (v/v) diethyl/petro-
leum ether, and the cholesterol containing fraction is eluted with 10mL of 75/25 (v/v) diethyl/
petroleum ether. The use of the Sep-pak alleviates the necessity for preextraction of the lipid, and
allows the elimination of interfering compounds prior to analysis. Elimination of a preextraction
step is a definite advantage. The cholesterol fraction is evaporated to dryness and brought to a
volume in HPLC mobile phase. The precision and recovery of the method are 2.0%-2.8% and
99.0%-106.2%, respectively (Table 10.3).
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Table 10.2 Cholesterol Contents of Selected Milk and Milk Products

Cholesterol (mg/100g)
Source of
Type of Product Product Replicates Mean SD
Bovine milk Greece 3 12.2 0.18
Yogurt from bovine milk Greece 3 12.4 0.21
Strain yogurt from bovine milk Greece 3 33.6 0.57
Ovine milk Greece 3 21.7 0.32
Yogurt from ovine milk Greece 3 30.1 0.54
Caprine milk Greece 3 14.4 0.22
Butter Greece 3 2281 436
Ice cream Greece 3 46.7 0.72
Anthotyros cheese Greece 3 80.6 1.03
Dry myzithra cheese Greece 3 106.8 2.01
Manouri cheese Greece 3 143.3 2.62
Teleme cheese Greece 3 61.9 1.11
Feta cheese Greece 3 68.1 1.18
Teleme imitation cheese Greece 3 8.3 0.20
Kaseri cheese Greece 3 86.2 1.83
Kephalotyri cheese Greece 3 85.7 1.41
Romano cheese Italy 3 89.3 1.66
Provolone cheese Italy 3 75.9 1.38
Mozzarella cheese Italy 3 71.4 1.41
Cheddar cheese England 3 101.2 2.12
Graviera cheese Greece 3 97.9 1.85
Regato cheese Ireland 3 85.6 1.07
Emmental cheese Switzerland 3 85.7 1.32
Edam cheese Holland 3 82.9 117
Gouda cheese Holland 3 88.1 0.93
Parmesan cheese Italy 3 92.6 1.56
Camembert cheese France 3 73.8 1.52
Blue cheese Denmark 3 92.1 2.18

Source: Adapted from Fletouris, D.). et al., J. Dairy Sci., 81, 2833, 1998.
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Table 10.3 Recovery of Cholesterol from a Whole Milk Powder by
HPLC Method

Amount Added (mg) | Amount Recovered® (mg) | Percent Recovery (%)
0 0.96 -

1.0 1.94 99.0

3.0 4.02 102.0

5.0 6.26 106.2

Source: Adapted from Hurst, W.). et al., J. Dairy Sci., 66, 2192, 1983.

an=2.

10.2.4.2 Method 2 [26]

Butter samples are dissolved in 10mL of 96% ethanol and then saponified with 2mL of KOH
(50%, w/v). The samples are extracted with 50 mL of hexane—diethyl ether (1:1, v/v). After drying
by rotary evaporator, 10 mL of the mobile phase (7% 2-propanol in hexane) for HPLC analysis is
added. This method, like the other HPLC method, does not allow the differentiation of phytoster-
ols from cholesterol, because their peaks present the same retention time. Thereby, the procedure
can be used to quantify cholesterol in products containing animal fats or to measure the total
sterols in food containing animal and vegetable fat.

10.2.4.3 Method 3 [27]

It is an improved HPLC method for the cholesterol determination in egg yolk. Egg yolk is first
diluted. After saponification, cholesterol is extracted with DE and petroleum ether, and quantified
by reverse-phase chromatography on a Zorbox ODS column (0.46x 15cm, 5-6f. L11 L) using
a mobile phase of acetonitrile and 2-propanol (4:1) with a flow rate of 0.6 mL/min. The average
recovery is 98.9%, and the detection limit is 0.02 mg/mL. However, no differences in the choles-
terol concentration could be observed between egg yolk samples with and without saponification.
Rapid and reproducible quantification of cholesterol in egg yolk can be achieved with this simpli-
fied method. A HPLC method without saponification can be used to determine the cholesterol
content in egg yolk in a much more eficient and convenient manner.

10.2.5 Fourier Transformed Infrared and Fourier Transformed
Near-Infrared Methods [37,38]

Cholesterol is estimated by FTIR and FT-NIR spectroscopic methods after a single-step extrac-
tion, instead of the conventional colorimetric method.

10.2.5.1 Fourier Transformed Infrared Method

A spectrometer equipped with a deuterated triglycine sulfate (DTGS) detector is used for FTIR
analysis. The sampling station is equipped with an overhead attenuated total reflectance (ATR)
accessory comprising transfer optics within the chamber, through which infrared radiation is
directed to a detachable ATR zinc selenide crystal, mounted in a shallow trough for sample
containment.
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The spectrum of pure chloroform is used as the reference or background, and pure cholesterol
powder or cholesterol extract from milk products is dissolved in chloroform and used for FTIR
analysis. Single beam spectra (4000—400 cm™) of the samples are obtained, and corrected against
the background spectrum of chloroform, to present the spectra in absorbance units at a resolution
of 16cm™. The ATR crystal is carefully cleaned with pure chloroform to eliminate the presence
of cholesterol residues between the measurements, and dried using nitrogen gas after each experi-
ment to ensure a clean crystal surface to obtain the best possible sample spectra. The crystal is
sealed with a lid to minimize the evaporation of solvents from the sample.

10.2.5.2 Fourier Transformed Near-Infrared Method

A. General principle

A spectrometer equipped with a DTGS detector is used for FT-NIR analysis. The sampling station
is equipped with a transmission cell from Specta-Tech (CT). The instrument uses white light as
a source and the sample is read from a quartz cuvette. A total of 256 coadded scans are collected
for each sample at a resolution of 16 cm™. The spectra is collected in the range between 2000 and
8000cm™!, corrected against the background spectrum of chloroform, and presented in absor-
bance units. The quartz cuvette is covered with a lid during spectra measurement, cleaned with
pure chloroform after successive measurement, and dried using nitrogen gas to ensure the best
possible sample spectra.

B. Preparation of calibration and validation models

Stock solution of 2 g/100 mL is prepared by dissolving pure cholesterol powder in chloroform. This
solution is further used to prepare standard cholesterol solutions with appropriate dilutions. The
final concentration of cholesterol is observed to be in the range between 0 and 20 mg/mL. The
cholesterol-content range considered is observed to be consistent with the cholesterol content of
the samples analyzed. Eleven different concentrations from the abovementioned range (with incre-
ments of 2mg/mL) are used for calibration, and three are used for validation.

C. Analytical procedure

A 1.5-2.5 g of homogenized food sample is placed in a test tube for further processing and prepara-
tion. The fat-rich food such as butter must be prepared for reduced weight as ca. 0.2 g. About 9 mL of
ethanol and 1 mL of KOH solution (50 g/100 mL) are added and vortex mixed for 20s. The capped
tube is then placed in a water bath at 60°C, saponified for 1h, and stirred continuously at 200 rpm.
After cooling to room temperature, 5mL of deionized water and 10 mL of hexane are added, then
vortex mixed for about 2min. The sample is then centrifuged for 3 min at 2000 rpm, and the upper
hexane layer is pipetted into a clean tube. Another 10 mL of hexane is added to the water phase, and
then the extraction and the centrifugation steps are repeated. The combined hexane extract is then
used for cholesterol assay. The hexane extract is evaporated to dryness and the sample is redissolved
in 5mL of chloroform and used for FTIR and FT-NIR analysis.

10.2.6 Spectrometric (Colorimetric) Methods
10.2.6.1 Colorimetric Method 1 [30]

A. Chemicals and reagents
All the solvents must be reagent grade from commercial suppliers. Cholesterol standard is made to
1 mg/mL in ethanol. o-Phthalaldehyde, a working solution with a concentration of 50 mg/dL in
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glacial acetic acid, is freshly prepared on the day of use. A stock solution of FeCl, is prepared by
dissolving 840 mg of FeCl;-6H,0O in 100 mL of glacial acetic acid. A working solution is prepared
by making a 1:100 dilution of the stock solution, prepared 1 day prior to use and is observed to
remain stable for several months.

B. Procedure

Lipids are extracted with chloroform—methanol, 2:1, and portions of the extract are taken for
saponification and determination of total cholesterol by the o-phthalaldehyde method. Free cho-
lesterol and cholesteryl esters are separated by TLC on prewashed silica gel G in a developing
solvent of hexane—ethyl ether—glacial acetic acid (70:30:1).

In a typical cholesterol assay, 0.1 mL of plasma or serum, 0.3 mL of 33% (w/v) KOH, and
3 mL of 95% ethanol are placed in a glass-stoppered tube and mixed thoroughly. The tube is then
stoppered and placed in a 60°C heating block for 15 min. After cooling the mixture, 10 mL of
hexane is forcefully added to the tube to mix with the lower layer. About 3 mL of distilled water
is added, and the tube is capped and shaken for 1 min to ensure complete mixing. A blank, a
standard, and a sample of pooled plasma are saponified and extracted at the same time. Appro-
priate aliquots (usually 1 mL) of the hexane layer are pipetted in duplicate into the colorimeter
tubes, and the solvent is evaporated under nitrogen. About 2mL of the o-phthalaldehyde reagent
is added to each tube, and the solution is thoroughly mixed to dissolve all the samples. About
10 min after the addition of the o-phthalaldehyde reagent, 1 mL of concentrated H,SOj is care-
fully added by allowing it to run down the inside of the tube; the solutions are immediately
mixed on a tube vibrator. Absorbance is read at 550 nm between 10 and 90 min after the addition
of concentrated H,SO,.

In the ferric chloride procedure, 1.5mL of FeCl; working solution is added to the tube con-
taining the sample, and after thorough mixing, the solution is allowed to stand for 10 min. Then,
1 mL of concentrated H,SOy is added and the solution is mixed and placed in the dark. Absor-
bance at 560 nm is determined 45 min later. When the o-phthalaldehyde procedure is compared
with the FeCl; method, separate portions of the same hexane layer are taken for the assay by both
color reactions.

10.2.6.2 Colorimetric Method 2 [31]

A. Apparatus and reagents

a. Centrifuge tubes—15 mL, with Teflon-lined screw caps.

b. Spectrophotometer—Spectronic 20, or its equivalent.

c. o-Phthalaldehyde reagent—Dissolve 50 mg in 100 mL of glacial acetic acid; prepare fresh
daily.

d. Cholesterol standard solution—Dissolve 0.1 mg of cholesterol/mL 95% ethanol.

B. Preparation of standard curve

Duplicate aliquots of 1.25, 1.00, 0.75, 0.50, and 0.25mL of cholesterol standard solution are
pipetted into small tubes. The solution is diluted to 3 mL with ethanol, saponified, and extracted
with 5mL of hexane as indicated under cholesterol assay. About 4mL of hexane is removed,
evaporated, and allowed to develop a color as indicated, to obtain absorbance measurements for
100, 80, 60, 40, and 20 lg cholesterol, respectively. For absorbance measurements corresponding
to 10 and 5pg, 0.25mL of standard solution is used and the aliquots of 2 and 1 mL hexane are
removed for color development.
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C. Cholesterol assay

Adequate dry or fluid sample (>10pg cholesterol) is adequately measured in two separate tubes.
About 3mL 0f 95% ethanol and 2mL of 50% KOH are added, and mixed thoroughly. The capped
tube is placed in 60°C water bath for 15 min. After cooling, 5mL of hexane is added and mixed
thoroughly. About 3 mL of water is added, mixed, and centrifuged until hexane layer is clear. Then,
the aliquot of hexane layer (10—100 g cholesterol) is transferred to the test tube and the solvent is
evaporated under nitrogen. Subsequently, 4mL of o-phthalaldehyde reagent is added and mixed
thoroughly to dissolve the sample. After 10 min, 2mL of concentrated H,SOy is carefully added,
allowing the acid to flow down the inner wall of the tube. The tube contents are mixed immediately
and the absorbance are read at 550 nm against the reagent blank, 10-90 min after H,SO, addition.
Using standard curve, the concentration of cholesterol in the sample is obtained.

