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ABSTRACT 
 
Molecules of short-chain triacylglycerols (SC-TAGs) contain at least one acyl group with two to six 
acyl carbons. A high molar proportion of SC-TAGs in bovine milk fat (MF) is a unique feature 
among edible fats and oils and results in characteristic biological, chemical, physical, and 
technological properties, and induces specific requirements for analysis of TAGs. Gas-liquid 
chromatography (GLC) using polar columns and normal-phase high-performance liquid 
chromatography (np-HPLC) with mass spectrometric (MS) detection provide efficient methods to 
analyze slightly polar SC-TAGs and their isomers, but comprehensive quantitative investigations of 
the regioisomers of SC-TAGs in bovine MF by GC–MS or np-HPLC–MS have not been reported. 
The main objective of the present study was to identify and quantify regio- and acyl chain isomers 
of SC-TAG species in model TAG mixtures and in butterfat (BF) by GLC, GC–EI–MS, and np-
HPLC–ESI–MS/MS2 (EI/ESI = electron/electrospray ionization). 
 
In the present study, an improved method was developed to fractionate BF TAGs into saturated, 
monoene, and polyene TAGs on a solid-phase extraction column in silver ion mode (Ag-SPE) prior 
to GLC and GC–MS on a polarizable phenyl(65%)methylsilicone column. The method enabled 
determination of otherwise overlapping regio- and acyl chain isomers of SC-TAG species with 
different degree of unsaturation. Both Ag-SPE and molecular weight-based SPE fractionation prior 
to GLC and np-HPLC, respectively, increased the number of quantified TAG species in BF 
including some minor molecular species of TAGs.  
 
The present study established elution order of the acyl chain isomers of isobaric TAG species and 
the regioisomers of SC-TAGs on a polarizable phenyl(65%)methylsilicone column using retention 
indices calculated on the basis of a high number (112) of synthesized TAG species and isomers. 
Separation power of a phenyl(65%)methylsilicone column proved to be high enough to resolve the 
regioisomers of monocaproyl TAGs, in addition to those of monobutyryl TAGs. As np-HPLC was 
used to separate regioisomers of SC-TAGs, all regioisomers of butyryl TAGs resolved to the 
baseline, monocaproyl TAGs close to the baseline, and dicaproyl TAGs partially. Few isomer pairs 
of long-chain TAGs containing fatty acyl 20:0 were resolved as well. The present study established 
that in ESI–MS2, the cleavage of short-chain acyls (4:0, 6:0) from the sn-1(3) positions of 
ammonium adducts of mono-SC-TAGs was at least 2.3 times higher than that from the sn-2 position, 
which was previously confirmed with long-chain fatty acyls, hence enabling clear-cut differentiation 
between regioisomers. 
 
Due to intricate TAG composition of BF, specific molar correction factors (MCFs) for TAG classes, 
TAG species, or TAG isomers were used in all three quantification methods. In two MS methods, 
extensive variation in MCFs was observed due to variation in molecular size, degree of unsaturation, 
regio- and acyl chain isomerism of TAGs, but substantial number (> 100) of MCFs enabled 
extrapolation of missing MCFs for uncommon TAG species. All MS methods provided new 
information that emphasized the need to use specific MCFs for the sn-1(3) and sn-2 TAG isomers.  
 
All quantification methods yielded relatively unsurprising and similar general distribution of TAG 
classes and selection of the most common TAG species. However, 64 minor TAGs of 336 even-
numbered TAG species that were determined by np-HPLC–ESI–MS were confirmed for the first 
time to exist in BF. A high number of them were SC-TAGs including monoacetyl TAGs, rare sn-2 
isomers of monobutyryl or monocaproyl TAGs, di- and tri-SC-TAGs. 
 
The present study suggested that GLC, GC–EI–MS, and np-HPLC–ESI–MS were reliable choices 
to determine both most frequently found TAGs and more rare TAGs in BF. All methods enabled 
quantification of the regioisomers of SC-TAGs in BF. The methods can be adapted to detect 
adulteration of MF, to elucidate biological or technological function of MF, and to develop effective 
procedures of MF modification. They can be applied to investigation of structured TAGs with short-
chain fatty acyls. 
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ABBREVIATIONS 
 

ACN number of acyl carbons 
Ag-/Ag+- silver ion 
APCI atmospheric pressure chemical ionization 
APPI atmospheric pressure photoionization 
BF/BO butterfat/butteroil 
CF/ECF/MCF correction factor / empirical CF/molar CF 
chir chiral-phase 
CI chemical ionization 
CID collision induced dissociation 
DAG(s) diacylglycerol(s) 
DB double bond 
EI electron ionization / electron impact ionization 
ESI electrospray ionization 
FA/FFA fatty acid / free fatty acid 
FAME fatty acid methyl ester 
FAB fast-atom bombardment 
FID flame ionization detector 
GC/GLC gas chromatography / gas-liquid chromatography 
GPC gel permeation chromatography 
HPLC/UHPLC high-performance liquid chromatography / ultra HPLC 
IBO/IBF interesterified butteroil/butterfat 
IS internal standard 
LC long-chain with molecules / liquid chromatography with methods 
LMBO lipase-modified butteroil 
LSD light scattering detector 
MAG(s) monoacylglycerol(s) 
MC medium-chain 
MF milk fat 
MS mass spectrometry 
MS2 (MS/MS) tandem mass spectrometry 
NICI/nCI negative ion chemical ionization 
NMR nuclear magnetic resonance 
np normal-phase 
OCI on-column injector / injection 
PICI/pCI positive ion chemical ionization 
rac racemic 
RI retention index 
rp reversed-phase 
SC short-chain 
SGC silica gel column chromatography 
sic silver ion chromatography 
SIM selected ion monitoring 
sn stereospecific numbering 
SPE solid-phase extraction 
TAG(s) triacylglycerol(s) 
TIC total ion chromatogram 
TLC thin-layer chromatography 
 
Specific abbreviations with TAG/FA species: Ac = acetic (2:0), B/Bu = butyric (4:0), Co = caproic 
(6:0), Cy = caprylic (8:0), Ci = capric (10:0), La = lauric (12:0), M = myristic (14:0), P = palmitic 
(16:0), Po = palmitoleic (16:1), S/St = stearic (18:0), O = oleic (18:1), L = linoleic (18:2), Ln = 
linolenic (18:3); A/B/C/X/Y/Z denotes non-specific fatty acid / fatty acyl in triacylglycerol molecule; 
S = saturated, M = monoene, D = diene, T = triene, P = polyene 



