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ABSTRACT

Milk, milk-based products, and milk derivatives rep-
resent an important group of food commodities, with
high nutritional value and widely consumed by large
segment of consumers, including pregnant women,
newborns, children, and the elderly. Food authentica-
tion is a rapidly growing field because of increasing
consumer awareness regarding food quality and safety.
This review attempts to critically summarize the status
of direct and indirect analysis of the molecular species
of triacylglycerols (TAG) used to assess the authentic-
ity of milk. Identification and quantification of TAG
molecular species in milk fat can be accurately per-
formed even though analytical approaches focused on
fraud evaluation should be developed. Recent analyti-
cal breakthroughs and novel techniques are discussed,
along with their applications in milk authentication.
Key words: authentication, milk  quality,
triacylglycerol, lipid analysis

INTRODUCTION

The perceived quality of a food is a very important
factor for the consumer, who often associates it with
the concept of authenticity, meaning the adherence
of the product to what is written on the label. The
authenticity of dairy products is linked to animal spe-
cies, geographic origin, and processing or production
technology (Hrbek et al., 2014), although inter- and
intra-species variability factors, such feeding practices,
breed or lactation conditions, should also be considered
(Jensen, 2002). The authenticity of dairy products of-
ten has a strong effect on the final economic value of
the food (Di Stefano et al., 2012).

Recently, an initiative of the European Parliament
identified several foods, including dairy products,
that are common targets of fraudulent activities. The

Received January 17, 2019.
Accepted March 11, 2019.
*Corresponding author: francesca.blasi@unipg.it

European Union Joint Research Centre’s (EU-JRC)
actions in the area of food authenticity help counter-
act food fraud by applying the best available science
to develop standard methodologies and best practices
guides, supported by advanced analytical methods.
The JRC publishes a summary of articles every month
on food fraud and adulteration (EU-JRC, 2018).

Regarding the authentication of milk, a few older re-
views report methods for the analysis of triacylglycerols
(TAG) aimed at verifying milk quality and detecting
adulteration (Lipp, 1995). Moreover, there is a great
deal of interest in analysis of TAG species contained
in milk fat because of their influence on physiological,
nutritional, and technological aspects (Fontecha et
al., 2005). Together with fish oils, milk lipids are the
most complex dietary fats. Analysis of TAG in milk
and dairy products is a very difficult task because of
their extraordinary variety of fatty acids (Blasi et al.,
2008; Cossignani et al., 2014). It has been reported
that milk fat contains approximately 400 different fatty
acids (FA), which is reflected by a wide variety of pos-
sible TAG molecular species; the possible number of
TAG molecular species could exceed 1,300 (Lipp, 1995;
Mansson, 2008). It is therefore important to analyze
TAG profiles, including regioisomers and enantiomers,
not only to understand the physical, chemical, and nu-
tritional properties of milk fats, but also to verify milk
authenticity (Rezanka et al., 2017). In this regard, iden-
tifying the species origin is also important to consumers
because of the economic loss arising from fraudulent
substitution, as well as aspects related to food safety
(Cubero-Leon et al., 2014) and religion (Abbas et al.,
2018).

The use of rapid, effective, and reliable analytical
methods for TAG molecular species represents a valu-
able and irreplaceable tool to verify the authenticity and
traceability of milk products. The analytical techniques
that can be used for this purpose are chromatographic
(liquid or gas chromatography) or nonchromatographic
techniques, such as vibrational spectroscopy (near-
infrared and mid infrared spectroscopy), hyper-spectral
imaging, nuclear magnetic resonance spectroscopy and
Raman spectroscopy. Other techniques include opti-
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cal and infrared microscopy, electronic spin resonance
spectroscopy, PCR, MALDI-TOF MS (Picariello et al.,
2007; Calvano et al., 2013; Tzompa-Sosa et al., 2018),
and enzymatic assays.

This review focuses on chromatographic procedures
for the analysis of the TAG fraction in order to verify
the authenticity of milk, in particular identifying the
species origin. The objective was to highlight the advan-
tages and disadvantages of several methods developed
to assess authenticity using TAG molecular species.

EXTRACTION METHODS OF MILK LIPIDS

Extraction is a critical step in the analysis of lipids,
because contamination or improper extraction of com-
ponents could lead to misinterpretation. Before being
carefully analyzed, samples should be freshly prepared,
homogenized, and then extracted. It is important to
prevent lipid degradation and to prevent or minimize
the presence of artifacts, which can compromise the
identification and quantification of the lipid fraction
components. The addition of synthetic antioxidants
might be recommended before extraction to avoid lipid
oxidation. Alternatively, a commercially available oxy-
gen absorber could be placed inside the sample pack-
age, or nitrogen flow could be applied before closing
vials (Christie and Han, 2012).

The most commonly used lipid extraction techniques
in lipidomics are liquid-liquid extraction (LLE) and
solid-phase extraction (SPE). Other techniques such
as solid-phase microextraction (SPME), ultrasonic-
assisted extraction, and dispersive liquid-liquid micro-
extraction are used sporadically.