10.2.6.3 Colorimetric Method 3 [29,32]

A. Saponification

When the saponification step is included, a 3 mL aliquot of the lipid extract is freed of solvent using
a nitrogen evaporator. The lipid residue is saponified at 80°C (using a waterbath-shaker) for either
15 or 60 min, with 10mL 12% KOH in 90% ethanol which is prepared fresh each day. When
the procedure variation of saponification with antioxidant protection is tested, pyrogallol (3% in
the saponification mixture), propyl gallate (3%), or butylated hydroxytoluene (BHT; 12.5%) is
incorporated into the saponification mixture. A 5mlL distilled water is added to the mixture after
removal from the waterbath, and the solution is cooled to room temperature. The nonsaponifiables
are extracted twice with 10 mL hexane each time.

B. Cholesterol assay

A 4mL aliquot of the hexane extract (equivalent to 0.03 g of meat) is freed of the solvent under nitrogen,
and quantitated for cholesterol using a color reagent of glacial acetic acid—FeSO,~H,SO, [29]. The
absorbance of the cooled, colored mixture is read at 490 nm against the reagent blank. To construct a
standard curve, 0-200 g of purified cholesterol is subjected to saponification and color-development
steps. The resultant cholesterol concentrations in the final color assay tubes would be 0-40 ug.

For the procedure variation involving no saponification, a 0.6 mL of aliquot of the total lipid
extract (equivalent to 0.03 g of meat) is reacted directly with the color reagent, with or without
solvent removal. Likewise, the cholesterol standards (0—40 [lg/tube) are directly submitted to the
color development step to construct a standard curve.

Bohac et al. [32] tested the procedure variations which included: without saponification, (1) with-
out solvent removal prior to color development step or (2) with solvent removal; with saponification for
15 min at 80°C, (3) without antioxidant protection or (4) with antioxidant protection; and with saponi-
fication for 60 min at 80°C, (5) without antioxidant protection, or (6) with antioxidant protection. The
researchers found that the samples with a large percentage of unsaturated fatty acids yielded higher
cholesterol values when lipid extracts were saponified without antioxidant protection than with it.

10.2.7 Enzymatic Methods
10.2.7.1 Enzymatic Method 1 [33,34]

The enzymatic method is based on the oxidation of free cholesterol to A4-cholestenone with the
formation of hydrogen peroxide catalyzed by cholesterol oxidase [34]. The colored reaction is
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the characteristic of the sterol nucleus, but not of cholesterol alone, whereby enzymatic method
is preferred by more than 99% of the analysts [33]. To carry out the correct enzymatic assay,
cholesteryl esters present in the lipid extract sample must be first hydrolyzed in the presence of
cholesterol esterase, because cholesterol oxidase is only active on cholesterol in the free form. The
H,O, formed by the oxidation of cholesterol, finally oxidizes a leukodye (such as triarylimida-
zole or the system aminophenazone—phenol) to a colored dye in the presence of peroxidase [34].
The density of the dye formed is observed to be proportional to the concentration of cholesterol,
which is measured by absorption spectrophotometry.

Free and esterified cholesterol are liberated from their complexes with proteins in a lipid extract
sample. However, cholesterol must be liberated from a plasma sample using a nonionic detergent,
such as 3mM sodium cholate in water [34].

Cholesterol concentration can be determined by using ready-to-use slides that are now com-
mercially available. These slides are multilayered elements coated on polyester supports. Barium
sulfate as the spreading layer contains a detergent (for plasma samples), cholesterol hydrolase,
cholesterol oxidase, peroxidase, the leukodye, and buffered gelatin, respectively, from the top
(deposit) to the bottom (support) [34]. Very little amount, such as 10 uL drop of the lipid extract
(or plasma), is deposited on the top of the slide. The reflectance spectrophotometry at 540 nm
(with triarylimidazole as leukodye) is used to measure the density of the dye formed.

In case of the unavailability of such slides, dry mixtures of reagents are commercialized, which
must be added with a known amount of distilled water before using. Such a solution (Boehringer)
contains [34] the following:

In mmol/L: Tris buffer: 100, pH 7.7

Mg?, 50; 4-amino-phenazone, 1; sodium cholate, phenol, 6; 3,4-dichlorophenol, 4

Fatty alcohol polyglycol ether, 0.6%

In international units/L: cholesterol esterase, 0.4; cholesterol oxidase, 0.25; peroxidase, 0.2

Procedure for enzymatic method: For cholesterol determination, 2mL of Boehringer reagent
solution is added to 0.02 mL of the lipid extract (cholesterol concentration <10g/L) in a spectro-
photometer cuvette (1 cm light path). The absorbance is measured after incubation of the mixture
at 37°C for 5 min or at room temperature for 10 min. A reference or test cholesterol solution is gen-
erally provided to examine the linearity of the absorbance versus the cholesterol concentration.

Rather than using the peroxidase in measuring the hydrogen peroxide formed, the catalase
as an enzyme can be used in the other method to form a yellow compound (lutidin) by coupling
methyl aldehyde with acetylacetone [34]. The amount of hydrogen peroxide can also be assayed by
determining the iodine formed from potassium iodide in the presence of molybdate.

10.2.7.2 Enzymatic Method Using Commercial Kit

A commercial test kit for cholesterol analysis can be used. For this purpose, fats or fatty foods are
directly saponificated and then extracted by cyclohexane. After drying in a stream of nitrogen, it
is redissolved in 7-hexane and tested [25]. Colorimetric or enzymatic methods may overestimate
the actual cholesterol content.

10.2.8 Supercritical Fluid Chromatography [34,35,43]

Owing to its high separation efficiency and its applicability to the thermally labile compounds,
the applications of SFC have rapidly increased in the recent years [34]. In addition, owing to its
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simplicity, efficiency, and selectivity, supercritical fluid extraction (SFE) has also attracted the
interest of the researchers.

Carbon dioxide is frequently used as the mobile phase or as the extraction solvent, because of
its inert properties in both SFC and SFE. As CO, is in a supercritical state at relatively low tem-
perature and low pressure, it is a suitable choice of instrumentation. However, extraction using
supercritical carbon dioxide avoids the use of dangerous or toxic organic solvents and the gas is
easily removed by reducing the pressure [34].

The SFE method has been used for the extraction as well as SFC in the analysis of cholesterol in
food or plasma samples. Ong et al. [35] applied SFE of cholesterol to egg yolk samples, using car-
bon dioxide at constant pressure (17.7 MPa) and constant temperature (45°C) with an extraction
time of 1 h. The extraction efficiency was proven to be as high as with that of the conventional Sox-
hlet (SOX extraction procedure (~98%), and was less time-consuming (1 h instead of 7h) [34,35].

Cholesteryl chloroacetate is added before the extraction as a selected internal standard to
quantitate cholesterol in the egg yolk samples by SFE. The column used is an SE-52 fused silica
capillary column (10 x 100 um i.d., coating thickness of 0.45 wm) equipped with an FID, and the
mobile phase is supercritical carbon dioxide [34,35]. The SFC was carried out isothermally at 85°C
using pressure programming for carbon dioxide from 14 to 20 MPa over 60 min [35].

A typical chromatogram obtained from an extracted egg yolk sample is shown in Figure 10.3
[35]. A 0.2g of egg yolk was used for the extraction, while 0.03g of the internal standard was
added. The two compounds were eluted between 20 and 40 min, and were clearly separated. Peak
area reproducibility was within 2% retention reproducibility with 0.15% relative standard devia-
tion. The high sensitivity of the method was demonstrated by the detection limits for both cho-
lesterol and cholesteryl chloroacetate, which were 25 ppm at a signal-to-noise ratio of 3. Capillary
SEE coupled to mass spectroscopy was also used for the quantification of cholesterol [43].
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Figure 10.3 SFC of cholesterol from egg yolk extracted by supercritical fluid extraction (SFE).
Peak identifications: a, cholesterol; b, cholesteryl chloroacetate as an internal standard. Operat-
ing conditions: cholesterol SFE at a constant pressure of carbon dioxide (17.7 MPa) and at 45°C.
SFC analysis: column, SE-52 fused silica capillary column (10 x 0.1 mm i.d., coating thickness of
0.45 um); tapered restrictors rated nominally at 8 mL/min were connected at the column end for
pressure reduction; injection valve, 1L loop; injection time, 1s; runs performed isothermally
at 85°C and a pressure programmed from 14 to 20MPa in 60 min. (Adapted from Kuksis, A.
et al., Lipids, 21, 371, 1986.)
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10.3 Evaluation of Different Extraction Methods for
Analyzing Sterols in Dairy Products

There are different extraction methods for assaying sterols including diethyl ether, Roese Gottlieb
(RG), Schmid Bondzynski Ratzlaff (SBR), chloroform/methanol (CM), and SOX methods.

10.3.1 Diethyl Ether

Thirty grams of cheese sample, 30g of anhydrous Na,SO,, and 100mL of DE are mixed in a
stomacher bag. The mixture is shook in a mechanical blender for 305, and the solvent phase is
filtered through anhydrous Na,SO,. The extraction is replicated twice more, and the solvent is
evaporated under vacuum.

10.3.2 Roese Gottlieb

Thirty grams of cheese sample, 15 mL of NH; (25%, v/v), and 50 mL of ethanol (96%, v/v) are
mixed. Three extractions are performed with a mixture of diethyl/petroleum ether (1:1) of 250,
150, and 150 mL, respectively. The solvent phase is filtered through anhydrous Na,SO, and evapo-
rated under vacuum. This procedure is based on the IDF method used to evaluate the total fat
content of milk [44].

10.3.3 Schmid Bondzynski Ratzlaff

This method applies the same procedure and reagents similar to the RG, except for NH;, which is
substituted by HCI (25%, v/v). This procedure is based on the method used to evaluate the total
fat content of cheese [45].

10.3.4 Chloroform/Methanol

Thirty grams of cheese sample and 200 mL of CM (2:1) mixture are mixed and maintained under
magnetic stirring for 2h. After filtration, the solvent phase is washed twice with 90 mL of a KCI
aqueous solution (0.9%) and 90 mL of distilled water, respectively, filtered through anhydrous
Na,SO, and evaporated under vacuum [46].

10.3.5 Soxhlet

Thirty grams of cheese sample and 15 g of anhydrous Na,SO are mixed and extracted with 250 mL of
n-pentane for 6h under reflux in a SOX extractor [47]. The solvent is then evaporated under vacuum.

10.4 Comparison of Accuracy and Precision of
the Different Methods in Cholesterol Assay

10.4.1 Cholesterol Recovery Studies by Paradkar and Irudayaraj [37,38]

The validity and accuracy of the FTIR, FT-NIR, and spectrophotometric methods were conducted
for the recovery studies by Paradkar and Irudayaraj [37,38]. Around 1, 5, and 10mg/100mL of
pure cholesterol were artificially added to milk (3% fat), milk powder, mild Cheddar cheese, grated
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cheese powder, yogurt, and butter, and then estimated for cholesterol contents by FTTR and FT-NIR
spectroscopy and VIS-spectrophotometric methods. The results, expressed as percentage recovery,
are shown in Table 10.4. Accuracy and precision of infrared spectrometric methods is observed to be
much better than colorimetric method, but it is more reasonable than chromatographic methods.