1 

1 INTRODUCTION 
 
Triacylglycerols (TAGs) are esters of glycerol with three fatty acids (FAs) (Nawar 1985), 
and they compose ca. 98 wt% of all lipids in bovine milk fat (MF) (Jensen 2002), which 
renders them the most influential ingredient in many high-fat dairy products. In spite of 
simple basic structure of TAG molecule, the composition of bovine MF TAGs is highly 
complex among edible fats and oils due to the exceptionally high number (> 400) of 
different FAs in MF (Jensen 2002). On the other hand, the structure of TAGs, i.e., the 
distribution of FAs within and among TAG molecules, is very specific (Fontecha et al. 
2010), which decreases the number of different TAG species in untreated MF compared to 
randomized MF. In addition, a high content of short-chain (SC) FAs (C2:0–C6:0), and 
particularly butyric acid in TAGs of bovine MF is a very specific feature among natural fats 
and oils (Jensen 2002). Consequently, the FA composition of MF TAGs, the distribution of 
FAs among the sn-positions of TAG molecules, and even the content of individual 
molecular species in MF are considered the main factors that influence on the functional 
properties of high-fat dairy products (Tzompa-Sosa et al. 2016). 
 
SC-TAGs contain at least one SC-FA in the glycerol backbone. In bovine MF, 36 mol% of 
all even-numbered TAGs are estimated to be SC-TAGs that have one SC-FA and two long-
chain (LC) FAs esterified to the glycerol backbone of TAG molecule (Gresti et al. 1993). 
The share of di-SC-TAG species is much lower, ca. 0.6 mol% (Gresti et al. 1993), and tri-
SC-TAGs have been detected only in chemically randomized butteroil (Marai et al. 1994). 
Further, the structure of mono-SC-TAGs is very specific. Several stereospecific 
investigations have shown that acetyl acyl groups (e.g., Itabashi et al. 1993) and butyryl acyl 
groups (e.g., Christie and Clapperton 1982) are located almost exclusively in the sn-3 
position of TAG molecules, and most caproyl acyl groups are esterified to the sn-3 position 
as well (e.g., Christie and Clapperton 1982). In di-SC-TAGs, butyryl and caproyl acyl 
groups have been detected both at the secondary position (sn-2) and at primary positions 
(sn-1, sn-3). Composition and structure of SC-TAGs have major influence on the biological, 
physical, chemical, and technological properties of MF. SC-TAGs ensure together with 
medium-chain TAGs and unsaturated TAGs that relatively saturated MF remains liquid at 
the body temperature, which improves utilization of MF in feed by newborn offspring 
(Timmen and Putton 1988). A relatively wide melting range of MF (~ from –40 to +40°C) 
is partly due to the high content of SC-TAGs in MF and the asymmetric structure of mono-
SC-TAGs (Walstra et al. 1995). In addition, several natural lipases in gastrointestinal track 
are sn-1,3-specific resulting in quick release and specific digestion of SC-FAs from the 
TAGs in MF (Bracco 1994, Mu and Høy 2004). In addition, the release of aromatic SC-FAs 
from the sn-3 position by natural and commercial sn-1,3-specific lipases can induce off-
flavors or desired flavors in fatty dairy products (Urbach and Gordon 1994). 
 
SC-TAGs have a definite effect on the selection of potential chromatographic and mass 
spectrometric methods which can be used to identify and quantify MF TAGs. Because SC-
TAGs are slightly more polar than other MF TAGs, already a polar packed column has 
shown to separate TAGs with butyryl and caproyl acyl groups from other TAGs with the 
same number of acyl carbons (ACN) and the same degree of unsaturation (Kuksis et al. 
1973). Even better separation has been achieved with long thermostable phenyl(50–65%)-
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methylsilicone capillary columns (e.g., Geeraert and Sandra 1985, 1987). Polar normal-
phase high-pressure liquid chromatography (np-HPLC) columns have potential to resolve 
TAGs according to their polarity (Plattner and Payne-Wahl 1979, Rhodes and Netting 1988), 
but np-HPLC studies on TAGs in MF have not been reported. 
 
Regiospecific analysis, i.e., determination of the sn-2 and sn-1(3) isomers of TAGs is 
important, because it aids in elucidation of biological function of edible fats and oils and in 
development of manufacturing processes and quality control in  food industry (Momchilova 
et al. 2004). Determination of the intact regioisomers of SC-TAGs can be performed by 
several chromatographic methods. Polarizable phenyl(50–65%)methylsilicone columns 
have shown to separate the regioisomers of mono- and di-SC-TAGs containing 2:0, 3:0, or 
4:0 acyl groups (Myher et al. 1988, Huang et al. 1994, Kalo et al. 1996, Angers and Arul 
1999). All kind of regioisomers of mono- and di-SC-TAGs (SC-FA = 2:0, 3:0, 4:0, 6:0) in 
structured TAGs have shown to be resolved on a np-HPLC column (Mangos et al. 1999, 
Lee et al. 2002, 2003, 2007, 2008), but corresponding separation of SC-TAGs in MF by 
np-HPLC has not been reported. Reversed-phase (rp) HPLC is infrequently used for 
regiospecific analysis of SC-TAGs. However, the regioisomers of monobutyrate TAGs have 
been resolved on a C18 rp-HPLC column (Kalo et al. 1996) and those of dibutyrate 
and -caproate TAGs on two C18 columns in series (Lee et al. 2002, 2003). Relatively 
recently (Nagai et al. 2015), a C28 column with analytes recycling resolved the regioisomers 
of monobutyryldipalmitoylglycerol. Silver-ion (Ag) HPLC is frequently used for 
regiospecific analysis of unsaturated TAGs, but the regioisomers of both mono- and di-SC-
TAGs resolve on an Ag-HPLC column as well (Adlof 1996). However, regiospecific 
analysis of SC-TAGs in MF by Ag-HPLC has not been reported. In addition, stereospecific 
analysis of intact enantiomers of monobutyrate and monocaproate TAGs in MF is possible 
to perform by chiral HPLC (Nagai et al. 2015). 
 