For extraction of total milk lipids, the most widely
used methods are classical LLE procedures based on a
chloroform-methanol-water solvent system and 2-phase
partition of lipids (Folch et al., 1957; Bligh and Dyer,
1959). Both methods are gold standards for the extrac-
tion of a broad range of lipid classes from samples of
different types, milk and dairy products included (Ce-
quier-Sanchez et al., 2008). Some authors have reported
the need to replace the chloroform-methanol mixture
with less toxic solvents, such as hexane-isopropanol, to
avoid the major health, security, and regulatory prob-
lems associated with the use of chloroform (Cequier-
Sénchez et al., 2008).

These classic extraction methods have been applied
for decades to different milk lipid classes but the extrac-
tion efficiency may be lower for small TAG (Christie
and Han, 2012), glycerophospholipids, and cerebrosides
(Liu et al., 2018). This could affect qualitative and
quantitative analysis of lipids and hinder the under-
standing of their biosynthesis, biological functions, and
product authentication.

Journal of Dairy Science Vol. 102 No. 7, 2019

COSSIGNANI ETAL.

Liu et al. (2016) developed a single-phase extraction
method, efficient for extracting both polar and non-
polar lipids from milk. A butanol:methanol:chloroform
(3:5:4) mixture is directly added to the milk, and no
solvent removal and reconstitution steps are necessary.
The method is very simple but comprehensive and thus
suitable for high-throughput liquid chromatography
(LC)-MS lipidomic analysis; the extraction efficiency
for TAG was similar to that of the Folch method, even
if the method proposed by Liu and collaborators was
better for more polar lipids such as phospholipids.

Reference methods for milk lipid extraction are based
on mixtures of ethers (AOAC International, 2016; ISO,
2010a). Franz von Soxhlet first described a semicon-
tinuous method based on automatic solvent extraction
using diethyl ether for milk lipids. The application of
high pressure, ultrasound, or microwaves has decreased
or minimized the negative aspects (time-consuming,
requiring a large amount of solvent and an evapora-
tion-concentration step after extraction) of classical
conventional Soxhlet extraction (Luque de Castro and
Priego-Capote, 2010).

Recently, methyl-tert-butyl ether-based methods
have gained popularity (Villasenor et al., 2014). The
advantage of this simple method is that the organic
phase containing lipids constitutes the upper layer,
minimizing the potential of cross contamination and
enabling a faster and cleaner lipid recovery.

The effect of different lipid extraction methods on
lipid research has been evaluated, and numerous com-
parative studies have been reported, on both animal
(Pérez-Palacios et al., 2008; Sardenne et al., 2019) and
vegetable (Li et al., 2014; Blasi et al., 2017) foods.

Classical LLE methods are particularly time consum-
ing and require large amounts of organic solvents. To
extract emulsified fat globules suspended in the aque-
ous phase of the milk efficiently, the globules have to be
broken carefully. This condition is met by using acceler-
ated solvent extraction, a pressurized liquid extraction
method based on elevated pressure and temperature
(Luque de Castro and Priego-Capote, 2010; Castro-
Goémez et al., 2014).

Garwolinska et al. (2017) developed a new, rapid,
and simple method based on SPME with a fiber coated
with a silica-based sorbent modified with C18 groups to
extract a broad range of lipids, such as glycerophospha-
tidylcholine, sphingomyelins, diacylglycerols (DAG),
and TAG, directly from milk samples.

Despite the low sample throughput, long time, and
large solvent consumption, the most widely used tech-
niques for fat extraction are based on the method de-
veloped by Folch or its modification in official method
989.05 (AOAC International, 2016) or according to
1211:2010/IDF 1:2010 (ISO, 2010a). The main prob-
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Table 1. Methods published after 2000 for the determination of triacylglycerols (TAG) in milk fat using high-resolution GC methods

TAG
molecular
Milk Detector' Stationary phase’ species Reference
Goat FID WCOT silica capillary C28-Ch4 Fontecha et al., 2000
(50 m x 0.22 mm i.d. x 0.22 pm film thickness)
containing a Silar 5CP (50% phenyl, 50% cyanopropyl;
Chrompack, Middelburg, the Netherlands)
Sheep MSD WCOT silica capillary C28-C5H4 Fontecha et al., 2005
(50 m x 0.22 mm i.d. x 0.22 pm film thickness)
containing a Silar 5CP (50% phenyl, 50% cyanopropyl;
Chrompack)
Cow (adulterants: pork lard, FID Phenyl methyl silicon at 5%, C28-Ch4 Gutiérrez et al., 2009
bovine tallow, fish oil, intermediate polarity HP5 (2 m x 0.25 mm i.d. x 0.25
peanut, corn, olive, soy) pm film thickness; Agilent Technologies, Palo Alto, CA)
Cow, goat FID Phenyl methyl silicon at 5%, intermediate polarity HP5 C28-Ch4 Tolentino et al., 2015
(2m x 0.25 mm i.d. x 0.25 pm film thickness; Agilent
Technologies)
Human, cow, sheep, goat, FID Bonded phase poly (dimethyl siloxane) Petrocol EX C22-C54 Bononi et al., 2017
donkey 2887 (5 m x 0.53 mm i.d. x 0.1 pm film thickness;

Supelco, Milan, Italy)

'FID = flame ionization detector; MSD = mass selective detector.
*WCOT = wall-coated open tubular.

lem is lack of potential automation; therefore, research
should move toward simplifying and miniaturizing sam-
ple preparation, scaling down the size of the system, or
to developing new setups and techniques.