Table 10.4 Recovery (%) Study of Cholesterol Estimation with Phthalaldehyde
(Conventional) and FTIR and FT-NIR Methods

Added
Cholesterol % Recovery
Milk Products (mg/100mL) Phthalaldehyde FTIR FT-NIR
Milk 0 — —
1 93.3 105.5 99.2
5 104.0 102.6 95.6
10 101.3 107.3 103.8
Yogurt 0 — — —
1 97.8 96.8 88.4
5 103.1 97.0 95.9
10 101.4 101.6 101.4
Milk powder 0 — — —
1 106.7 101.0 96.5
5 101.3 109.4 102.9
10 104.0 102.6 102.6
Cheddar cheese 0 — — —
1 106.7 97.3 116.5
5 96.0 1101 108.0
10 104.0 101.6 100.9
Cheese powder 0 — — —
1 106.7 111.8 107.0
5 101.3 94.8 105.1
10 98.7 101.4 109.3
Butter 0 — — —
1 106.7 114.3 107.5
5 101.3 106.7 109.8
10 106.7 108.0 100.6

Source: Adapted from Paradkar, M.M. and Irudayaraj, J.I., Int. J. Dairy Technol., 55(3), 127, 2002;
Paradkar, M.M. and Irudayaraj, J.1., Int. J. Dairy Technol., 55(3), 133, 2002.
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10.4.2 Comparison of GC, HPLC, and Spectrophotometric
Methods [48]

Cholesterol determination methods were compared among GC, HPLC, and spectrometer proce-
dures using different extraction methods [48]. The working solution containing 0.03, 0.15, 0.30, and
0.60 mg/mL of cholesterol (5-0i-cholestan-3-B-ol) was prepared from a stock solution (3 mg/mL).
The working cholesterol standards; (a) saponified using 10 mL of ethanolic 2% KOH and 0.3 mL
of pyrogallol solution and unsaponified matter is extracted with hexane [32], (b) saponified using
2% of ethanolic KOH and unsaponified matter is extracted with hexane [49], and (c) saponified
using 2% of ethanolic KOH and unsaponified matter is extracted with petroleum ether, then
washed with 0.5N NaOH [50]. All the extracts were dried, and samples from each extraction
method were analyzed using spectrophotometer, HPLC, and GC.

10.4.2.1 Spectrometric Analysis

Preparation of coloring reagent: The stock reagent was prepared by dissolving 10g of FeCl;-6H,O
in glacial acetic acid using a 100 mL volumetric flask. Prior to use, 1.0 mL of the stock reagent was
transferred into a 100 mL flask and concentrated H,SO, was added to the volume.

Color reaction: The dried extracts obtained from different extraction methods were resuspended
in 3mL of glacial acetic acid, and 2mL of FeCl; coloring solution was added and the resultant
color was read at 565 nm. The absorption was compared against an external cholesterol standard,
and the cholesterol content was calculated using the following equation:

cX20x DExXW
4 %100

cholesterol (mg / 100 g):

where
¢ = concentration of cholesterol (from standard curve)
DF = dilution factor
W = weight of sample, g

10.4.2.2 Gas Chromatographic Method

Prior to analyses, all the dried extracts were resuspended in 0.8 mL of petroleum ether. Analyses were
performed on a GC with FID detector using a capillary column (0.25 mm x 25 m in length) coated
with high-temperature phase 007-65HT. The GC conditions are as follows: injection volume,
1.0uL; injector temperature, 300°C; detector temperature, 350°C; temperature programming:
65°C-200°C (40°C/min)-280°C (10°C/min); and carrier-gas flow rate (He) at 1.6 mL/min.

10.4.2.3 HPLC Method

The dried extracts were resuspended in 0.8 mL of isopropanol. The isocratic analysis (50% ace-
tonitrile: 50% isopropanol) was performed using C18 column (4.6 mm x 250 mm) on a HPLC
system with UV—vis detector.

Results and conclusions: The sensitivities of the spectrophotometer, GC, and HPLC were tested
using standard cholesterol solutions. The precision of each measuring apparatus are shown in
Table 10.5. If variation coefficient (CV) is less than 5%, then the precision is considered to be
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Table 10.5 Sensitivity of Measuring Instruments

Instrument Actual Amount (mg) Precision Measured | CV (%)
Spectrophotometer 0.27 0.203 + 0.032 5.76
HPLC 0.27 0.263 + 0.013 4.94
GC 0.27 0.202 + 0.048 23.76

Source: Adapted from Osman, H. and Chin, Y.K., Mal. J. Anal. Sci., 10(2), 205, 2006.

Table 10.6 Recovery of Cholesterol (Spiked) from Oil Matrix

Actual

Concentration Extracted
Methods (mg/ml) Cholesterol* | CV (%) | Recovery (%)
Spectrophotometer
Bohac [32] 0.30 0.26 6.66 86.67
B&J [49] 0.30 0.11 18.17 36.67
Queensland SE [50] 0.30 0.38 18.42 126.67
HPLC
Bohac 0.30 0.29 7.50 96.67
B&J 0.30 0.22 9.10 73.33
Queensland SE 0.30 0.33 9.56 110.00
GC
Bohac 0.30 0.25 28.57 83.33
B&J 0.30 0.18 51.23 60.00
Queensland SE 0.30 0.44 34.38 146.67

Source: Adapted from Osman, H. and Chin, Y.K., Mal. J. Anal. Sci., 10(2), 205, 2006.

2 Mean from eight extractions.

good, while if the CV is 10%, then the precision of the instrument is considered as fair. The
recoveries of standard cholesterol using all the three methods are shown in Table 10.6. It is clear
that the extraction method proposed by Bohac et al. [32] is superior to that of the other two. The
recovered cholesterol is found to be very close to the amount of added cholesterol. The Queensland
method [50] is always observed to produce higher values (overestimation). As a result, saponifica-
tion of fat extracted using 10 mL of ethanolic 2% KOH and 0.3 mL of pyrogallol solution, and
sample prepared by the extraction with 2 x 10 mL hexane of unsaponified matter [32] has revealed
the highest sensitivity and accuracy in the determination of cholesterol by HPLC method. The
results indicate that cholesterol content can be affected by the extraction and analytical methods.
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10.4.3 Comparison of Different Extraction/Colorimetric
Procedures with GC Method [51,52]

The cholesterol concentrations of 15 varieties of U.S. and imported commercial goat-milk cheeses
were evaluated by different extraction and colorimetric determination procedures [51]. Two extrac-
tion methods: (1) developed by Folch et al. [53] and (2) RG, AOAC [54], and two colorimetric
methods: (1) Searcy and Bergquist [29] and (2) Rudel and Morris [30] methods were compared
for the study. The range of cholesterol levels in the experimental cheeses was 80-147 mg/100g
(wet basis). The imported variety containing garlic and herb additives had the highest cholesterol
content among all the tested varieties, which might be attributed to the turbidity of the sample
solution in the colorimetric procedures.

The colorimetric method using o-phthalaldehyde [54] was more consistent and had about
20% less variable than using FeSO,—acetic acid [29] as the color-developing agent in the cho-
lesterol determination [51]. Some chemical compounds from the additives might be extracted
into the lipid extract, which in turn can interfere with the chemical reaction in the colorimetric
determination [55,56]. In addition, the original goat milk used for making the French cheese with
gatlic and herb might have higher levels of fat and cholesterol than the other varieties, owing to
the differences in the animal, breed, diet, stage of lactation, and environmental and management
conditions [57].

Cholesterol and fatty-acid concentrations among different species were compared using GC
method (Table 10.7; Royal Society of Chemistry, 1989; 58). The respective cholesterol contents

Table 10.7 Cholesterol and Fatty Acid Composition of Different Species Milks

Fatty Acids (g/1008) Cholesterol
Species Saturated Monounsaturated | Polyunsaturated (mg/100g)
Cow Milk
Whole 2.4 1.1 0.1 14
Skim 0.1 Tr Tr 2
Dried whole 16.5 7.6 0.8 120
Goat milk 23 0.8 0.1 10
Sheep milk 3.8 1.5 0.3 (i
Human Milk
Colostrum 1.1 1.1 0.3 31
Mature 1.8 1.6 0.5 16
Soya milk 0.3 0.4 1.1 0

Source: Adapted from Park, YW. and M.R. Guo., Handbook of Milk of Non-Bovine Mammals,
Blackwell Publisher, Ames, lowa and Oxford, England, pp. 59-106, 2006; Data taken and
organized from Holland, B. et al., in The Composition of Foods, Royal Society of Chemis-
try, Ministry of Agriculture, Fisheries and Food, Cambridge, U.K., 1989.
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of normal fluid goat, cow, sheep, and human milk were 10, 14, 11, and 16, indicating that
goat milk has the lowest cholesterol content among these 4 species milk, which are consistent
with the data in the USDA Agricultural Handbook No. 8-1 [59]. Human milk has the high-
est content of cholesterol among these four species milks, and its colostrum has 31 mg/100g.
Furthermore, the cow milk powder has substantially higher cholesterol (120 mg/100g) as it
is a dried and concentrated product. This cholesterol value of cow milk powder is essentially
at the same level of that reported by Park [52] by the GC method. However, the cholesterol
content assayed by the colorimetric method by the same author was almost double the con-
centrations of the data analyzed by GC method, as shown in Table 10.8. These results suggest
that the colorimetric methods overestimate the cholesterol/sterol levels in the samples [52,55],
whereby these methods are less precise and sensitive when compared with GC, HPLC, and
other instrumental methods.

Contarini et al. [17] found that if sterols are evaluated in dairy products other than but
ter, particular care should be taken when extracting the fat. In case of whey cheese, the best
results were obtained by using alkaline hydrolysis followed by extraction with diethyl and
petroleum ether.

Table 10.8 Comparison of Fat and Cholesterol Contents (Wet Basis) in Different
Manufactured Goat Milk Products in the United States

Cholesterol (mg/100g)
) Moisture (%) Fat (%) Colorimetric GC2[20]
Goat Milk — — — —
Products X SD X SD X SD X SD
Fluid milk 88.75 0.24 3.40 0.15 19.5 2.58 11.0 0.80
Evaporated 79.2 0.68 6.75 0.25 43.9 6.20 24.85 0.75
milk
Powdered 5.93 0.26 27.9 0.19 236.5 21.0 119.5 7.50
milk
Cheese
Plain softP 67.5 0.02 17.7 0.25 120.8 3.30 — —
Monterey 51.2 1.55 26.6 1.13 124.8 2.75 94.6 0.65
Jack
Cheddare¢ 36.6 0.11 32.8 0.51 210.0 — 99.4 5.74

Sources: Park, YW., Small Rumin. Res., 37, 115, 2000; Adapted from Park, Y.W. and M.R. Guo.,
Handbook of Milk of Non-Bovine Mammals, Blackwell Publisher, Ames, lowa, pp. 59-106,
2006.

Note: X, mean; SD, standard deviation.

2 Determined by GC method.

b Texas chevre is one of the plain soft goat-milk cheese variety. Cholesterol contents measured
by GC method were not reported; Park [51].

¢ Cow milk Cheddar cheese; Lacroix et al. [55].



Cholesterol m 253

10.5 Weaknesses and Strengths of Analytical
Methods of Cholesterol

Numerous and extensive researches have been reported on the quantification of the cholesterol
contents in different food products. Earlier methods of cholesterol analysis rely heavily on the
spectroscopic and gravimetric procedures. However, colorimetric or enzymatic methods may over-
estimate the actual cholesterol content. Chromatographic and infrared-chromatographic methods
are more reliable, selective, and accurate, because interference from other sterols can be easily
resolved. However, the data from various chromatographic techniques are very dependent on the
extraction procedures and intensity of the saponification steps. Fat extraction is one of the most
important steps in cholesterol determination. Therefore, a hydrolytic solvent can be used to obtain
complete extraction of sterols from a complex matrix, like cheese. For example, ammonia is able
to break the bonds, leading to a complete cholesterol extraction by diethyl ether—petroleum ether
solvents. In complex dairy products like cheese, the best results are obtained by using alkaline
hydrolysis followed by extraction with diethyl and petroleum ether.