Regiospecific analysis of intact TAGs by mass spectrometry (MS) is based either (i) on the 
fragment ions that originated almost solely from the sn-1(3) positions, i.e., [M–RCOOCH2]+ 
in electron ionization (EI) MS (Ryhage and Stenhagen 1960) and [M–H–RCO2H–100]– in 
negative ion chemical ionization tandem MS (NICI–MS2) (Kallio and Currie 1993) or (ii) 
on the less abundant cleavage of FA from the sn-2 position than from the sn-1(3) position, 
i.e., formation of less abundant [MH–RCOOH]+, [M–RCOO]+, and [(M+NH4)–NH3–FA]+ 
ions in CI–MS, atmospheric pressure CI (APCI) MS, and electrospray ionization (ESI) MS2, 
respectively (Myher et al. 1984, Mottram and Evershed 1996, Marzilli et al. 2003). 
Regioisomers of TAGs in MF have been analyzed solely by MS using direct inlet ammonia 
NICI–MS2 (Kallio and Rua 1994). However, regiospecific analysis is performed more 
frequently by combining MS with HPLC, e.g., by rp-HPLC+Ag-HPLC–APCI–MS 
(Chiofalo et al. 2011), by LC–APCI–MS2 (Gastaldi et al. 2011, Gotoh et al. 2012, Nagai et 
al. 2015), and by LC–ESI–MS2 (Nagy et al. 2013, Linderborg et al. 2014). In addition, 
quantitative analysis of the regioisomers of TAGs in MF is even more challenging due to 
the intricate TAG composition and due to the fact that reliable quantification requires highly 
specific correction factors for each appropriate ions, because intensities and areas of peaks 
in MS spectra are dependent on the composition and structure of TAGs (e.g., Laakso 1992). 
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Combining MS detection with chromatographic separation on polar GC or HPLC columns 
provides theoretically excellent qualitative and quantitative analytical tools to determine 
regio- and acyl chain isomers of SC-TAGs in bovine MF, which was investigated in the 
experimental part of this thesis. The literature review gives an overview of the composition 
and structure of MF TAGs and general principles of separation and identification of TAG 
species using common chromatographic and mass spectrometric methods. Application of 
chromatographic and mass spectrometric methods to separate, identify, and quantify MF 
TAG species and, particularly, the regio- and acyl chain isomers of SC-TAGs in MF is 
discussed thoroughly in the literature review. 
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higher number of individual TAG species (i.e., 223) in bovine MF was quantified and 181 
minor TAGs more were identified by Maniongui et al. (1991) and Gresti et al. (1993) using 
reversed-phase liquid chromatography (rp-LC) for fractionation and capillary gas 
chromatography for quantification. Further, Nagy et al. (2013) determined 565 molecular 
species (including regioisomers) of TAG in butterfat (BF) by rp-LC–mass spectrometry. 
 
In general, even-numbered TAGs with 24–54 acyl carbons dominate, but odd-numbered 
TAGs are also present in bovine MF (Myher et al. 1988, Destaillats et al. 2006). The 
reported proportion of the TAGs with an odd number of acyl carbons varies from ca. 5% 
(e.g., Taylor and Hawke 1975, Kallio et al. 1989) to 15% (e.g., Maniongui et al. 1991, Gresti 
et al. 1993), and the number of the identified individual odd-numbered TAGs in MF ranges 
from 1–6 (Fraga et al. 1998, Robinson and MacGibbon 1998b) to 10–17 (Spanos et al. 1995, 
Mottram and Evershed 2001, Beccaria et al. 2014) depending on the analyzing method. 
Further, over 20 different odd-numbered molecular species of TAGs have been identified 
in the most volatile fractions of MF (Myher et al. 1988, 1993). Recently, Nagy et al. (2013) 
observed a very high number (128) of odd-numbered TAGs that comprised ca. 7.6 mol% 
of all TAGs in MF. The TAG profile of MF (Fig. 3.2) shows two distinct maxima at the 
ACN range 36–40 and 48–52. Corresponding ACN distribution of the TAGs of bovine MF 
was reported by Gresti et al. (1993), Marai et al. (1994), Fraga et al. (1998), and Destaillats 
et al. (2006) and that of anhydrous MF by Shi et al. (2001). The TAG profile with two 
maxima is due to two different main population of TAGs comprising several of the most 
abundant molecular species of TAGs in MF. The substantial individual TAGs in the ACN 
range 36–40 were shown to be 16:0-16:0-4:0 + 18:1-14:0-4:0 (ACN 36), 18:1-16:0-4:0 + 
18:0-16:0-4:0 + 16:0-16:0-6:0 (ACN 38), and 18:1-18:1-4:0 + 18:1-16:0-6:0 (ACN 40), all 
of which consist of one short-chain (4:0/6:0) and two long-chain FAs (Myher et al. 1988, 
Gresti et al. 1993, Gastaldi et al. 2011). On the other hand, the most abundant TAG species 
  

Figure 3.2. A schematic TAG profile (wt%/mol%) of bovine milk fat calculated from the data of 
Padley 1986 (Table 3.157, page 115). (ACN = number of acyl carbons) 
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Table 3.2 Fatty acid (FA) composition (mol%) and stereospecific distribution of some major FAs 
in the triacylglycerols of bovine milk fat calculated from the data of Parodi (1979a), 
Christie and Clapperton (1982), and Blasi et al. (2013). 

 
FA FA composition (mol%)1 

 
FA distribution between sn-positions, mean ± S.D. (%)2 

ACN:DB3 Ref 1 Ref 2 Ref 3 
 

sn-1 sn-2 sn-3            

4:0 12.0 12.8 6.7 
 

2.8 ± 3.6 0.8 ± 1.1 96.4 ± 4.7 
6:0 5.0 5.0 3.3 

 
10.2 ± 15.0 6.6 ± 3.8 83.2 ± 12.2 

8:0 2.3 2.1 2.0 
 

13.4 ± 10.0 24.2 ± 27.1 62.4 ± 27.6 
10:0 3.8 4.0 4.1 

 
14.2 ± 3.5 31.6 ± 23.1 54.3 ± 25.2 

12:0 3.7 4.2 4.6 
 

28.4 ± 11.8 50.7 ± 13.4 20.8 ± 20.4 
14:0 11.0 12.2 15.1 

 
27.9 ± 0.8 56.7 ± 7.7 15.3 ± 7.1 

16:0 23.2 26.0 36.1 
 

45.6 ± 1.7 44.6 ± 1.1 9.8 ± 2.0 
18:0 13.6 7.6 7.5 

 
51.5 ± 2.5 28.5 ± 15.0 20.0 ± 12.7 

18:1 25.3 26.1 20.6 
 

38.0 ± 3.4 24.2 ± 2.7 37.8 ± 5.0 
1 The sum of the values (mol%) of FAs from the Ref 1, 2, and 3, i.e., from Parodi (1979a), Christie 

and Clapperton (1982), and Blasi et al. (2013), respectively, is normalized to 100 mol%. The values 
of the FA composition of Ref 1 are the mean of six determinations over a year. 