DIRECT ANALYSIS METHODS
OF TRIACYLGLYCEROLS

Analysis of Triacylglycerols by GC

The application of GC for the analysis of TAG was
reviewed in detail in the 1990s, because this technique
was commonly used to analyze the molecular species
of TAG prior to 1990. Generally, high-resolution GC
(HRGC) with flame-ionization detection (FID) is
widely used in food analysis to reveal the FA composi-
tion of TAG of vegetable (Cossignani et al., 2017; Blasi
et al., 2018) and animal (Blasi et al., 2008; Cossignani
et al., 2011) origin, but even today it is used by some
researchers to analyze TAG molecular species (Tolen-
tino et al., 2015; Bononi et al., 2017). Usually, GC is
more suitable for detecting volatile and semivolatile
compounds, but high-temperature GC is a valuable
tool for determining molecular species of TAG, if ap-
propriately used (Christie and Han, 2012).

Table 1 shows the GC methods published after 2000
for the determination of TAG in milk fat, with different
stationary phases and detection systems (FID, MS).
The most critical aspects of TAG separation by GC
analysis were the low volatility of TAG, the possibil-
ity of pyrolysis at the high temperature required for
elution, the thermal instability of TAG, especially for

samples containing UFA, the injection and detection
systems, and the nature of the stationary phase.

In terms of injection mode, the right choice can be of
critical importance, and some reliable techniques have
been used (Buchgraber et al., 2004): cold on-column
injection (OCI), split injection, and programmed-tem-
perature vaporizer injection systems (Fontecha et al.,
2000; Bononi et al., 2017). For the detection system,
FID is generally used and response factors for quantita-
tive studies of TAG can be obtained using butter oil
as reference (Kalo et al., 2004). Generally, a mixture
of synthetic TAG is first analyzed to determine both
the best chromatographic conditions and the retention
times of these components, and then MS should be used
for TAG identification. For the stationary phase, low-
polarity phases are most stable to high temperatures
but only permit separation by TAG molecular weight.
In contrast, modern high-polarity or polarizable phases
in short capillary columns of fused silica offer remark-
able separation, exhibiting resolution by both FA chain
length (carbon number) and degree of unsaturation, but
they are the least stable to high temperatures. Column
manufacturers have tried to produce medium-polarity
stationary phases with acceptable temperature stabil-
ity (chemical bonding to the support and cross-linking
of polymers) as a compromise to achieve an adequate
degree of separation by both chain-length and degree of
unsaturation (Christie and Han, 2012).

Table 2 shows the TAG composition of fat from cow,
goat, sheep, donkey, camel, water buffalo, horse, and
human milk, based on carbon number. A wide range of
TAG variability can be noted among various mammali-
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Table 2. Percentage relative triacylglycerol composition (range: minimum and maximum of literature datal) of the milk fat of different origins

Carbon Water

number Cow Goat Sheep Donkey Camel buffalo [l Horse Human ®
22 0.07% 2 0.06 0.01% — — — —
024 0.06"-0.56 0.08"-0.36" 0.08"-0.65 0.09"-0.49% 0.10 0.08 0.08 0.34
26 0.24"-0.46% 0.320! 0.38"0.851% 0.218-0.250 0.02 0.40 0.24 —
028 0.45[-1.11 0.38-0.780"! 0.86"-1.80 0.57"-0.65% 0.01 0.75 0.51 —
C30 0.58-1.8 0.8917-1.690" 1.57""-2.93F 1.18"-1.650 0.03 1.30 1.04 —
032 1.451-3.64 1.728-3.02 2.65"-4.350 1.53P2 720 0.09 2.82 1.38 —
C34 3.411-7 5l 3.59/05.430 4.85"6.051 2.08"-3.440 0.24 6.99 2.23 0.20
36 7.110-13 31 5.80%-9.16"! 8.33"-8.690 3.330 4,57 0.46 12.47 3.42 0.56
38 11.26!-15.9/ 8.210-11.85M" 11.68"-13.151 4.44" 6,138 0.64 13.55 4.40 1.11
C40 9.21-12.6 9.22[-12. 14" 11.08"-13.62/ 5.16""-7.820 0.78 9.49 5.76 2.24
42 6.171%-7.9/ 9.751%-11.14" 7.97"-g8. 77" 7.63"-10.15" 1.80 5.77 8.86 4.26
44 5.277.631 9.86"-10.16" 7.17"7 250 10.550-12.49 5.20 5.40 11.49 7.39
C46 5.219-8 6l 7.78"-10.021 6.40-6.81™" 9.00"-9.83k 12.48 6.68 10.41 11.17
48 6.217-10.09" 7.08"-9.60% 5.57%-7.38" 6.900-7.10" 21.60 8.79 10.02 12.68
C50 8.419-13.431 8.220 11 750 6.81%-9.66/" 8.761-11.43" 25.79 10.52 13.19 17.79
52 6.49-14.64 7.26""-15.23% 8.461"-11.16" 16.22-21.01" 20.37 9.39 17.39 32.71
C54 2.719-8 611 3.27"-3.33F 4.60P-7.18" 7.59113.320 9.07 4.64 8.70 9.12
C56 0.34-0.51 — — 0.370 — — — 0.42