Among these methods, infrared spectroscopic methods are simple, cost-effective, rapid (less
than 5 min), nondestructive than the conventional method. These methods have the potential for
routine analysis, if proper calibration and validation procedures with data acquisition protocols
could be established. Infrared spectroscopic methods are successfully used for the rapid estimation
of cholesterol in commercial dairy products, such as milk powder, cheese, grated cheese, and but-
ter [37,38]. The primary advantages for this methods are: (1) NIR instruments are generally easy
to operate and do not require skilled personnel; (2) NIR is fast and accurate and provides informa-
tion on multiple parameters, such as moisture, protein, and fat in a few seconds, when compared
with several hours taken by classical chemical methods; (3) there is minimal or no sample prepara-
tion required for NIR techniques; (4) NIR methods are very economical and do not require the
use of chemicals, and hence, are environmentally safe; and (5) NIR can be used for solid and liquid
analyses. On the other hand, infrared spectroscopic methods may not be suitable for foods with
very low cholesterol content, like yoghurt, as the precision for these products is low.

However, the other sterols including cholesterol, brassicasterol, A7 cholesterol, campesterol,
stigmasterol, B-sitosterol, and A5 avenasterol in milk fat and butterfat have not been determined by
infrared spectroscopic, visible spectroscopic, HPLC, and GC methods with direct saponification.
Phytosterols mentioned earlier are estimated only by GC-TLC-FID conventional method [19].
However, IDF method requires an initial extraction of total lipids, removal of solvents, saponifica-
tion of cholesterol esters, exhaustive solvent extraction of nonsaponifiable material, repeated wash-
ings, concentration of the analyte, and suitable derivatization prior to GC analysis. These steps
are both labor- as well as materials-intensive, and require hazardous reagents, whose procurement,
recovery, and disposal costs are increasingly expensive. Therefore, this method is practically much
tedious and time-consuming. According to this method, accurate determination of the cholesterol
content of milk fat strictly depends on the evaluation of the correction factor for the internal stan-
dard, and this evaluation should be made at the same time as the sample analysis. The correction
factor depends not only on the operating conditions (column and injection system), as expected,
but also on the time, because the response of the detector may change day-to-day.

The GC method with direct saponification needs small sample size and is cost-effective than
the method of the International Dairy Federation in terms of solvent requirements, costly materi-
als, sample manipulation, and time for analyses. The sample preparation procedure is both rapid
and simple, and automatic sampling can be exploited in extending the capacity for the analysis
with unattended chromatographic operation.
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On the whole, without depending on the saponification and unsaponification procedure, the
chromatographic and infrared spectroscopic methods for cholesterol analysis in foods are much
more efficient and convenient than the colorimetric methods, as they have shown much more
accurate and precise results for analysis.

10.6 Conclusions

Accurate determination of cholesterol contents in dairy and other food products requires depend-
able and reproducible extraction and assaying procedures, and instruments. As the extraction,
saponification, and quantification of cholesterol in different foods are complex, optimal proce-
dures should be selected for different food products. Accurate determination of cholesterol con-
tents in foods is very essential for the regulatory aspects of food labeling, especially because of the
fact that cholesterol is involved in human health including coronary heart diseases, hypertension,
atherosclerosis, stroke, diabetes, etc.

GC, HPLC, FTIR, and FT-NIR spectroscopy are used for successful estimation of choles-
terol concentrations in different dairy products. However, other sterols as well as cholesterol are
determined only by GC-TLC-FID method. Chromatographic methods (i.e., GC and HPLC)
and FTIR, FT-NIR spectroscopy, have shown much more accurate and precise results than colo-
rimetric methods. The research results have shown that colorimetric methods usually overestimate
the cholesterol contents of foods and are less precise than the chromatographic and instrumental
methods, mainly owing to the difficulties of measuring pure cholesterol in such a complexed
chemical environment and reaction vessel, as well as the turbidity of the assaying solution during
the analytical processes.
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11.1  Organic Acids in Dairy Products

Organic acids in dairy products originate from the growth of microorganisms [1-3], hydrolysis
of milk fat [4-6], normal bovine biochemical metabolism such as the production of citric acid
(CA), orotic acid (OA), hippuric acid (HA), and uric acid (UA) in milk [7,8], and direct addition
as acidulants [9]. The roles organic acids play in dairy products include reducing pH, contributing
to flavor actributes, inhibiting spoilage and pathogenic microorganisms, and indicating bacterio-

logical quality [10-12].

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 [13].
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Organic acids 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 func-
tion groups (monocarboxylic, dicarboxylic, and tricarboxylic). The shortest carbon chain mono-
carboxylic 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. The monocarboxylic acids with one to
six carbons are frequently referred to as volatile free or short-chain fatty acids by dairy researchers
[14-17]. Organic acids with di- and tricarboxyl groups include oxalic acid (OxA), succinic acid
(SA), CA, and so on. The organic acids commonly found in dairy products are OA, CA, formic
acid (FoA), SA, OxA, UA, pyruvic acid (PyA), acetic acid (AA), propionic acid (PrA), lactic acid
(LA), butyric acids (BA), isovaleric acid (IVA), valeric acid (VA), HA, and fumaric acid (FuA)
(2,3,7,8,18].

11.2  Analytical Methods

Over the years various analytical methods have been investigated and used in the determination
of organic acids in dairy products, and ranged from simple colorimetric titration methods for total
acidity to complex instrumental methods capable of measuring multiple organic acids in a sample.
Overall these methods can be divided into two general categories: (1) techniques for analysis of
individual organic acid and (2) techniques for quantification of multiple organic acids. Techniques
for measuring individual organic acids in dairy products include titratable acidity (TA), chemical
“wet” methods, and enzymatic methods. Techniques for measuring multiple organic acids utilize
various instrumental techniques, including gas chromatography (GC), high-performance liquid
chromatography (HPLC), capillary electrophoresis (CE), and Fourier transform infrared (FTIR)
spectroscopy. One exception to this general classification is a rapid GC method that was devel-
oped to determine LA alone [19]. Each general category of analysis is presented in the following
sections.

11.2.1 Analytical Methods for Individual Organic Acid
11.2.1.1 Titratable Acidity

“Titratable acidity is defined as the amount of titrant needed to react stoichiometrically with
lactic acid in milk [20].” In reality, TA is a measure of the total acidity in a food product [21].
Consequently, if there is a predominant acid in the product, TA is expressed as the amount of
the predominant acid. TA is often used to monitor the acidity of dairy products since most dairy
fermentations predominately produce LA. The basic procedure is that sodium hydroxide (0.1 N)
solution is gradually added to milk or pretreated samples of other dairy products in the presence
of phenolphthalein indicator [20,22]. The end point of the neutralization reaction between NaOH
and LA is indicated by the color of the samples changing to a light pink. Though LA is normally
the predominant organic acid, other acids in fermented products can also contribute to the total
acidity.

11.2.1.2 Chemical “Wet” Method's

Individual organic acids in dairy products can be determined by chemical methods such as gravi-
metric-based methods or colorimetric-based methods [23]. Protocols are available for LA and CA.
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The Official Methods of Analysis of AOAC International [20] described the chemical methods
in the quantification of LA and CA of dairy products. Lactic acid in dairy products including
various fluid milks, cream, ice cream, and butter is determined by a colorimetric procedure. In
this method, LA is extracted from dairy samples with water and 0.5 M H,SO,, 20% phospho-
tungstic acid is added, and the aqueous mixture is filtered. The filtrate is extracted with ether in a
liquid extractor and the ether is evaporated. Subsequently the residue is redissolved with diluted
HCI, brought to a certain volume with water, and filtered through quantitative paper. The result-
ing filtrate is mixed with ferric salts (FeCl;) and the maximum absorbance of a yellow complex
between LA and the ferric salt is recorded using a spectrophotometer. The concentration of LA
in the samples is determined using a standard curve. Citric acid in milk can be analyzed with a
gravimetric method that utilizes Pb(OAc), to form a Pb salt precipitate. Although chemical “wet”
methods are well established, they are rarely utilized because they are tedious, time-consuming,
and labor-intensive.

11.2.1.3 Enzymatic-Based Methods

Enzyme-based methods utilize a series of biochemical reactions carried out under the catalyzation
of specific enzymes. As an example, the set of reactions utilized in an enzyme-based kit produced
by Boehrine Mannheim/R-Biopharm to measure p-LA are described below [24].

In the presence of p-lactate dehydrogenase (D-LDH) enzyme, p-LA is oxidized to pyruvate
and nicotinamide-adenine dinucleotide (NAD) is reduced to NADH:

D-lactate + NAD" <=2 pyruvate + NADH + H* (11.1)

Glutamate—pyruvate transaminase (GPT) subsequently catalyzes the reaction of pyruvate and
L-glutamate, and the equilibrium is moved in favor of the production of NADH through the
consumption of pyruvate:

pyruvate + L-glutamate <~ L-alanine + 2 - oxoglutarate (11.2)

The amount of NADH formed from the reactions is stoichiometric to the amount of p-LA. The
determination is based on the formation of NADH measured by the increase in the UV absor-
bance at 340 nm. Hence, an UV spectrometer is a necessity for the completion of the analysis.
The test kit contains seven bottles of chemical agents and several steps are needed. One distinct
advantage of the kit for LA is that it can distinguish b- and 1-LAs in dairy products by using p- or
L-lactate dehydrogenase. This can be important for some LA fermentations, where the formation
of one form of LA is preferred. The detection limit is 0.3 mg/L sample solution, and the linearity
is from 0.3 mg/L to 0.35 g/L sample solution. The method is specific for LA and possible interfer-
ence from other compounds in the samples can be recognized by using an internal standard as a
control.

Boehrine Mannheim/R-Biopharm also produces kits to analyze AA, CA, p-3-hydroxybutyric,
FoA, and SA in dairy products [25-29]. Water is used as the extraction solvent for all the above
organic acids.

Another enzymatic method was developed by Marshall and Harmon in 1978 [12] to measure
pyruvate content as a monitor of bacterial growth in Grade A milk. Pyruvate is converted to lactate
by lactate dehydrogenase in the presence of NADH,, the reduction of NADH, concentration is
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measured by UV absorbance at 340 nm. The analysis of pyruvate is performed using a Technicon
Auto Analyzer® II, which is a commercially available instrument consisting of a set of modules
connected in sequence to conduct an automated chemical analysis.

11.2.2 Instrument-Based Methods

Prior to instrumental analysis, thin-layer chromatography [30] and paper chromatography [31]
were investigated for the determination of short-chain organic acids (AA, PrA, and BA) in cheese
samples. No further investigation and use of the two primary chromatographic methods in the
following years suggest their inherent limitations, which are more labor-intensive, less reproduc-
ible, and quantifiable without the modern data system utilized in instrumene-based methods [32].
Instrument-based methods were initially investigated in the 1950s and today they are routinely
utilized for measuring the organic acids in dairy products. The various instrument-based methods
utilized for the analysis of organic acids are discussed below.

11.2.2.1 Gas Chromatographic Method

GC has emerged as the leading technique for the separation and analysis of volatile compounds
[32]. The separation efficiency of chromatographic technique lies in the repeated distribution or par-
tition of analytes between stationary and mobile phases [33]. In GC the mobile phase is a gas and
the predominant stationary phase is a fused-silica capillary column. GC separates volatiles based on
differences in their vapor pressures and solubility in the gas as well as the nature of the stationary
phase. In general, the technique is rapid and relatively easy to perform. However, the limitation of
GC is that the compounds analyzed must be volatile to be quantified by GC. Hence, for nonvolatile
substances, a derivatization reaction is utilized to convert nonvolatile compounds into volatile com-
pounds prior to sample injection. GC is a very common method to analyze free fatty acids (FFAs).
A fraction of FFAs, short-chain carboxylic acids (C1:0-C6:0), belong to the organic acid category,
which is why the GC method is discussed in this chapter. Overall, the short chains FFAs are stable
and volatile enough for direct GC analysis without the need for derivatization [14].