2 Mean ± S.D. is calculated from the data of the references 1–3. 
3 ACN:DB = Number of acyl carbons:number of double bonds. 
 
with 48–52 acyl carbons were shown to be solely composed of long-chain FAs, i.e., 
18:1-16:0-14:0 + 18:1-18:1-12:0 (ACN 48), 18:1-16:0-16:0 + 18:1-18:1-14:0 + 18:1-18:0-
14:0 (ACN 50), and 18:1-18:1-16:0 + 18:1-18:0-16:0 (ACN 52) (Gresti et al. 1993, Gastaldi 
et al. 2011).  
 
The number of double bonds in the TAG molecule of bovine MF ranges usually from zero 
to five when determined by empirical chromatographic and spectrometric methods (Gresti 
et al. 1993, Mottram and Evershed 2001, Beccaria et al. 2014). However, trisaturated (SSS; 
S = saturated FA) and monounsaturated TAGs (SSM; M = monoene FA) are by far the most 
abundant TAG classes in MF composing 73–81% of all TAGs (Parodi 1981, Gresti et al. 
1993, Laakso and Kallio 1993a). Gresti et al. (1993) calculated that there were equal 
proportion (ca. 39 mol%) of SSS and SSM classes in the even-numbered TAGs in MF, but 
in Parodi’s (1981) investigation the proportion of SSS and SSM classes in eight MF samples 
varied between 32 and 40 mol% and between 34 and 43 mol%, respectively, thus either of 
them could be the major TAG class. 
  
Further, SMM TAG class composing of one saturated FA and two monoene FAs is another 
relatively abundant TAG class (13–18 mol%) in MF (Parodi 1981, Gresti et al. 1993, Laakso 
and Kallio 1993a). In addition to the number of double bonds, variation in the cis–trans 
configuration of double bonds characterizes the TAG molecules of MF, which is uncommon 
among natural food fats and oils. The proportion of cis-isomers in SSM TAG class (SSMc) 
has been shown to be from three times (Parodi 1981) to ten times (Laakso and Kallio 1993a) 
higher than that of trans isomers (SSMt). Similarly, the proportion of SMcMc class has 
shown to be ca. 1.5–2 times more frequent than SMcMt class in MF (Parodi 1981, Laakso 
and Kallio 1993a). 
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The structure of bovine MF TAGs, i.e., the distribution of FAs attached to the sn-positions 
of the glycerol backbone, is non-random. The specific distribution of FAs was observed 
already in late 1960’s (Pitas et al. 1967, Breckenridge and Kuksis 1968a), and was 
confirmed later in several studies (Bus et al. 1976, Pfeffer et al. 1977, Parodi 1979a, 1982, 
Christie and Clapperton 1982, Gotoh et al. 2012, Blasi et al. 2013). The general 
stereospecific distribution of the major FAs of MF is presented in Table 3.2. Some obvious 
trends of the distribution can be observed: (1) Extremely high proportion of short-chain acyl 
groups (4:0, 6:0) is in the primary positions (sn-1/3) of TAG, especially butyryl groups are 
almost exclusively in the sn-3 position. (2) Major part (> 50%) of the medium-chain acyl 
groups (8:0, 10:0) are located in the sn-3 position. (3) Lauric and myristic acids are most 
prominent (> 50%) in the secondary position of glycerol backbone. (4) Most of stearic acid 
is esterified to the sn-1 position. (5) Most of palmitic and oleic acids are distributed almost 
equally between sn-1 and sn-2, and between sn-1 and sn-3 positions, respectively. Almost 
identical regiospecific distribution of FAs, as indicated in Table 3.2, was recently reported 
by Nagy et al. (2013) when they analyzed regiospecific distribution of FAs in 565 intact BF 
TAG species.  
 
Due to the uneven distribution of FAs, the average FA composition at sn-1, 2, and 3 position 
is specific as well and the proportion of the two most abundant FAs is over 50 mol% of all 
FAs at each sn-position (Fig. 3.3). The three most abundant FAs esterified to sn-1, 2, and 3 
position are (16:0, 18:1, 18:0), (16:0, 14:0, 18:1), and (4:0, 18:1, 6:0), respectively (Fig. 3.3). 
Hence, oleic acid is the sole FA that is among the three most abundant FA at each sn-position. 
 

Figure 3.3. An average fatty acid (FA) composition at the sn-positions of TAGs in milk fat 
represented as cumulative mol% from the most abundant to the least abundant FA at each sn-
position. The values are calculated from the data of three references (Parodi 1979a, Christie and 
Clapperton 1982, Blasi et al. 2013) as a mean of the respective values (mol% FA at sn-i, i = 1,2,3).  
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Table 3.3 The most common (> 1 mol%) TAG species of bovine milk fat. The number denotes 
the order of the relative abundance of the TAGs (most abundant = 1) in each of example 
studies: Myher et al. (1988), Gresti et al. (1993), and Gastaldi et al. (2011). 

1 ACN:DB = Number of acyl carbons:number of double bonds. 
2 The sample was a highly volatile distillate of butteroil. For details, see Myher et al. (1988). 
 
On the other hand, short- and medium-chain FAs are the least abundant FAs at sn-1 and sn- 
2 positions (Fig. 3.3). Recently, Tzompa-Sosa et al. (2014) showed that the three most 
abundant FAs (mol%) at the sn-2 and sn-1(3) positions were 16:0 (40.7), 14:0 (16.7), 18:1 
(15.1), and 16:0 (21.5), 18:1 (16.3), 4:0 (14.1), respectively, which is in accordance with 
the average FA composition depicted in Figure 3.3.  
 