'Sources: [a] = Bononi et al., 2017; [b] = Smiddy et al., 2012; [¢] = Gutiérrez et al., 2009; [d] = Taylor and MacCibbon, 2011; [¢] = Tzompa-

Sosa et al., 2016.
*Not reported.

an species; for example, C52 is a TAG more represented
in donkey milk (16.22-21.01%) than in other milks (cow,
goat, sheep), where the main TAG are C38 and C40
(around 20% expressed as total). These compositions,
although variable, could be used as biomarkers—useful
fingerprints of milk origin. For the practical application
of these markers, analysis of a large number of samples
could be used to build a database to compare samples
of unknown animal origin. It can be seen that some
other milks (horse, camel) are less extensively studied
and thus more research is necessary.

Interestingly, Gutiérrez et al. (2009) analyzed adul-
terated samples (cow milk with 5, 10, 15, or 20% added
nonmilk fat) by GC-FID and identified samples by
linear discriminant analysis (LDA) based on 3 carbon
number variables (C36, C48, and C52). They developed
an effective method of detecting adulteration at levels
<10%, and their results assisted in creation of a pro-
posal for a national norm to verify milk fat authenticity
in milk and dairy products.

Smiddy et al. (2012), following ISO standard
17678:2010/IDF  202:2010 (ISO, 2010b), separated
TAG molecular species of milks from different mam-
malian species (horse, cow, sheep, goat, donkey, camel,
and water buffalo) by GC. The TAG composition data
were analyzed by principal component analysis for the
classification, but better discrimination was obtained
when differential scanning calorimetry data were also
considered. Cow milk samples, as well as some sheep
and buffalo water milk samples, showed generally higher
concentrations of C50, C52, and C54 TAG. Mostly goat
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milk samples had higher concentrations of C40, C42,
and C44 TAG. The method proposed by Smiddy et al.
(2012) has some practical limits; in fact, because of the
low fat content of horse, camel, and donkey milks, it is
not applicable for use in these species.

The ISO procedure 17678:2010/IDF 202:2010 (ISO,
2010b) is the reference method for the detection of
foreign fats; both vegetable and animal fats (beef tal-
low and lard) can be detected in the milk fat of dairy
products using GC analysis of TAG and defined TAG
equations. The method is independent of the variation
in common feeding practices, breed or lactation con-
ditions, but excludes some products, such as cheese,
because the ripening process can affect the fat composi-
tion and yield a false-positive result (Molkentin and
Precht, 2000).

More recently, Bononi et al. (2017) proposed a
HRGC-OCI method and obtained a clear differentiation
between different species of milk (cow, donkey, human,
sheep, and goat). Figure 1 shows the typical HRGC-
OCI profile produced for the fat fraction of cow milk
expressed as total carbon number (TCN), from C22 to
Cbh4. The profile, if compared with other more expen-
sive milks, demonstrates a clear differentiation between
different species of milks (donkey, human, cow, sheep,
and goat), and the TAG pattern may be considered a
fundamental characteristic of milk from each species.
For example, the donkey milk profile is characterized
by TAG classes with TCN below 34, whereas human
milk is characterized by TAG classes with TCN greater
than 40. The proposed HRGC-OCI method produces
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Figure 1. High-resolution gas chromatography on-column injection (HRGC-OCI) profile produced for fat fraction of cow milk expressed as
total carbon number. Adapted with permission from Bononi et al. (2017).

reproducible results and permits easy characterization
and practical comparison, making it useful for indus-
trial quality control of milk.

Analysis of Triacylglycerols by Liquid
Chromatography

The separation of TAG molecular species by HPLC
is the most widely used method today. Although time
consuming, sample cleaning or fractioning by SPE
columns or thin-layer chromatography (TLC) before
LC-MS analysis can often facilitate lipid species iden-
tification and improve the quality of lipidomics data.
Table 3 shows methods published after 2000 for the de-
termination of TAG in milk fat using HPLC methods,
with different detection systems and different station-
ary and mobile phases.

For TAG characterization, reversed-phase liquid
chromatography (RPLC) has generally been used, to-
gether with silver ion chromatography (Agt-HPLC).

The RPLC achieves separation based on TAG hydro-
phobicity; the elution order depends on the acyl chain
length and the number of double bonds. The TAG
molecular species are eluted according to the partition
number (PN), also called equivalent carbon number
(ECN):

PN (or ECN) = TCN - 2 x DBN,

where TCN is the total carbon number and DBN is
the number of double bonds in TAG molecules. In this
case, elution time increases with PN; it should be noted
that LC separation is able to resolve TAG groups with
different ECN but cannot generally resolve groups with
the same ECN.