In the GC detection of organic acids in dairy products, either flame ionization detector (FID)
[5,14] or MS detection [34-36] or both detectors coupled together [37] are used. The use of MS
detection usually involves the detection of other volatiles. Consequently, an FID is the preferred
detector for the simple determination of organic acids.

Early investigations [16,38—40] highlight the two major limitations of the GC separation
technique in the determination of volatile FFAs and water-soluble organic acids in dairy products.
These limitations are that many important organic acids in dairy products such as LAs and PyAs
are not volatile enough to be directly detected by GC and the shortest monocarboxylic acids (FoAs
and AAs) are very volatile and subject to loss during sample preparation. The majority of published
GC methods do not include FoA in their studies; only two earlier methods report measurement
of FoAs [16,38].

11.2.2.11  Sample Preparation for GC

The most challenging aspect of FFAs sample preparation for GC analysis is the isolation of minor
amounts of FFAs from a complex food matrix that contains an abundant amount of triacylglycer-
ides (TAGs). The preparation method of De Jong and Badings [5] is now the commonly adapted
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procedure for the quantification of FFAs in dairy products. In the method, FFAs are isolated from
TAGs using an anion-exchange aminopropyl column and the underivatized FFAs are directly
injected into the GC system for separation. To compensate for the loss of short-chain FFAs in
the aqueous phase, an internal standard is used. The method gives a nearly 100% recovery of all
the FFAs and the coefficient of variation for most FFA is less than 2%. This sample preparation
method of De Jong and Badings [5] was compared with another method of Martin-Hwenandez
etal. [41] in the study by Chavarri et al. [4]. In the method of Martin-Hwenandez e al. [41], FFAs
were not isolated with TAGs and the mixture was treated with tetramethylammonium hydroxide
to produce methyl ester derivatives. Consequently, fatty acids from the hydrolysis of TAGs mixed
with the FFAs and distorted the results.

Other sample pretreatment methods for GC analysis of short-chain FFAs have also been inves-
tigated and compared. A dynamic headspace and a simultaneous distillation extraction (SDE)
technique were compared by Barbieri et al. [34]. The recoveries of the volatile organic acids (AA,
PrA, 2-methylpropanoic acid, and BA) were higher from the headspace pretreatment than the
SDE technique, while SDE was more suitable for the relatively long-chain nonvolatile FFAs
(C5:0-CS8:0).

A derivatization pretreatment was investigated by Harvey et al. in 1981 [42] for GC analysis
of a wide range of water-soluble, nonvolatile organic acids in Cheddar cheese. The organic acid fil-
trates were converted to methyl esters prior to GC analysis. However, the developed method only
detected LA and SA in 12 commercial Cheddar cheese samples. The results are substantially dif-
ferent from those reported by the majority of publications, which used HPLC methods and found
a much wider range of organic acids in Cheddar cheeses [2,3,10,42,44,]. The strong contrast leads
to doubts about the accuracy and sensitivity of this derivatization procedure in the determination
of organic acids using a GC-based method.

Recently, Cadwallader et al. [14] and Innocente et al. [17] provided a quick and cheap sample
preparation method utilizing simple extraction with water. Efficient and reproducible extractions
of short-chain carboxylic acids (C2:0—C6:0) were achieved based upon their moderate water solu-
bility at pH 5-6. An internal standard was used to compensate for loss during sample preparation
and to obtain accurate quantification. The underivatized acids were directly separated by GC. The
recoveries were very good (99%-101%) and the precision was satisfactory (0.9%—4.8% coeflicient
of variation) [14]. The improved methods of Cadwallader et al. [14] and Innocente et al. [17]
successfully address the low recovery of short-chain monocarboxylic acids, which is a major limita-
tion of most published GC methods.

In summary, the preferred sample treatment for GC analysis of short-chain monocarboxylic
acids is the method utilizing simple extraction with water. This approach does neither require
derivatization nor a clean-up procedure to separate FFAs from TGs. The sample preparation is
simple and quick and gives very good recovery and precision. Briefly, samples and added internal
standard (2-ethylbutanoic acid) are extracted with deodorized water and the supernatant of the
extract is acidified to pH -2 using aqueous 10% (w/v) HCI [14]. After neutralization with NaOH
to pH 5-6, diethyl ether is used to partition the acids, and then the diethyl ether is dried with
sodium sulfate and the resulting extract is ready for GC analysis.

11.2.2.1.2  Preferred Method for GC Analysis

For the analysis of short-chain volatile carboxylic acids (C2:0-C6:0) in dairy products, GC is a
good choice and the GC procedure used by Cadwallader et al. [14] is recommended. The GC sys-
tem is equipped with a fused-silica capillary column (15 m x 0.53 mm) coated with free fatty acid
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phase (FFAP) and a FID. Helium is used as carrier gas at a constant flow of 5 mL/min. During the
analysis, the oven temperature is raised from 35°C to 230°C and the initial and final temperatures
were held for 3 and 30 min, respectively.

11.2.2.2 High-Performance Liquid Chromatography

The separation principles and theories of HPLC are similar to GC except that the mobile phase
is liquid instead of gas [32]. The compounds do not need to be volatile to be separated by HPLC,
but need to be dissolved in solvents or solutions. Because both the stationary phase and mobile
phase of HPLC influence the separation and a variety of stationary phases (polar, nonpolar, ion-
exchange, size exclusion, etc.) are available, the versatility of HPLC is much greater than GC.
Since HPLC can analyze numerous organic acids in dairy products without derivatization, this
technique avoids the tedious derivatization preparation and clean-up procedures utilized in GC
methods as well as the time-consuming and toxic chemical disposal problems associated with
chemical methods. A scan of recent literatures on the determination of organic acids in dairy
products clearly reveals that HPLC is the most frequently used method. The HPLC separation
techniques involving the quantification of organic acids are mainly ion-exchange, ion-exclusion,
and reverse-phase chromatographies. Table 11.1 summarizes some published HPLC methods used
for the quantification of organic acids in dairy products.

Ion-exchange chromatography exploits the readily ionizable nature of organic acids and sepa-
rates them using an ion-exchange resin as a stationary phase [13,45]. Ion-exchange HPLC can also
simultaneously analyze other compounds such as sugars and alcohols that are commonly present
in dairy products.

Ion-exclusion chromatography refers to the exclusion phenomenon due to electrostatic repul-
sion forces, steric exclusion, and sorption processes that allow the rapid separation of electrolytes
from nonelectrolytes [13,45]. It usually employs sulfonated polystyrene—divinylbenzene (SPD)
cation resin as the stationary phase. In general, ion-exclusion HPLC is quite efficient and yields
better-shape peaks as compared to other type of ion chromatography; however, its major disad-
vantage is that some neutral compounds such as sugars are retained by the cation resin. Conse-
quently, samples must be pretreated (with anionic-exchange resin column) prior to injection into
the HPLC.

The basic principle of reverse-phase HPLC (RP-HPLC) is that nonpolar stationary phases such
as octadecyl silica allow the separation of relatively polar organic acid by using an aqueous phase
at an appropriate pH to prevent their ionization [13]. The governing mechanism is hydrophobic
interactions and less than 5% of an organic modifier such as acetonitrile is required for the elution
of underivatized organic acids. As compared to ion chromatography, RP HPLC can achieve faster
analysis and improved separation by optimization of various parameters and implementation of a
gradient elution.

The common detectors used in HPLC determination of organic acids include refractive
index (RI), ultraviolet—visible (UV—vis), and conductivity. UV-vis detection is most frequently
used since the major organic acids can be detected at 206-220 nm. Conductivity detection is
more sensitive and selective than UV-type detection, but it requires the use of a suppressing
column to eliminate the eluent background conductivity. This inherent pitfall of conductivity
detection prevents it from being a popular detector in food analysis. RI detection is flexible and
versatile because it can also detect other components of interest such as carbohydrates and alco-
hols in dairy products in addition to some organic acids. The limitation of RI detection is that
it requires isocratic elution. A common practice in the determination of organic acids and other
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water-soluble compounds in dairy products is ion-exchange HPLC with UV detection coupled
with RI detector [2,3,11]. The use of ion-exchange HPLC with this dual detection system is
capable of quantifying 60 common carboxylic acids, sugars, and alcohols of general interest in
food products in less than 45 min [46].

11.2.2.2.1 Sample Extraction and Pretreatment for HPLC Analysis

Due to their water solubility, organic acids in dairy foods are typically extracted with aqueous
solutions. The preparation steps for the majority of the sample preparation methods for HPLC
include grinding/mixing, extraction, centrifugation, and filtration. A new, alternative, and rapid
preparation method, microwave-assisted extraction (MAE), was recently developed [47] and has
the potential for future use. Table 11.2 summarizes some of the published preparation methods.

Currently, pure water and four kinds of aqueous solutions have been used to extract organic
acids from dairy products: (1) acetonitrile and water; (2) diluted barium hydroxide and zinc sul-
fate mixture solution; (3) diluted H,SO, aqueous solutions, and (4) a mixture of 0.5% (w/v)
(NH,),HPO, adjusted to pH 2.24 with H;PO, and 0.4% (v/v) acetonitrile aqueous solution.
Fernandez-Garcia and McGregor (1994) compared two kinds of solutions (acetonitrile and water
in the ratio of 5:1 (v/v) and 0.01 N H,SO,) to extract spiked organic acids in yoghurt. Satisfactory
recoveries (>90%) of OA, LA, AA, and PrA were obtained with both methods, but the recoveries
of CA, PyA, UA, BA, and HA from yoghurt were more satisfactory with 0.01 N H,SO, than with
the mixture of water and acetonitrile. In this study, FoA had a very low recovery (42%-57%) even
with the 0.01 N H,SO, extraction solution. The recoveries of organic acids extracted with diluted
aqueous H,SO; solution (0.013 N) was again investigated by Zeppa et al. [3]. The overall recov-
ery was comparable to the previous study [7,48], however, the recovery for FoA was much better
(89.4%). The mixture of acetonitrile and water (5:1, v/v) was also studied by Marsili [49] to extract
10 organic acids (OA, CA, PyA, LA, UA, FoA, AA, PrA, BA, and HA) added in milk samples.
Over 90% recoveries were found except for BA, which was 86%.

A solution of barium hydroxide (0.30 N) and zinc sulfate (0.28 N) was utilized to extract
organic acids that were separated with ion-exchange HPLC with diluted H,SO, as the mobile
phase [49]. Very similar recoveries for all acids were observed as compared to the extraction with
a mixture of acetonitrile and water (5:1, v/v) [44]. Additionally, simple extraction with water has
been reported to provide recoveries above 96% [50-52]. For the RP-HPLC procedure, a mixture
of 0.5% (w/v) (NH,),HPO, adjusted to pH 2.24 with H,PO, and 0.4% (v/v) acetonitrile aqueous
solution, has been employed as the extraction solution, and the recoveries for all organic acids was
above 85% [6].

In general, the above studies indicate that the five different extraction agents yield satisfactory
results and the preferred extraction solution depends on the type of HPLC performed. Ion chro-
matography HPLC usually uses diluted H,SO solution as mobile phase and extraction solution,
whereas for RP-HPLC, water or its corresponding mobile phase is used as an extraction solution.