A list of the most common (> 1 mol%) TAG species of bovine MF is compiled in Table 3.3 
from the example studies (Myher et al. 1988, Gresti et al. 1993, Gastaldi et al. 2011): Each 
one of the TAG species was among the ten most abundant molecular species at least in one 
of these studies, or alternatively, among TAG species that were detected in all of these 
studies. Table 3.3 shows that a high proportion of the most abundant TAG species in bovine 
MF is mono short-chain TAGs containing one butyric or caproic acid and two long-chain 
FAs. The three most abundant individual molecular species of TAGs in MF are most 
probably sn-16:0-16:0-4:0, sn-18:1-16:0-4:0, and sn-16:0-14:0-4:0 (cf., Tables 3.2 and 3.3), 
which have been shown to be the only TAGs in MF with higher content than 3 mol% (Gresti 
et al. 1993). Correspondingly, the most common higher molecular weight TAGs consisting 
solely of long-chain FAs seem to be sn-18:1-16:0-18:1, sn-18:0-16:0-18:1, sn-16:0-16:0-
18:1, and sn-16:0-14:0-18:1 (Gresti et al. 1993, Gastaldi et al. 2011; sn-positions deduced 

ACN:DB1 TAG Myher et al. (1988)2 Gresti et al. (1993) Gastaldi et al. (2011)      

36:0 16:0-16:0-4:0 1 2 1 
38:1 18:1-16:0-4:0 2 1 7 
34:0 16:0-14:0-4:0 3 3 3 
38:0 18:0-16:0-4:0 6 6 5 
38:0 16:0-16:0-6:0 5 13 2 
40:1 18:1-16:0-6:0 7 9 15 
36:1 18:1-14:0-4:0 4 10 22 
40:0 18:0-16:0-6:0 15 21 6 
40:1 18:1-18:0-4:0 13 12 18 
40:2 18:1-18:1-4:0 12 14 21      
52:2 18:1-18:1-16:0 

 
5 9 

52:1 18:1-18:0-16:0 
 

8 8 
50:1 18:1-16:0-16:0 

 
7 10 

40:0 16:0-16:0-8:0 16 
 

4 
36:0 16:0-14:0-6:0 9 16 

 
     
48:1 18:1-16:0-14:0 

 
4 

 

38:1 18:1-14:0-6:0 8 
  

42:0 16:0-16:0-10:0 10 
  

     









15 

Table 3.4 Examples of prefractionation of the triacylglycerols (TAGs) of milk fat (MF) based 
samples by normal-phase thin-layer chromatography (np-TLC). 

 
Method Sample => Fractions (F) Reference    

Silica gel G plate (0.25 mm) Bovine MF => Blank and Privett (1964)  
F 1: TAGs with MC/LC-FAs 

 
 

F 2: TAGs with SC/MC-FAs 
 

   

Silica gel plate (0.5 mm) Bovine MF => Kuksis and Breckenridge (1968), 
developed in heptane–isopropyl HMW, MMW, LMW fractions Breckenridge and Kuksis (1968b) 
ether–AcCOOH (60:40:4, v/v/v) A highly volatile MF distillate => Myher et al. (1993)  

HMW, MMW, LMW fractions 
 

   

Silica TLC plate (0.25 mm) A highly volatile MF distillate => Myher et al. (1988) 
developed in HEX–ethyl acetate F 1–3 

 

(88:1, v/v) F 3: Acetate TAGs 
 

   

Silica TLC plate (1.25 mm) Hydrogenated MF => Banks et al. (1989), 
developed in HEX–DEE–formic F 1–3 Steele and Banks (1994) 
acid (40:10:1, v/v/v) F 3: Mostly butyrate TAGs 

 
   

Silica TLC plate (0.25 mm, particle Bovine MF => Mottram and Evershed (2001) 
size 60 Å); developed in HEX– F 1: Majority of TAGs 

 

DEE–AcCOOH (94:4:2, v/v/v) F 2: Mostly butyrate TAGs 
 

   

Abbreviations: HMW/MMW/LMW = high/medium/low molecular weight; AcCOOH = acetic acid; 
HEX = hexane; DEE = diethyl ether 
 
with four double bonds in two linoleic acyls. As a rule, the elution order (according to 
increasing retention) is SSS>SSM>SMM>SSD>MMM>SMD>MMD>SDD>SST>SMT> 
MDD>MMT>SDT>DDD>MDT>STT>DDT>MTT>DTT>TTT, in which S, M, D, and T 
denote fatty acyl groups with 0, 1, 2, and 3 double bonds, respectively; however, the position 
of S/M/D/T do not refer to the sn-positions in TAG molecule (e.g., Nikolova-Damyanova 
2009). Further, cis monoene TAGs were shown to be retarded more than trans monoene 
TAGs, and cis-cis diene TAGs more than cis-trans diene TAGs on Ag-TLC plates (Parodi 
1980). 
 
In early analysis of MF TAGs (Blank and Brivett 1964, Kuksis and Breckenridge 1968, 
Parodi 1980), Ag-TLC was primarily used to fractionate HMW, MMW, and LMW fractions 
into 5–7 TAG fractions with different degree of unsaturation and content of cis–trans 
isomers. According to above principle, Parodi (1980) fractionated MF into six distinct 
fractions containing (1) saturated, (2) trans monoene, (3) cis monoene, (4) cis-trans diene, 
(5) cis-cis diene, and (6) polyene TAGs. Later, MF samples were more frequently separated 
by Ag-TLC without preceding fractionation by np-TLC resulting in 3–9 Ag-TLC bands 
(Lund 1988, Myher et al. 1988, Marai et al. 1994, Fraga et al. 1998, Robinson and 
MacGibbon 1998a,b, 2000, Fontecha et al. 2000). Lund (1988) used unfractionated MF as 
a TAG sample to produce saturated, monoene, and polyene MF fractions for further 
capillary GLC analysis of TAGs. Myher et al. (1988) showed that Ag-TLC was an excellent 
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Table 3.5 Examples of prefractionation of the triacylglycerols (TAGs) of milk fat (MF) based 
samples by silver ion thin-layer chromatography (Ag-TLC). 
 