Generally, using reverse phase columns, TAG groups
with only one double bond less are adequately resolved,
but some commonly used MS analyzers are unable (if
the resolving power <100,000) to differentiate the M+2
isotope of one group with the monoisotopic mass of
another group. However, today’s MS analyzers, such as
time of flight (TOF), Fourier transform-ion cyclotron
resonance (FT-ICR), and Orbitrap, have a resolution
of 500,000 to 1,000,000. This technical evolution should
greatly facilitate the identification of TAG groups in
milk samples. Although atmospheric pressure chemi-
cal ionization-mass spectrometry (APCI-MS) has
been widely used for TAG characterization (Mottram
and Evershed, 2001; Gastaldi et al., 2011; Beccaria et
al., 2014), electrospray ionization-mass spectrometry
(ESI-MS) is more versatile (Li et al., 2017, 2018) and
thus more popular in comprehensive lipidomic analysis.

As documented in many research papers (Mottram
and Evershed, 2001; Gastaldi et al., 2011; Ten-Domé-
nech et al., 2015), the LC technique, performed under
non-aqueous reversed-phase (NARP) conditions, is by
far the most-used technique to attain detailed informa-
tion on TAG composition in natural samples.

Mottram and Evershed (2001) reported for the first
time the identification of 120 intact TAG species in
whole milk fat by using HPLC-APCI-MS, preceded by
TLC and gel permeation chromatography for milk fat
fractioning. The proposed method was time consuming
and laborious, and therefore not suitable for daily appli-
cability in routine quality control. In contrast, Gastaldi
et al. (2011) used NARP-HPLC-APCI MS/MS without
pre-fractionation. They found that in mature bovine
milk, the most abundant TAG groups included TAG
with an even number of carbon atoms (from C34:0 to
(C40:0 and C48:0), TAG with one unsaturation (38:1,

Journal of Dairy Science Vol. 102 No. 7, 2019
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40:1, 46:1, 50:1, 52:1) and TAG with 2 unsaturations
(C50:2, 52:2). The relatively large amount (>40%)
of TAG with a TCN <40 was due to the presence of
short-chain FA (C4:0-C8:0) in bovine milk. This is a
distinctive feature of bovine milk and useful to distin-
guish it from other milks (goat and human milks) for
authentication. Moreover, Gastaldi et al. (2011) inves-
tigated the TAG composition of n-3—enriched cow milk
and found some differences in TAG species containing
docosahexaenoic acid (DHA) in respect to human
milk. In fact, 10 TAG species containing DHA were
identified in human milk, whereas only one, of different
composition, was identified in n-3—enriched milk. It can
be assumed that TAG containing DHA could be a valid
marker to distinguish human milk from n-3-enriched
cow milk.

More recently, Ten-Doménech et al. (2015) performed
an RP-HPLC optimization study, using a core-shell
particle-packed column with UV and evaporative light
scattering detectors and developed a statistical study
based on LDA of TAG composition data of different
types of milks (human, cow, sheep, and goat) to dif-
ferentiate the samples according to their mammalian
origin, by using some peak area TAG ratios. Because
of the marked differences between cow and goat milks,
the method is applicable to the authentication of these
2 types of milks; discrimination between sheep and hu-
man milks was not possible.

Separation of regioisomers (3-PPC/B3-PCP, 3-PPO/
B-POP, 3-POO/B-OPO, and 3-PPD/B3-PDP, where P
= palmitic, C = capric, O = oleic, and D = docosa-
hexaenoic acids) was performed by LC/APCI-MS/MS
for TAG of cow milk (Gotoh et al., 2012). The ratio
B-OPO/B-POO in milk TAG of ruminant animals was
opposite of that in nonruminant milks, whereas 3-PPO
was the main regioisomer in both categories. These dif-
ferences are useful for authentication of fat, but the
main disadvantage of the method lies in the fact that
the sn-1 and sn-3 positions cannot be distinguished.
Moreover, instead of milk fat, the authors used cow,
buffalo, goat and sheep cheese fat; therefore, the practi-
cal applicability of the method for the purposes of milk
authentication is questionable (Gotoh et al., 2012).

To improve the LC separation capability afforded by
a single column (Liu et al., 2018), some researchers have
used serially coupled columns (Mottram and Evershed,
2001; Beccaria et al., 2014). Three core-shell type C18
columns in series have been used to separate, in 150
min, 243 different TAG (Figure 2), unambiguously
identified by APCI-ion trap-TOF-MS (Beccaria et al.,
2014). In fact, NARP-LC with serially coupled columns
is probably the best-known method for separating TAG
isomer species of the same group or same ECN.
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Although 1-dimensional chromatographic techniques
have proved to be very useful for the elucidation of
milk TAG profiles, a fully comprehensive analytical
view of these samples can be attained by using on-line
multidimensional-LC systems, which are based on the
combination of 2 independent separation steps with or-
thogonal selectivity (Dugo et al., 2006). These authors
separated 57 TAG molecular species of donkey milk by
using comprehensive 2-dimensional liquid chromatog-
raphy (LC x LC), based on the combination of Ag*-
HPLC and RP-HPLC, with APCI-MS detection. The
proposed method (Dugo et al., 2006) was an effective
tool for the characterization of donkey milk, but not
for the detection of fraud relative to the undeclared
addition of other cheaper milks.