The recently developed MAE technique provides an alternative preparation method. Thirteen
organic acids in Greek cheeses and sheep milk yogurt have been subjected to MAE using 10 mM
H,SO, aqueous solution [47]. Most organic acids (CA, OA, PyA, LA, AA, FoA, BA, IVA, HA) in
cheese samples were reported to have recoveries greater than 92%, whereas, recoveries for TA, SA,
VA, and PrA ranged from 67% to 78%. In yogurt the recoveries for all organic acids were above
88%, except for SA, HA, and VA which had recoveries of 53%, 78%, and 80%, respectively. The
precision of the majority of the organic acids in both cheese and yogurt samples were very good
(0.1%—-5% relative standard deviation [RSD]). The study concluded that the MAE method was
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satisfactory and provided a rapid, simple, accurate procedure that allows for the simultaneous
extraction of many samples. It took less than 2h to complete the preparation of 14 samples.

11.2.2.2.2 lon-Exchange HPLC

Ion-exchange HPLC is the most frequently used and preferred method to simultaneously analyze
organic acids and other water-soluble compounds in dairy products. As shown by Table 11.1, most
ion-exchange HPLC methods employed dilute sulfuric acid solution as the mobile phase and an
ion-exchange column to perform the separation. Most of these methods utilize a high operating
temperature (55°C—65°C) and an isocratic elution. Coelution of some organic acids and overlap-
ping peaks were the most frequently reported problems associated with the ion chromatography
methods with UV detection.

Multiple UV wavelength absorptions are utilized to deal with the coelution problem. Coelu-
tion of CA and OA were observed by Bouzas et al. [43] and absorptions were recorded at two
wavelengths 220 and 285 nm. In addition to the above coelution, UA and FoA were found to be
coeluted [2,3]. In order to determine the concentrations of coeluting acids, the best absorbance
wavelength was determined after obtaining the UV absorbance spectra of each coeluted acid.
Uric and OAs had maximum absorption at 285 or 290 nm, whereas the highest absorbance peak
for CA and FoA is achieved at 210 or 220 nm. CA and FoA had little absorption at the higher
wavelengths (285 and 290 nm), thus, allowing for the direct quantification of UA and OA at these
wavelengths and calculation of their concentrations from the response factor. The concentrations
of CA and FoA were derived by the subtraction of the coelution peak areas. For example, the peak
area corresponding to UA at 210nm was calculated from its response factor at 210 nm and the
amount calculated at 290 nm. Then, this area was subtracted from the whole peak area of UA and
FoA at 210 nm based on the assumption that the resulting difference was the area corresponding
to FoA. The following formula illustrates the calculation principles:

uric acid concentration = peak area at 290 nm/response factor at 290 nm

formic acid concentration = [PA,;, - (Cy, x RF 010/ RFga010

where
PA,,, = peak area of mix of the two compounds at 210 nm
Cya = concentration of UA evaluated at 290 nm
RF 510 = response factor for UA at 210 nm
RFp4z10 = response factor for FoA at 210 nm

Upreti etal. [2] applied the above principle but used a multiple regression approach to determine
the concentrations of coeluting compounds and obtain the corresponding calculation equations.

11.2.2.2.3 lon-Exclusion HPLC

To separate organic acids, ion-exclusion HPLC systems use ion-exclusion-type columns such
as an HC-75 ion-exclusion gel-type (styrene—divinylbenzene) copolymer (7.5% crosslinking)
column (300 x 7.8 mm) [47] or ligand-exchange Rezex proton column [53]. The mobile phase is
also a dilute sulfuric acid solution with isocratic elution at a relatively high temperature (65°C).
The detection is also performed by an UV-type detector set at two wavelengths. Coelution
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(CA and OA) and incomplete separation (AA and FuA) were also observed [47]. Additionally,
the ion-exclusion HPLC cannot simultaneously analyze other compounds such as sugars and
alcohols that are commonly present in dairy products. Hence, this type of ion chromatography
is not in common use.

11.2.2.2.4 Reverse-Phase HPLC

The reverse-phase type HPLC method was tested by Bevilacqua and Califano in 1989 [6] to quan-
tify organic acids in dairy products including raw milk, yoghurt, and three varieties of cheese. As
shown in Table 11.1, the separation was performed using an ultrasphereoctyl C8 column at room
temperature and isocratic elution (1.2 mL/min). Good recoveries for the nine organic acids (from
85.3% to 93.3%) and repeatability (average RSD 7%) were achieved. In 2004, Tormo and Izco
[52] also developed a RP-HPLC method that can simultaneously determine 11 organic acids that
were metabolically important in dairy products. They include OxA, CA, FoA, SA, OA, UA, PyA,
AA, PrA, LA, and BA. Separation was achieved at room temperature with a dC18 column and
gradient elution at a flow rate of 1.5 mL/min. Using UV detection set at 210 nm, the method gave
adequate separation of the 11 acids in less than 18 min, and the precision was good (RSD of six
replications <5%) and the recoveries were close to 100%. However, unknown compounds were
found on the chromatograms when dairy samples were analyzed. A clean-up procedure was also
suggested to remove the possible matrix interferences and to prolong the column life.

The alternative RP HPLC method has the following advantages: column cost compared to
ion-exchange, easier manipulation of the parameters to optimize the separation, the analysis is
carried out at room temperature, which will prolong the life of column [52]. However, the require-
ment for an extra clean-up step to remove matrix interferences complicates the preparation and

may be the reason why RP-HPLC is not as popular as ion-exchange HPLC.

11.2.2.2.5 Preferred HPLC-Based Method

The mature and recommended HPLC separation method is ion-exchange (Aminex HPX-87H
column, 300 x 7.8 mm) and UV detection set at two wavelengths, which is 210 or 220 nm and 285
or 290 nm. The mobile phase is diluted H,SO, aqueous solutions (0.009-0.013 N) with isocratic
elution. The most commonly used sample preparation procedure involves homogenizing dairy
samples and extracting with mobile phase, i.e., diluted sulfuric acid, followed by centrifugation
and filtration through filter paper, syringe filter or a microcentrifugal filter device.

11.2.2.3 Capillary Electrophoresis

Separation of analytes with electrophoresis is based on their differential rates of migration under
the influence of an electric field [32]. CE has emerged as an appealing form of electrophoresis
when fused-silica capillaries replaced planar surfaces because the small capillaries can remove
the heat produced during electrophoresis more successfully. In addition, CE has become a popu-
lar complement to HPLC because method development in CE is more predictable than with
HPLC. This occurs because the electrophoretic migration is simply driven by a voltage gradient
in electrophoresis. The success of CE as an attractive separation technique is also attributed to its
great potential for simple preparation and rapid quantification [18,54]. In addition, CE has the
advantages of low solvent consumption (milliliters per day), no hazardous solvent, and low cost.
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Nevertheless, CE methods also require chromatographic techniques in the operation and the very
high voltages used pose a risk [32].

CE can be performed in different modes. Two modes, direct CE [18,55] and capillary zone
electrophoresis (CZE) [54] have been investigated for the analysis of organic acids in dairy prod-
ucts. In general, an aqueous buffer solution, often referred to as run buffer or background electro-
lyte (BGE), is utilized and UV detection is typically employed.

Direct CE has been investigated for the determination of several of the organic acids that pos-
sess readily ionizable properties. Samples are extracted with water and subsequently acidified with
85% concentrated phosphoric acid to pH 4.6 [55] or simply extracted with 4.5mM H,SO, [18].
The extracts are centrifuged, vacuum filtered, and degassed prior to analysis. The earlier CE method
[55] provided rapid and complete separation of the organic acids (AA, PrA, isobutyric, BA, LA,
and IVA) in standard solutions. However, other water-soluble substances from the cheese matrix
interfered with the analysis of organic acids in the cheese. Consequently, an extensive clean-up
procedure such as ion-exchange treatment or a derivatization step is required for this CE method.
CZE, also referred to as free solution CE, was used for the separation of FFAs (C4:0—C24:0)
[54]. Because of the nonpolarity of most fatty acids, the sample was extracted with #-pentane and
organic solvent diethybarbiturate that can dissolve fatty acids and is miscible with water was used
as BGE with the pH adjusted to between 10 and 11, where FFAs can be fully ionized. But interfer-
ence from other substances, coimmigration of FFAs on the electropherogram, and also the only
inclusion of BA in the method restrain the application of CZE as a practical method.

Later on, Izco et al. [18] again investigated using CE technique and developed a method to
simultaneously separate 11 organic acids in less than 18 min with their optimum conditions. Their
CE system had a photodiode-array detector, two carousels, and utilized computer-based data col-
lection software. The capillaries (75 m i.d.) are made from fused-silica and two BGEs, 4.4 mM
potassium hydrogen phthalate (KHP) and 0.27 mM hexadecyltrimethylammonium bromide
(CTAB) were used as running buffer. The separation was achieved at ~20kV and 30°C and the
wavelength for indirect UV detection was set at 200 nm. However, coelution or coimmigration
problems were observed. PrA and LA were not separated completely and PyA comigrated with AA.
Additionally, the phosphate in milk appeared to be coimmigrated with FoA. Alternative solutions
were suggested to deal with the coelution problem such as decreasing the pH of the running buffer
and changing BGE.

In summary, the advantages of CE methods are short analysis time, simple sample prepara-
tion and chemical deposal, and low cost. However, the coimmigration and matrix interference
problems pose a strong challenge to this technique. It may be a good choice in analysis of dairy
samples with a simple organic acid profile. At this point, whether or not CE is a reliable and
applicable technique in the detection of dairy products containing complex organic acids remains
uncertain.

11.2.2.4  Fourier Transform Infrared Spectroscopy

Infrared spectroscopy is an attractive technology for rapid, inexpensive, sensitive, and high-
throughput analysis of food compounds and does not require special skills of the user [56]. The
principle of FTIR is based on the interferometric measurement of radiation [57]. The spectrum
obtained from FTIR instruments is detailed and often highly structured, and reflects the proper-
ties and composition of samples analyzed. The advances in FTIR instrumentation and the devel-
opment of pattern recognition and multivariate techniques facilitate pulling information from
the spectra related to compounds [56]. However, in comparison to other IR spectroscopy such as
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mid-IR or near-IR, FTIR has few analytical applications [57]. The development of a rapid and sim-
ple screening tool for three organic acids (AA, PrA, and BA) in Swiss cheese was initiated by Koca
et al. in 2007 [56]. In this method, two different sampling techniques were used: direct analysis
of cheese slices and water-based extraction. The water-based extract was then adjusted to pH 4.0
with 85% concentrated phosphoric acid prior to analysis using FTIR spectroscopy. The spectrum
of each pure organic acid was measured to obtain spectral information, from which prediction
models using multivariate analysis were derived. For sample analysis, four spectra were obtained
from independent cheese slices and two spectra from water-soluble extracts. Direct measurement
of cheese slices was simple, but gave a higher standard error validation than the water-soluble
extracts. Interference from fat and protein and heterogeneous composition in different parts of the
Swiss cheese slices were reported. Water-based extraction improved the performance of prediction
model by decreasing the interference from other compounds and improving the homogeneous
property of the sample.

The FTIR method only included three organic acids in the analysis. Also, the establishment of
prediction models requires multivariate analysis, and the preferred sample preparation procedure
is similar to that of HPLC. Use of FTIR as a simple, rapid screening tool will require further
development.

11.3 Conclusion Remarks

Organic acids play important roles in dairy products and various methods have been tested and
used in their analyses. Some methods such as chemical, enzymatic, and TA are designed for the
quantification of a single organic acid. While FTIR and CE methods may have potential use in
the future for their simplicity and rapidness, HPLC and GC are the most widely utilized and
applicable methods in the determination of organic acids in dairy products. For the analysis of
short-chain volatile carboxylic acids (C2:0-C6:0) in dairy products, GC is a suitable method. The
simple water extraction protocol and capillary GC with an FID is suggested. For the determina-
tion of a variety of water-soluble organic acids, HPLC-based methods are reccommended. Extrac-
tion with diluted sulfuric acid and separation with an ion-exchange column with UV detection at
two wavelengths is the most commonly chosen method.
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12.1 Brief Introduction to Dairy Flavor Formation

It is widely acknowledged that milk and its derived products are characterized by a heterogeneous
nature, comprising significant levels of lipids, proteins, and carbohydrates. In this respect, the
classification of flavor compounds based on their polarity or volatility turns out to be a difficult
task. In addition, as is well known, the flavor composition varies according to the state of the dairy
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sample, so that raw milk presents a distinct flavor when compared to that of heated or processed
milk, with different classes of compounds responsible for the characteristic flavor of distinct sam-
ples. Generally esters are responsible for the flavor of raw milk samples, while lactones and het-
erocyclic compounds for that of heat-treated and pasteurized milk. On the other hand, fermented
dairy products, such as cheese and yogurt, are characterized by the presence of fatty acids [1].