Method Sample => Fractions (F) Reference    

Silica gel G plate, impregnated HMW, LMW F from bovine MF => Blank and Privett (1964) 
with AgNO3; developed in 7 fractions from HMW TAGs 

 

25% DEE in petroleum ether 5 fractions from LMW TAGs 
 

(30–60°C) 
  

   

Silica gel plate, impregnated HMW, MMW, LMW F from MF => Kuksis and Breckenridge (1968) 
with 10% AgNO3; developed in Saturated, monoene, diene, triene, 

 

chloroform (0.65% methanol) and polyene fractions (F) 
 

   

Silica gel G plate, impregnated HMW, MMW, LMW F from MF => Parodi (1980) 
with 25% AgNO3; developed in F 1: Saturated TAGs 

 

chloroform–benzene–etOH F 2: Monoene TAGs, trans 
 

(70:30:0.25, v/v/v) F 3: Monoene TAGs, cis 
 

 
F 4: Diene TAGs, cis-trans 

 
 

F 5: Diene TAGs, cis-cis 
 

 
F 6: Polyene TAGs 

 
   

Silica gel G plate, impregnated Butterfat => Lund (1988) 
with 10% AgNO3; developed in F 1: Saturated TAGs 

 

chloroform (0.6–1.0% etOH) F 2: Monoene TAGs 
 

 
F 3: Polyene TAGs 

 
   

Silica gel G/H plate, impregnated A highly volatile MF distillate => Myher et al. (1988) 
with 15% AgNO3; developed in F 1: Saturated TAGs, 

 

chloroform (0.75% etOH) caproate TAGs and higher 
 

 
F 2: Saturated TAGs, 

 
 

butyrate TAGs and higher 
 

 
F 3: Monoene TAGs, 

 
 

72% trans, 28% cis 
 

 
F 4: Monoene TAGs, 100% cis 

 
 

F 5: Diene TAGs, 
 

 
two monoenoic FAs 

 
 

F 6: Other diene and triene TAGs 
 

   

Silica gel G plate (0.25 mm) Randomized butteroil => Marai et al. (1994) 
impregnated with 15% AgNO3 Saturated, monoene, diene, triene, 

 

developed in chloroform and polyene fractions 
 

(0.75% etOH) 
  

   

Silica gel plate (0.25 mm),  Bovine MF (from butter) => Fraga et al. (1998) 
impregnated with 20% AgNO3 F 1–2: Saturated butyrate 

 

developed in chloroform TAGs + other saturated TAGs 
 

 
F 3–4: Monoene butyrate 

 
 

TAGs + other monoene TAGs 
 

 
F 5 and 6: Diene and triene 

 
 

TAGs, respectively 
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Method Sample => Fractions (F) Reference 
Silica gel plate (0.25 mm), Anhydrous bovine MF => Robinson and MacGibbon (1998a,b), 
impregnated with 20% AgNO3 F 1: Saturated TAGs (ACN > 36) Robinson and MacGibbon (2000) 
developed in chloroform–toluene F 2: Saturated TAGs, 

 

(1:1, v/v) caproate TAGs and higher 
 

 
F 3: Saturated TAGs + trans 

 
 

monoene TAGs, 
 

 
butyrate TAGs and higher 

 
 

F 4: Monoene TAGs 
 

 
F 5: Monoene TAGs, 

 
 

caproate TAGs and higher 
 

 
F 6: Monoene TAGs, 

 
 

butyrate/caproate TAGs 
 

 
F 7: Monoene TAGs + cis, trans  

 
 

diene TAGs 
 

 
F 8: Diene TAGs, cis-cis 

 

F 9: Polyene TAGs    

Silica gel plate (0.25 mm), Goat MF => Fontecha et al. (2000) 
impregnated with 20% AgNO3 F 1: Saturated TAGs, 

 

developed in chloroform (0.5–
0.8% etOH) 

caproate TAGs and higher 
 

 
F 2: Saturated TAGs, 

 
 

butyrate TAGs and higher 
 

 
F 3: Monoene TAGs, 

 
 

F 4: Polyene TAGs 
 

   

Abbreviations: HMW/MMW/LMW = high/medium/low molecular weight; ACN = number of acyl 
carbons; DEE = diethyl ether; etOH = ethanol  
 
alternative for simple fractionation of MF which was naturally relatively saturated fat with 
high proportion of SC-TAGs and naturally occurring trans isomers. They separated highly 
volatile MF distillate into two saturated fractions, two monoene fractions and two 
diene/polyene fractions on the basis of acyl chain length of TAGs (butyrate TAGs vs. other 
TAGs), cis–trans isomerism (cis-trans vs. all-cis), and degree of unsaturation (diene TAGs 
with two oleic acids vs. other di- and polyene TAGs), respectively. Robinson and McGibbon 
(1998a) developed an improved Ag-TLC method for anhydrous MF. They separated TAGs 
into nine different fractions which consisted of two fractions of pure saturated TAGs, one 
fraction of combined saturated and monoene TAGs, three fractions of pure monoene TAGs, 
one fraction of combined monoene and diene TAGs, one fraction of pure diene TAGs, and  
one fraction of polyene TAGs (for details, see Robinson and MacGibbon 1998a and Table 
3.5). Fontecha et al. (2000) showed applicability of Ag-TLC for fractionation of goat MF 
and separated TAGs into two saturated, one monoene, and one polyene Ag-TLC bands. 
 
Robinson and MacGibbon (1998a) stressed that impregnation of silica gel TLC-plates with 
silver ions and choice of the solvents for mobile phase are the critical steps in Ag-TLC. 
Table 3.5 indicates that impregnation step was carried out relatively similarly using 10–25% 
AgNO3 (Kuksis and Breckenridge 1968, Parodi 1980) in Ag-TLC analysis of MF TAGs. 
Chloroform was most frequently used solvent as mobile phase when total MF TAGs were 
analyzed (Table 3.5). Content of ethanol in chloroform ranged from 0% (Fraga et al. 1998) 
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which was demonstrated in the analysis of MF TAGs. Geeraert and Sandra (1985), Myher 
et al. (1988), and Kalo et al. (1990) showed that phenyl(50%)methylsilicone columns 
separated TAGs with the same ACN according to the level of unsaturation and the different 
carbon chain length combinations of fatty acyls due to different polarity of TAGs. Unlike 
apolar capillary columns, polar phenylmethylsilicone columns have shown to separate 
regioisomers of SC-TAGs, which is discussed in Chapter 3.3.2 in detail. Accordingly, 
separation capacity of long, thermostable polar or polarizable phenyl(50–65%)-
methylsilicone capillary columns enabled detailed analysis of TAG composition, i.e., 
analysis of individual molecular species of TAGs (including some positional isomers) or, at 
least, relatively restricted groups of TAG species by GLC. Even though, GC analysis of 
TAG composition of bovine MF (Geeraert and Sandra 1985, 1987, Hinshaw and Seferovic 
1986b, Lozada et al. 1995, Evershed 1996, Fraga et al. 1998, Mottram and Evershed 2001, 
Naviglio and Raia 2003) and modified bovine MFs (Geeraert and Sandra 1985, Myher et al. 
1988, 1993, Fraga et al. 1998, Mottram and Evershed 2001) has been the main interest, 
several studies concerning TAG composition in MF of other mammals have been published 
lately (Table 3.7). TAG composition of goat (Fontecha et al. 2000), ovine (Fontecha et al. 
2005), buffalo (Romano et al. 2011), camel (Haddad et al. 2011a), equine (Haddad et al. 
2012), and human MF (Haddad et al. 2012) has been investigated using long (30-m) 
polarizable phenyl(65%)methylsilicone columns (Rtx-65 TG), split injection, FID (or MS) 
as detector, and helium as carrier gas.  
 