In Ag"-HPLC, the stationary phase consists of an
ion-exchange medium loaded with silver ions. Gener-
ally, the separation of FA is based primarily on the
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Figure 2. Total ion current (TIC) chromatograms of the non-
aqueous reversed-phase (NARP) liquid chromatography-atmospheric
pressure chemical ionization (APCI)-MS for cow milk analyzed on 1
Ascentis Express C18 column (top; Sigma-Aldrich, Milan, Italy) and
3 serially coupled Ascentis Express C18 columns (bottom), showing
partition number (PN) or equivalent carbon number. Adapted from
Beccaria et al. (2014) with permission from Elsevier.
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interaction of © electrons of double bonds of acyl chains
with electrons in d orbitals of silver ions, but the re-
tention mechanism could be explained with different
interaction types (Nikolova-Damyanova, 2009).

Compared with RP-HPLC, Ag"™-HPLC often provides
much simpler chromatograms of TAG. It is considered
a necessary step in the sequence of chromatographic
methods needed to resolve a complex lipid mixture into
simpler molecular species. The sequential application
of Ag"-HPLC and RP-HPLC for the analysis of TAG
in complex lipid samples outperforms either of these
techniques applied singly. Triacylglycerols have been
separated according to the overall number of double
bonds in the molecule, even if TAG retention is also
affected by the distribution of double bonds in acyl
groups (Nikolova-Damyanova, 2009). Silver ion-HPLC
has also been used for FA separation, such as complex
mixture of CLA isomers (Delmonte et al., 2005; Cos-
signani et al., 2013).

High-resolution accurate mass LC/MS (HRAM
LC/MS) shows potential for monitoring dairy product
quality. Hrbek et al. (2014) first extracted TAG from
cow, goat, and sheep milks with toluene, and then ana-
lyzed the species-specific TAG profiles by direct analy-
sis in real time (DART)-HRAM LC/MS under positive-
mode DART ionization. Reliable differentiation of cow
milk and goat or sheep milk is possible using LDA,
but the proposed technique showed good discrimina-
tion only when the goat or sheep milk was diluted with
cow milk at levels of 50% (vol/vol). The sensitivity of
the proposed method was much higher when vegetable
oils (rapeseed, sunflower, and soybean) were added to
soft cheese at levels as low as 1% (wt/wt). For this
last result, the proposed procedure could find practical
applicability.

Li et al. (2017) obtained lipidomics profiling of goat
milk, soymilk, and bovine milk by ultra-performance
liquid chromatography (UPLC) coupled with Orbitrap
MS, and acquired, in positive ionization mode, 300
species of TAG. High amounts of TAG were found in
bovine milk with a higher content of medium-chain
triglycerides (MCT) compared with goat milk. Bovine
milk is also rich in ceramides and DAG, unlike the other
milks. The authors identified different lipid components
as biomarkers (among which DHA, MCT, and TAG)
for differentiation of milk types, highlighting the poten-
tial of the developed method for milk authentication.

As an alternative method to LC-MS and GC-MS,
supercritical fluid chromatography (SFC) is a promis-
ing analytical technique, with several advantages, such
as environmentally friendly, low cost, faster separation,
and better resolution, particularly for nonpolar and with
low-polarity compounds. With the introduction of a
new generation of SFC—ultra-performance convergence
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chromatography (UPC?)—analytical time and the use
of organic solvent could be drastically reduced, which
makes its application in routine or high-throughput
analysis more attractive. The most complete chemical
profiling of TAG (and DAG) in cow milk fat was car-
ried out for the first time by Zhou et al. (2014) with an
environmentally friendly UPC*-QTOF-MS approach,
without an additional sample pretreatment. Thus, Q-
TOF-MS may serve as a powerful tool in unequivocally
identifying chemical compositions of foods because of
its excellent ability to provide accurate mass data and
MS? fragment ion patterns. This approach might have
a future in lipidomics studies for TAG analysis in food
or biological samples.

Generally, the recently proposed methods (UPC*-
QTOF-MS; UPLC-Orbitrap MS) represent powerful
tools for complete analytical characterization but they
are not useful for routine quality control, because of
the high cost of the instrumentation, management, and
use.

INDIRECT ANALYSIS FOR TRIACYLGLYCEROL
STRUCTURE DETERMINATION

A deep understanding of TAG structure is of great
importance for the nutritional and technological prop-
erties of fats. Moreover, the qualitative and quantita-
tive profiles of TAG molecular species derive from the
enzymatic specificity of the biosynthetic process; it rep-
resents a fingerprint of origin species, useful for product
authentication. It is known that the FA distribution
among the 3 sn positions of the glycerol backbone is
nonrandom, in both vegetable (Montesano et al., 2018)
and animal foods, including milk of various species
(Blasi et al., 2008, 2013).