It is mandatory to highlight that fermentation has a major impact on the organoleptic quality
of milk-derived products. Traditionally, fermentation was primarily applied to improve and pro-
long shelflife, since the growth of fermentative microorganisms typically results in the production
of acids or alcohols that inhibits the growth of food pathogens or spoilage organisms preserving
the food. Though the chemical transformation of components in dairy food raw materials, and
the release of microbial metabolites contribute to the flavor, appearance, and texture. In dairy
products, lactose, citrate, milk fat (lipids), and proteins are converted into a broad range of volatile
and nonvolatile flavor compounds.

Three main pathways for the flavor formation of dairy products can be distinguished, i.e.,
glycolysis, proteolysis, and lipolysis [2,3] (see Figure 12.1). These processes may already generate
final flavor compounds, though further reactions can occur yielding an even greater number of
low-molecular weight components that essential to the overall odor of the product.

In general, flavors derived from lactose or citrate (glycolysis), such as lactic acid, acetaldehyde,
and diacethyl (2,3-butanedione), are produced by the lactic flora. Lipids are also another source
of a wide range of dairy flavors, and by means of lipolysis and oxidation are prone to cause hydro-
lytic and oxidative rancidity, respectively. In this manner, small amounts of Y- and 8-hydroxy
acids present in milk lipids can be readily converted to y- and 8-lactones; unsaturated fatty acids
may hydrate to hydroxy acids, and then via oxidation produce y- and §-lactones; B-oxidation,
followed by decarboxylation, produces methyl ketones; and oxidation at double bonds can gener-
ate straight-chain aldehydes and ketones, which under reducing conditions may be converted to
the corresponding alcohols. Moreover, protein-derived flavors also comprise a large amount of
pathways; Strecker aldehydes, such as 2-methylpropanal, 2-methylbutanal, and 3-methylbutanal,
can be synthesized via amino acids and, in turn, may produce their corresponding alcohols; and
sulfur-containing compounds, such as hydrogen sulfide, methanethiol, and dimethyl disulfide
(DMDS), can be derived from cysteine and methionine. In addition, other flavor origins have

Milk
|
Lactose/citrate Casein Triglycerides
Pyruvate/a-acetolactate Peptides Free fatty acids

Amino acids

Dairy flavor compounds

Figure 12.1 Dairy flavor formation pathways in fermented products.
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been reported, such as compounds derived from lactose, without any interaction of the lactic flora,
that are developed during heat treatment or that result from alkaline degradation of lactose or its
components glucose and galactose, e.g., maltol [4] and 2-acetylfuran [5].

The flavor of cheeses is composed of a blend of compounds generated by all three pathways;
the same is true for key-odor compounds. Cheddar [6] and Camembert [7] cheeses, for instance,
have half of their potent odorants derived from lactose fermentation or citrate degradation, a very
small amount produced by lipolysis, and the other half resulting from amino acid degradation
(leucine and methionine).

Taking into consideration that flavor is the primary index of dairy food acceptance and is strictly
related to product development and improvement, this chapter provides an overview of the dairy fla-
vor formation pathways. Numerous dairy food flavors have been thoroughly studied, though dem-
onstrating that even widely investigated metabolic pathways may continuously reveal new facets. In
this chapter, flavor formation processes in milk and cheese will be dealt with more extensively.

12.2 Flavor Formation in Milk

Fresh, good quality milk is characterized by three features: a characteristic, subtle, and delicate
flavor; a pleasant mouth-feel since it is an emulsion of fat globules dispersed in a colloidal aqueous
solution; and a slightly sweet and salty taste due to the presence of lactose and salts. When com-
pared to other dairy products, such as butter or cheese, the concentration of flavor compounds in
fresh milk is very low.

It is widely accepted that the flavoring compounds in milk are products of the animals’ metab-
olism, which is also influenced by the feed. As previously cited, another aspect to be considered
is the sample’s state, so that the flavor of raw milk is not identical to that of heated or processed
milk. Esters are considered as responsible for the flavor of raw milk samples, while lactones and
heterocyclic compounds for that of heat-treated and pasteurized milk [1].

Furthermore, almost all milk types and milk-derived products are submitted to heat treatments
and storage over a period of time inducing flavor development. In addition, autoxidation of lipids,
light exposure, and also packaging effects, may yield milk flavors. Moreover, considering that milk
is composed of a multitude of compounds belonging to distinct chemical classes, several of these
compounds can be precursors of flavor and off-flavor chemicals. The latter may be defined as an
unpleasant odor or taste imparted to a food sample though internal deteriorative change [8].

12.2.1 Milk Flavors Developed During Heat Treatment and Storage

Flavor, most frequently off-flavor, development, during heat processes has been already thoroughly
researched, and the formation of ketones, lactones, aldehydes, furans, alcohols, acids, and sulfur-
containing compounds is widely accepted.

Ketones, such as diketones, cyclic ketones, and methyl ketones, formed in heat-processed milks,
are considered as the major contributors to that of matrices cooked and stale flavors [9], while
diketone compounds, diacethyl and 2,3-pentanedione, were described as significant contributors
to the heated, burnt, and fermented notes elicited by heated milk [10]. With regards to diacethyl,
its production is considered to be started by methyl glyoxal, generated by heating lactose, which
then reacts with glycin or its derivatives forming diacethyl. Cyclic ketones, e.g., cyclopentanone
and 2-methyl-tetrahydrofuran-3-one, are also considered as contributors to the heated, burnt, and
fermented notes in heated milk [10].
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Milk has been studied in depth by Moio et al. [11-13], who analyzed the matrix under distinct
conditions. Analyses of raw bovine, ovine, caprine, and water buffalo milk samples demonstrated
that dimethylsulfone, ethyl butanoate, ethyl hexanoate, heptanal, indole, nonanal, and 1-octen-3-ol
are odor-active compounds common to all samples. Even though similarities between the distinct
samples were found, the overall odor of each milk variety presented a different flavor profile, with
ethyl butanoate and ethyl hexanoate as the most potent flavorants in cow, sheep, and goat milk,
while water buffalo milk flavor was better characterized by nonanal and 1-octen-3-ol [11]. On the
other hand, while investigating high-temperature/short-time (HTST) and ultrahigh temperature
(UHT) pasteurized cow milk, dimethylsulfone and 2-heptanone were found to be the most potent
odor-active compounds, instead of ethyl butanoate and ethyl hexanoate observed in raw cow milk.
Both odorant couples, ethyl butanoate and ethyl hexanoate, and dimethylsulfone and 2-heptanone
can be used as aroma quality indicators, for raw and heated milk, respectively [12].

Further compounds that are not detected in raw milk are furans, particularly furfural and
hydroxymethylfurfural (HMF), the former eliciting an almond-like, sweet note, while the latter a
fatty, musty, and waxy odor. Both are formed when milk is heated above 80°C by the browning of
a lactose—casein mixture [14], i.e., the casein catalyzed degradation of lactose induced by heat.

The formation of aldehydes is also noteworthy during prolonged storage of casein, these com-
pounds, particularly alkanal compounds and benzaldehyde, are responsible for an unpleasant stale
off-flavor [15]. The production of alkanal compounds can be attributed to the oxidation of lipids
bound by casein, while benzaldehyde can be formed by reactions occurring between phenylala-
nine and lactose [16,17]. Another class of compounds where formation of milk is induced by heat
treatments is alcohol, most commonly represented by acetol and acetoin (3-hydroxy-2-butanone).
The former is the product of carbohydrate degradation during nonenzymatic browning reactions
[10], while the latter may be formed by the reduction of diacetyl [9]. Both the compounds are also
detected in raw milk, and in increasing concentrations when heated above 90°C [10]. Heat treat-
ments can also influence the profile of acids in milk; at temperatures superior to 100°C an incre-
ment may be observed in the concentrations of acetic, butyric, hexanoic, octanoic, and decanoic
acids [10], contributing to the chemical and rancid flavor of heated milk.

Freshly secreted milk fat does not contain free lactones, but their precursors are present in
bound form [18]. Indeed, small amounts of 8-hydroxy alkanoic acids esterified to glycerol can be
detected, which, upon hydrolysis during heating or storage, form a homologous series of saturated
aliphatic d-lactones. The latter contribute positively to milk flavor eliciting a milky, fatty, and
coconut-like note. Moreover, the cooked flavor, commonly observed in milk and derivative prod-
ucts is caused by hydrogen sulfide. This compound is a product of the oxidation of free sulfhydryl
groups formed in the denaturation of B-lactoglobulin, the major whey protein of cow’s milk [19].

Urbach investigated the effects of cold-storage on raw cow milk samples [20], reporting that
carbonyls are reduced to the corresponding alcohols; among the most abundant ones were ethanol,
2-propanol, and 3-methylbutan-1-ol. After prolonged storage, these alcohols were partially esteri-
fied with volatile acids.

12.2.2 Flavors Developed from the Autoxidation of Milk Lipids

Milk flavors can also be developed as products of the autoxidation of lipids, rendering a food
unpalatable due to a rancid or oxidized odor. In short, the nonenzymatic autocatalytic oxidation
reaction of unsaturated fatty acids, most commonly polyunsaturated (oleic, linoleic, linolenic,
and arachidonic acids), producing hydroperoxides, which often dismutate to secondary oxidation
products, such as aldehydes, ketones, alcohols, acids, hydrocarbons, lactones, furans, and esters.
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Aliphatic aldehydes are considered as the most important breakdown products of hydroperoxides,
due to their major contribution to unpleasant flavors in food products. Moreover, aldehydes result-
ing from autoxidation may undergo other reactions, contributing further to the flavor of dairy
products.

12.2.3 Light-Induced Flavor Formation

Light is known to induce metabolic reactions in dairy products, triggering the degradation of pro-
teins or the oxidation of lipids, resulting in the formation of off-flavors. Furthermore, it is generally
accepted that riboflavin plays a major role as photosensitizer in milk and milk-derived products
[21]. Photosensitized oxidations produce hydroperoxides, which are prone to decompose forming
free radicals, and these are responsible for autoxidation reactions and off-flavor developments.
Riboflavin acts by means of two reaction modes. Type I occurs when a triplet riboflavin (electronic
excited state with two unpaired electrons) is directly deactivated by the abstraction of an electron
from a substrate, which is then oxidized. Subsequently, riboflavin can abstract a further electron,
forming a reduced riboflavin or react with ground-state oxygen to generate a superoxide radical.
Type I reaction may be exemplified by the photoxidation of lipids yielding alkanals and 2-enals,
which are not present in autoxidized milk samples; while 2,4-dienals are only detected in autoxi-
dized samples. According to Wishner [22], the oxidizing substrates in light-exposed milk are the
monoene fatty acids of the triglycerides, while in spontaneously oxidized milk polyene fatty acids
of the phospholipids are involved.