Injection of TAG samples is another critical point of TAG analysis by GC due to the high 
evaporation temperature of intact TAGs. Split-splitless, programmable temperature 
vaporization (PTV) and (cold) on-column injectors (OCI) have been the most common 
choices in the analysis of MF TAGs by GC (Table 3.7). Grob (1979) and Grob et al. (1980) 
regarded OCI superior to split injection in GC analysis of TAGs due to better recovery, 
accuracy, and precision. Similarly, Hinshaw and Seferovic (1986a,b) showed that PTV 
injection was as good choice as OCI in MF TAG analysis, and much better than split 
injection, which could discriminate HMW TAGs in injector. Molketin and Precht (1994) 
compared repeatability of TAG analysis by capillary GC with cold (80°C) and high-oven 
temperature (190°C) OCI, PTV, and split injection. They observed that cold OCI was the 
best choice and PTV relatively close to it, but high-oven temperature OCI and split 
injections were unsuitable for TAG analysis. On the contrary, Buchgraber et al. (2004a) 
showed in their extensive international collaborative GC studies that all injectors (OCI, PTV, 
and split-splitless) yielded reliable quantitative results in TAG analysis by capillary GC of 
cocoa butter. However, Table 3.7 suggests that OCI is the most commonly used injector in 
capillary GC of MF TAGs. Lozada et al. (1995) summarized that cold OCI was the best 
choice for injection when short or long capillary columns were used, particularly, in 
quantitative analysis. In addition, Table 3.7 shows that FID is the most frequently used 
detector in the TAG analysis of MF, but EI–MS (Murata and Takahashi 1973, Wakeham 
and Frew 1982, Myher et al. 1988, Fontecha et al. 2000, Mottram and Evershed 2001, 
Fontecha et al. 2005) and CI–MS (Murata 1977, Myher et al. 1988, Evershed 1996) were 
used as well. Hydrogen (H2) was preferred carrier gas in TAG analysis due to column 
efficiency as reviewed by Kaal and Janssen (2008), but both nitrogen (N2) and helium (He) 
were frequently used in TAG separation on both packed and capillary columns (Table 3.7). 
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Table 3.7 Examples of the analysis of triacylglycerols (TAGs) in milk fat (MF) by gas-liquid 
chromatography (GLC). 

 
Sample Column/Pol.1; L(m) x id(mm)2 Gas3 Inj./°C4 Det./°C5 References 
      

BO distil- Packed (5% SE-30)/aP; N2 
 

FID Kuksis and Breckenridge 
late 0.5/0.9/1.5/2.5 x 3 

   
1965 

MF Packed (5% SE-30)/aP; 0.5 x 3 N2 
 

FID/325 Kuksis and Breckenridge  
Packed (3% JXR)/aP; 0.5 x 3 

   
1966       

MF Packed (1% OV-1)/aP; 0.35 x 3 He /350 MS/EI Murata and Takahashi 
1973       

MF Packed (3% JXR)/aP; 0.61 x 2 N2 OCI/330 FID/360 Parodi 1972       

IBF Packed (1% OV-1)/aP; 0.50 x 2 N2 OCI FID Kuksis et al. 1973  
Packed (1% EGSS-X)/P; 1.8 x 2 

    
      

MF Packed (1% OV-1)/aP; 0.35 x 3 He /350 MS/CI Murata 1977       

MF Packed (3% JXR)/aP; 0.58 x 2.5 N2 /325 FID/350 Morrison and Hawke 1977       

MF Packed (3% OV-101)/aP; 0.6 x 2 N2 OCI/330 FID/360 Parodi 1979b       

BF, IBF OV-1/aP; 15 x 0.30 H2 Cold OCI FID Grob et al. 1980       

BF SE-52/aP; 26 x 0.3 H2 Cold OCI/ FID/350 Wakeham and Frew 1982  
SE-30/aP; 15 x 0.3 He 100 MS/EI 

 
      

BO Phe(50%)metsilicone/P*; 25 x 0.25 H2 Cold OCI FID Geeraert and Sandra 1985,  
HydroBF 

    
1987       

MF SE-54/aP; 10 x 0.32 and 10 x 0.20 H2 OCI/160 FID Kalo et al. 1986b 
fractions 

     
      

BF Methylsilicone/aP; 15 x 0.25 H2 Cold OCI FID/425 Hinshaw and Seferovic  
Phe(65%)Met/P; 25 x 0.25 

 
PTV 

 
1986b       

BO distil- RSL300/P*; 25 x 0.25 H2 Cold OCI/40 FID/360 Myher et al. 1988 
late SE-54/aP; 8 x 0.32 H2 Cold OCI/40 FID/360 

 
    

MS/EI+CI 
 

      

BF & frac.  CPSil 5CB/aP; 10 x 0.32 He OCI FID/350 Lund 1988       

IBF TAP/P; 25 x 0.25 H2 Cold OCI FID/360 Kalo et al. 1990       

BO distil- RSL300/P*; 25 x 0.25 H2 OCI FID/360 Myher et al. 1993 
late (Met(65%)Phe) 

    
 

SP-2380/P; 15 x 0.32 H2 OCI FID/360 
 

      
BF Packed (3% OV-1)/aP; 0.5 x 2 N2 Splitless/210 FID/370 Molkentin and Precht 

1994  
Capillary: dimethylpolysiloxane/ N2 Cold OCI/80 FID/370 Molkentin and Precht  
nonP; 5 x 0.5 

 
OCI/190 

 
2000    

PTV/70 
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Sample Column/Pol.1; L(m) x id(mm)2 Gas3 Inj./°C4 Det./°C5 References 
      