Indirect TAG analysis methods allow FA positional
composition and qualitative and quantitative analyses
of all molecular TAG species, including enantiomeric
isomers. Regiospecific analysis of TAG can be obtained
by the enzymatic reaction catalyzed by porcine pancre-
atic lipase (EC 3.1.1.3; Christie and Han, 2012) or by
Grignard chemical deacylation. The latter procedure
is the preferred method for the analysis of milk TAG,
because it does not show acylic specificity (Turon et al.,
2002; Tzompa-Sosa et al., 2014). It allows the direct de-
termination of FA composition of sn-2 position and the
differentiation of FA esterified in the primary (sn-1,3)
and secondary (sn-2) position of the glycerol backbone.
This approach is based on 1,3 random, 2-random distri-
bution theory (RR procedure).

In TAG regiospecific analysis, sn-2-monoacylglycer-
ols (sm-2-MAG), obtained by enzymatic hydrolysis
or chemical deacylation, are isolated by a preparative
TLC and transesterified as FAME for the subsequent
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GC-FID. It allows the determination of the FA compo-
sition (%) in the sn-2-position of the native TAG. The
FA composition in the sn-1(3) positions can then be
estimated from the composition of the sn-2-MAG and
TAG, according to the following formula:

[3 x At — A2]
AL3 = ———,

where A1,3 = % FA in sn-1 and sn-3 positions; At = %
FA in total TAG; A2 = % FA in sn-2 position.

Regiospecific analysis is of great relevance from a
nutritional point of view; in fact, FA esterified in sn-2
position are highly bioavailable because sn-2-MAG are
completely absorbed and re-esterified in the entero-
cytes. Moreover, FA compositions in sn-1 and sn-3 are
equally important for a full characterization of TAG
fraction, being related to enzymatic specificity of the
biosynthetic processes.

Complete characterization of TAG molecular species
structure can be obtained by stereospecific analysis,
based on the 1 random, 2 random, 3 random distribu-
tion theory (the RRR procedure), that considers the
distribution of FA random and different in the 3 sn
positions. To this aim, the analytical approaches are
based on enzymatic-instrumental and chemical-instru-
mental procedures. As regards enzymatic stereospecific
analysis, the procedure of sn-1,2 diacylglycerol kinase
is more suitable for stereospecific analysis of vegetable
fat (Christie and Han, 2012), whereas the most suitable
for milk TAG, containing FA with short length chain, is
the phospholipase A, procedure (Figure 3).

The percent FA compositions of sn-1 and sn-2 posi-
tions can be obtained, respectively, after HRGC-FID
analysis of the FAME of hydrolysis products (sn-
1-lysophosphatidylcholine and free FA). The percent

(1)PocCi, +
Milk slgE\'rranmé TAG (1) Grignan sn-1,2(2,3)-DAG choiinechlaise sn-1,2(2,3)-PC (1) PLA, 3 s
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-
C— 4 +nmec . To~13MG
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FA composition of sn-3 position can be calculated by
applying the following formula:

A3 =[3 x At - A2 - Al],

where A3 = % FA in sn-3 position; At = % FA in total
TAG; A2 = % FA in sn-2 position; Al = % FA in sn-1
position.

The most complete characterization of TAG by ste-
reospecific analysis of donkey, cow, ewe, goat and buf-
falo milks, carried out using the phospholipase A, (EC
3.1.1.4) procedure, was obtained by Blasi et al. (2008).
The main disadvantage of these methods is that they
are time consuming and not applicable for routine qual-
ity control, even if a total complete characterization of
regioisomers and enantiomers can be obtained.

Table 4 shows total and positional FA percent compo-
sition of cow milk TAG (determined with stereospecific
and regiospecific procedures). Palmitic, oleic, and lin-
oleic acids were, respectively, the most abundant SFA,
MUFA, and PUFA. Generally, the sn-1 and sn-2 posi-
tions were mainly esterified by palmitic acid, whereas
short FA, such as butyric, caproic, and caprylic acids,
preferred the sn-3 position. The PUFA, present in rela-
tively low concentrations, preferred primary positions.
The different FA distribution over the 3 sn positions for
different types of milks is important for authentication,
because it is species-specific. For example, as regards
the FA composition of sn-2 position, ewe milk shows
the highest content of oleic acid, whereas donkey milk
shows the lowest content of palmitic acid and different
from cow milk. In goat and donkey milks, the main FA
esterified in the sn-3 position is capric acid, whereas in
ewe milk it is butyric acid (Blasi et al., 2008). These
differences become important discriminant parameters
during LDA; in fact, it is possible to correctly discrimi-

s-1.LPC 2Spaeetioy, HRGC (Al

QTLC Dopaaiony HRGC (42)