On the other hand, in type II reactions a triplet riboflavin is deactivated physically by oxy-
gen, and a singlet-oxygen is formed. The latter reacts with the amino acid methionine, which
then undergoes Strecker degradation forming aldehydes (e.g., methional) and sulfur-containing
compounds (e.g., dimethyl sulfide). It is noteworthy that the broth and potato-like flavors pro-
duced when milk is exposed to light are mainly related to the presence of methional; though the
understanding of the role of this compound in light-induced flavor is made difficult by its easy
conversion to other sulfur compounds [23]. Samuelsson [24] reported that methionine in milk is
converted to mercaptan, sulfides, and disulfides at pH 6.8 in the presence of light and oxygen.

12.2.4 Flavor Compounds Derived from Package Component Migration

Flavor formation may be triggered by substances transferred from the package into a dairy matrix
(migrants), often monomers (e.g., ethylene glycol), residual reactants (e.g., catalyst residues), or
degradation products (e.g., acetaldehyde). The migration of compounds may influence the sensory
quality and acceptability of a food product. A commonly detected migrant is acetaldehyde, also
known as a degradation product formed in the melting process of poly(ethylene terephthalate)
(PET), which is a material that is increasingly used in milk packagings. Acetaldehyde has a pun-
gent, ethereal odor, and is fruity and pleasant when diluted; it strongly decreases the acceptability
of milk, while acting as the most important, volatile flavor compound in plain yogurt [25].

Even acetaldehyde concentrations of 10 mg/L exceed the human threshold values of 0.82 mg/L
in milk, decreasing strongly the acceptability of milk. Freshly pasteurized milk contains about
10 ppb of acetaldehyde [3], which are most often detected in fermented products, e.g., yogurt at
concentrations ranging from 5 to 40 mg/L [26]. Moreover, according to sensorial tests (triangle test
performed by 25 panelists) no significant difference in the acetaldehyde threshold in milk of vari-
ous fat contents could be observed, thresholds of 3939, 4020, and 4040 ppb were determined for
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nonfat, low-fat, and whole milks, respectively, while chocolate-flavored milk showed a threshold
of 10048 ppb [27]. This information assisted in the prediction of the influence of acetaldehyde
migration on the flavor of milk products.

12.3 Flavor Formation in Fermented Dairy Products: Cheese

The compounds forming the subtle and delicate milk flavor blend are transformed, by means
of fermentation, into other flavor compounds derived either from lactose fermentation and cit-
rate conversion, protein degradation or amino acid catabolism, or lipid degradation. As a conse-
quence, fermented milk-based products present complex, variety, and type-specific flavor profiles,
presenting compounds that belong to several chemical classes, such as alcohols, aldehydes, ketones,
esters, lactones, furans, nitrogen-containing compounds, as also pyrazines and sulfur-containing
compounds, terpenes and their derivatives, aromatic compounds and free fatty acids (FFAs).

One of the most widely studied fermented products is cheese, which has more than 500 varieties
[28]. Cheese manufacture consists on the addition of salt, an enzyme coagulant and a culture of a
starter organism to milk, the latter is mainly represented by prokaryotes and is the principal source
of enzymes involved in the biochemical processes [29]. Predominantly, lactic acid bacteria (LAB)
are used as starters, comprising the homolactic (lactococci, streptococci, lactobacilli group I) and
the heterofermentative genera (leuconostocci, lactobacilli group III). Within LAB a large strain-
to-strain diversity can be observed in flavor formation; thousands of strains are known in the
environment both in public and in private culture collections representing an important reservoir
of natural diversity of phenotypes.

Additional cultures are also utilized, e.g., Propionibacterium in the manufacture of Swiss-
cheeses, and, frequently, aerobic cultures in the production of surface-ripened cheeses, such
as bacteria (Brevibacterium, Arthrobacter, and Staphylococcus), fungi (Penicillium), and yeasts
(Debaromyces) [30]. Apart from these starter organisms, also lactobacilli originating from the milk
environment might grow in dairy products, turning to be a source of enzymes involved in the
formation of flavors. Nonstarter organisms (molds and surface bacterial flora) are also reported to
be of relevance for flavor formation [31].

Furthermore, it is worthwhile to emphasize that even closely related bacterial strains may exhibit
very different flavor-forming activities, due to the fact that (1) the genes encoding key enzymes for
flavor formation is not produced by all the strains of a species; (2) different variants of a flavor-form-
ing enzyme among strains may occur, leading to altered catalytic activities; and (3) the expression
of many of the enzymes involved in flavor production is strongly subjected to regulation.

12.3.1 Fermentation of Lactose and Conversion of Citrate

Flavor formation during the manufacture of cheeses is initiated immediately after the addition of
starter cultures to milk, also known as starter organisms. The widely utilized LAB are able to fer-
ment lactose to lactic acid that on its own is the main flavor of several fresh cheeses. At first, lactose
is hydrolyzed by starter cultures producing glucose and galactose. The former is then oxidized to
pyruvate by the Emden-Meyerhof pathway of glycolysis, while the latter is converted by galactose-
positive bacteria and leuconostocs through the Leloir pathway to glucose-6-phosphate, and to
glyceraldehyde-6-phosphate by lactococci through the tagatose pathway (refer to Figure 12.2).
The intermediate pyruvate can also be converted to various short-chain flavor compounds, such
as diacetyl, acetoin, acetaldehyde, ethanol, and acetate. Diacethyl imparts a buttery, nutty flavor
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Figure 12.2 Biochemical pathways of lactose catabolism in milk.

and is considered to be significant for the flavor of Camembert [7,32], Cheddar [33,34], Emmental
[35], and cottage cheeses [36], while acetoin was considered to contribute to the flavors of Cheddar
[34] and Mozzarella cheeses [11] with a sour milk-resembling odor. Moreover, acetaldehyde was
described to impart a green note to Camembert [7,32] and Gruyere [37].

In addition, other starter organisms, such as heterofermentative starters, present the ability
to ferment other noncarbohydrate substrates, such as citrate, producing acetaldehyde, ethanol,
butan-1,2-diol, and diacetyl, yielding a more buttery flavor [36]. In citrate-utilizing LABs this
substrate is initially cleaved to oxaloacetate and acetate by a citrate lyase. Moreover, in cultures
of Lactococcus and Leuconostoc spp. oxaloacetate is decarboxylated to pyruvate. Two molecules of
the latter are then condensed by an ot-acetolactate synthase, forming oi-acetolactate and carbon
dioxide. The former is unstable, and its decarboxylation may be oxidative yielding diacetyl or non-
oxidative forming acetoin, while the latter is responsible for the eye formation in some semihard
cheeses [38]. It should be noted that the initial breakdown of citrate and the further conversion
of the intermediate pyruvate into specific fermentation products can be regulated at different
levels, according to the microorganism. As aforementioned, heterofermentative starters produce
carbon dioxide that promotes an open texture. The use of Propionibacterium freudenreichii subsp.
shermanii, which ferments lactose, producing propionic acid and carbon dioxide is also notewor-
thy; the former contributes to the characteristic flavor of Swiss-type cheese, while the latter is, as
mentioned earlier, responsible for the eye formation in the cheese [39].

Nonstarter organisms may also ferment lactose producing a variety of compounds; the coli-
form fermentation generates formic acid, carbon dioxide, and hydrogen, the butyric fermentation
leads to butan-1-ol, butyric acid, acetone, propan-2-ol, and carbon dioxide formation, and the
ethanolic fermentation pathway generates ethanol and carbon dioxide. When the lactose supply is
depleted, and pH, water acidity, and reducing potential are not optimal, surviving homofermenta-
tive starters may widen their range of fermentative activity. Moreover, the lactose depletion rate
varies according to the cheese type; from 24 h in Swiss-type to 20 days in Cheddar cheese [40].
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12.3.2 Proteolysis and Catabolism of Amino Acids

The important raw materials for cheese flavor generation include not only low-molecular weight
compounds, as citrate and lactose, but also high-molecular weight proteins from which many of the
most important flavor compounds are derived, especially in hard-type and semihard-type cheeses.

The proteolytic process is initiated by the conversion of casein to large peptides by proteases.
Commonly, LAB strains produce a series of peptidases, which are able to further degrade large
peptides to smaller oligopeptides and amino acids. These, on their own, contribute to the flavor
promoting a sweet or brothy note. On the other hand, peptides with an undesired bitter taste may
also accumulate to concentrations higher than their threshold, which may be removed by the addi-
tion of adjuncts able to reduce bitterness, the so-called debittering peptidases [41]. Furthermore,
amino acid convertases trigger the formation of flavor compounds from amino acids, yielding
various alcohols, aldehydes, acids, esters, and sulfur compounds.

In the past, proteolysis was considered as a rate-limiting process in the maturation of many
cheeses, especially in semihard cheeses. However, it was demonstrated that enhancing the free
amino acid release by intensifying peptidolysis by LAB [42] or adding free amino acids did not
affect aroma formation in cheese [43], suggesting that the rate-limiting factor was not the release
of free amino acids but their conversion to flavor compounds.

In general, proteolysis proceeds at a slower rate especially in cheeses that are low in moisture or
have a rich salt content; both these characteristics are considered to control the maturation rate. In
addition, the concentration of free amino acids was found to be closely linked to the maturity of
cheeses, and was recognized as cheese flavor precursors. Amino acids are substrates for transami-
nation, dehydrogenation, decarboxylation, and reduction, producing a wide variety of flavor com-
pounds, or further precursors, such as amines and Strecker aldehydes (see Figure 12.3). The ability
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of microorganisms to generate flavor compounds from amino acids in cheese is considered to
be highly dependent on strain; among the most common strains are LAB, coryneform bacteria,
yeasts, and Geotrichum candidum, among others [44].

The study of the compounds responsible for the characteristic flavor of various cheeses dem-
onstrated that amino acid degradation is a major process for flavor formation in cheese. Moreover,
branched-chain amino acids (leucine, isoleucine, and valine), aromatic amino acids (phenylalanine,
tyrosine, and tryptophan), and methionine are the major precursors of these aroma compounds
[44]. In this respect, monitoring amino acid degradation during cheese ripening may be a reason-
able approach to control flavor formation.

12.3.2.1 Metabolism of Branched-Chain Amino Acids

The catabolism of branched-chain amino acids is initiated by a transamination reaction catalyzed
by amino acid aminotransferases [44]. This conversion pathway of amino acids is responsible
for the transamination of leucine, isoleucine, and valine, forming ai-keto acids intermediates;
o-ketoisocaproate, 0.-keto-B-methyl valerate, and oi-ketoisovalerate, respectively. The conversion
pathways of the branched-chain oi-keto acids, on the other hand, may involve three biochemical
reactions: the oxidative decarboxylation to carboxylic acids, the decarboxylation to aldehydes, and
the reduction to hydroxyacids. With the exception of hydroxyacids, all of these products present
strong flavors. It has to be highlighted that the specificity of the aminotransferases may differ
according to the microorganism.

The intermediate O-ketoisocaproate, for instance, may be decarboxylated to 3-methylbutanal,
which presents a fruity, pleasant odor at low concentrations, and green, malty, acrid, pungent odor
at higher concentrations; 3-methylbutanal may undergo oxidation catalyzed by aldehyde dehy-
drogenases to isovaleric acid, which elicits rancid, cheesy, sweaty, and putrid notes that probably
contribute to ripe cheese aroma; this is more prevalent in Camembert than in Cheddar, and is also
detected in Swiss Gruyere cheese [45].

Similar reactions may also be observed for isoleucine and valine, both are decarboxylated pro-
ducing the malty flavors 2-methylbutanal and 2-methylpropanal, respectively, which thereafter
are oxidized to 2-methylbutyric acid and isobutyric acid. In general, fatty acids originated from
branched-chain amino acids yield sweaty, rancid, fecal, putrid, and ester-resembling flavors [44];
the influence of these flavors on a cheese is based on the ratio of its concentration in that product to
its threshold concentration in that same matrix. In addition, the conversion of the aldehydes pro-
duces the corresponding alcohols, 3-methyl butanol, 2-methyl butanol, and 2-methyl propanol,
responsible for alcoholic and fruity f