sn-2-FA

+—n-2-FFA

G —>sn-1.2(23)-PC

(=" —==]
-+ 5n-23-PC
R

Figure 3. Scheme of the stereospecific procedure of phospholipase A, (PLA,). The triacylglycerol (TAG) fraction is subjected to partial
deacylation using the Grignard reaction following extraction and thin-layer chromatography (TLC). The obtained mixture of sn-1,2(2,3)-
diacylglycerol (DAG) isomers is converted to sn-1,2(2,3)-diacyl-phosphatidylcholines (PC), which is hydrolyzed by PLA, (EC 3.1.1.4) to obtain
sn-1-lysophosphatidylcholine (sn-1-LPC) and free sn-2-FA. These products, derivatized as FAME, give, respectively, the sn-1 (A1) and sn-2 (A2)
fatty acid (FA) compositions by high-resolution (HR)GC. At = percent FA in total TAG; MAG = monoacylglycerol.
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Table 4. Total and positional fatty acid composition (%) of cow milk triacylglycerol (TAG; determined with

stereospecific ¥ and regiospecific ™ 9 procedures!)

Fattgz

acid TAG sn-2 sn-1 @ sn-3 sn-1(3)
C4:0 6.0-9.4" 0.4" 1.3 17.9 10.2[9-17 50
C6:0 2.914 450" 0.2"-0.9"! 0.3 8.2 5.517 44
C8:0 1.70-2.15" 0.21-2.9l 0.3 4.7 2.01-3.31
C10:0 3.4-3.88/" 1.40 7 g 1.1 8.7 3.014-4.52
C12:0 3.97-4.61" 4.8M-g 1l 2.5 5.1 3.0-4.46"
C14:0 11.310 13,10 16.731-23.01 11.7 8.2 8.014-10.2
Cl4:1 1.340 0.34" . — 1.85"
C15:0 1.11" 0.9 — — 1.21M
C16:0 27.90"-31.6% 32.019-44.1/ 46.8 12.0 19.5[9-28.01
C16:1 1.24P g gl 0.49"2 50 1.5 1.9 1.62"
C18:0 6.6-7.41" 3.019-11.470) 11.1 5.2 5.36""-11.9
C18:1 17.05-19.28 7.2ld19.0l 21.5 25.1 14619265
C18:2 1.9% 0.6C-4.0 1.7 2.7 0.4-2.0l
C18:3 0.2 0.21 0.2 0.3 —

'Sources: [a] = Blasi et al., 2008; [b] = Tzompa-Sosa et al., 2014; [c] = Turon et al., 2002.

2(14:0, butyric acid; C6:0, caproic acid; C8:0, caprylic acid; C10:0, capric acid; C12:0, lauric acid; C14:0, myris-
tic acid; C14:1, cis-5-tetradecenoic acid; C15:0, pentadecanoic acid; C16:0, palmitic acid; C16:1, cis-9-hexadec-
enoic acid; C18:0, stearic acid; C18:1, oleic acid; C18:2, linoleic acid; C18:3, a-linolenic acid.

*Not reported.

nate donkey or ewe milk mixed with 1% cow milk, be-
cause total and intrapositional TAG compositions are
related to the stereospecific biosynthetic pathway (Cos-
signani et al., 2011; Blasi et al., 2013). The proposed
method, using a larger sampling, could have practical
application for the classification and authentication
of unknown mixtures or samples. Another interesting
application of enzymatic-instrumental methods is the
monitoring of the synthesis of structured lipid to obtain
better healthy fats; for example, producing TAG with
CLA esterified in the sn-2 position, with nutritional
advantages because of their real bioavailability or MCT
useful for enteral nutrition (Blasi et al., 2009; Maurelli
et al., 2009 a,b).

As regards chemical-instrumental methods for TAG
stereospecific analysis, a possible approach is based on
the application of chiral HPLC to separate derivatized
enantiomers. Unfortunately, only a few older papers re-
port this approach applied to the analysis of milk. For
example, dinitrophenylurethane (DNPU) derivatives of
the 1,2(2,3)-diacyl-rac-glycerol were resolved by chiral-
phase HPLC into 1,2-diacyl-sn-glycerol DNPU and
2,3-diacyl-sn-glycerol DNPU derivatives, before HRGC
analysis of their constitutive FA moieties, to obtain a
complete stereospecific determination of CLA in TAG
of milk-fat (Valeille and Martin, 2004).

CONCLUSIONS
This review highlights the fact that most papers on

milk TAG refer to pure milk samples, without consider-
ing possible blends and lacking a reliable chemometric
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approach to classify, differentiate, and authenticate
milk samples. Moreover, the sensitivity of an analyti-
cal method is often not declared, making it difficult to
evaluate the amount of adulterating milk added and,
thus, to obtain a practical application of the method.
The most common methods for TAG analysis are direct
procedures, mainly based on HPLC. When using these
methods, correction factors should be used to better
estimate the proportion of the different TAG in milk
fat. In recent years, advances in analytical techniques
have improved TAG species resolution by using serially
coupled columns or multi-dimensional chromatography.
The current availability of MS analyzers with high
resolving power greatly facilitates TAG molecule iden-
tification. Important progress has been made in the last
10 years in the analysis of lipid molecular species, but
further advances in milk lipidomics are necessary for
authentication and fraud evaluation.
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