BF Rtx-65 TG/P*; 2.5 x 0.22 He Cold OCI FID/370 Lozada et al. 1995  
Rtx-65 TG/P*; 25 x 0.22 

 
PTV/280 

  
 

DiPhe(65%)DiMet 
    

      

BF Packed (3% OV-1)/aP; 0.3 x 2 He /370 FID/370 Lipp 1996       

BF Phe(65%)Met/P*; 25 x 0.25 He OCI MS/NICI Evershed 1996  
Quadrex Al-clad 

  
(ammonia) 

 
      

BF & frac. Rtx-65 TG/P*; 30 x 0.22 He Split 1:4/355 FID/370 Fraga et al. 1998 
Goat MF DiPhe(65%)DiMet 

  
MS/EI Fontecha et al. 2000 

Ovine MF 
   

MS/EI Fontecha et al. 2005       

MF, GPC Rtx-65 TG/P*; 30 x 0.32 
 

OCI MS/EI Mottram and Evershed 
fractions DiPhe(65%)DiMet 

   
2001       

BF Rtx-65 TG/P*; 30 x 0.25 H2 Split 1:80/ FID/370 Naviglio and Raia 2003  
DiPhe(65%)DiMet 

 
60 > 370 

  
      

BF Met(95%)Phe/aP; 4 x 0.25 H2 Split 50:1 FID/380 Destaillats et al. 2006  
(Made from DB-5HT; 15 x 0.25) 

    
      

AMF Packed (3% OV-1)/aP; 0.3 x 2 N2 Splitless FID/370 Molkentin 2007       

MF Dimethylpolysiloxane/aP; H2 Cold OCI FID/350 Povolo et al. 2008 
Sheep MF HP-1, 4 x 0.32 

    

Goat MF Dimethylpolysiloxane/aP; H2 PTV/60 FastFID/ 
 

Buffalo MF Ultra-fast module, 2.4 x 0.32 
 

Split 1:30 350 
 

      

MF Met(95%)Phe/aP; 2 x 0.25 He Split/340 FID/350 Gutiérrez et al. 2009       

Buffalo MF Rtx-65 TG/P*; 30 x 0.25 He PTV/50 FID/360 Romano et al. 2011 
(Mozzarella) 

  
Split 1:60 

  
      

Camel MF Rtx-65 TG/P*; 30 x 0.25 He Split 50:1 FID/360 Haddad et al. 2011a 
Equine MF DiPhe(65%)DiMet 

   
Haddad et al. 2012 

Human MF 
     

1 Pol = polarity (aP = apolar, P = polar, P* = polarizable)  
2 L x id = length x internal diameter  
3 Carrier gas  
4 Injector/temperature (OCI = on-column injector; PTV = programmable temperature vaporization 

injector)  
5 Detector/temperature (FID = flame ionization detector; MS/EI, CI = mass spectrometry/ electron 

ionization, chemical ionization)  
Abbreviations: BO = butteroil; BF = butterfat; IBF = interesterified butterfat; HydroBF = hydro-
genated BF; AMF = anhydrous MF; frac. = fraction; GPC = gel permeation chromatography 
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SC-TAGs (Kalo et al. 1996, Lee et al. 2002, 2003) and intact LC-TAGs (Momchilova et al. 
2004, 2006) on ODS columns was reported for the first time. However, the separation of 
regioisomers of TAGs will be discussed in more detail in Chapter 3.3.2. 
 
Silver ion HPLC. Silver ion high-performance liquid chromatography (Ag-HPLC) is 
frequently used in the analysis of polyunsaturated oils, but the method is less common in 
the analysis of more saturated MF (Table 3.8). Applications of Ag-HPLC to TAG analysis 
were recently reviewed by Nikolova-Damyanova (2009), Momchilova and Nikolova-
Damyanova (2012), and Kalo and Kemppinen (2012). Although, TLC in silver ion mode 
was successfully used to fractionate MF TAGs for decades (cf., Table 3.5), utilization of 
HPLC in silver ion mode is a more modern method due to the fact that preparation of stable 
HPLC columns with similar principles than that of Ag-TLC plates proved to be more 
complicated. In 1987, Christie reported on preparation of a stable silver-ion loaded HPLC 
column (NucleosilTM 5SA) which separated TAGs of palm oil into six fractions according 
to the degree of unsaturation: SSS, SSM, SMM, SSD, MMM, SMD (S, M, and D denote 
saturated, monoene, and diene acyl moieties, respectively). In addition, he noted that similar 
resolution was obtained with the MF TAGs and cocoa butter. Later, he successfully applied 
a corresponding method to analysis of several other natural fats and oils (Christie 1988). 
Later, Christie’s (1987, 1988) method was utilized in TAG analysis of different MFs: 
Laakso et al. (1992) applied Ag-HPLC to the TAGs of liquid and solid BF fractions resulting 
in separation of MF TAGs into six fractions. Similar separation was observed for the TAGs 
of winter butterfat (Laakso and Kallio 1993a,b) and those of unsalted butterfat (Kallio et al. 
2006). Linear gradient elution together with a binary gradient of (A) dichloroethane/DCM 
and (B) acetone was used in all analysis of Laakso, Kallio, and their coworkers. Brühl et al. 
(1993, 1994) and Winter et al. (1993) fractionated TAGs of human MF into 13–14 fractions 
using gradient program including the following eluents: DCM/(DCM,ACE)/(ACE,AcN). 
Later, Dugo et al. (2005, 2006) applied Ag-HPLC separation to the TAGs of donkey (Dugo 
et al. 2005, 2006) and human milk (Dugo et al. 2005). Both isocratic (Dugo et al. 2005) and 
gradient (Dugo et al. 2006) elution with 2-component mixtures of n-hexane and acetonitrile 
were used in separation. In general, light scattering detector was well fitted for 
determination of TAGs (Table 3.8), but APCI–MS was chosen for the identification of TAG 
species of MF in the study of Dugo et al. (2005). 
 
In Nikolova-Damyanova’s review article (2009), the elution order of TAG classes and cis–
trans isomers on Ag-HPLC columns was assessed to depend mainly on the number of 
double bonds in fatty acyl moieties and the interaction of DBs with silver ions of the 
stationary phase resulting in resolution which resembled that of Ag-TLC (cf., Chapter 3.2.1). 
However, more complex interactions, hence resolution patterns were observed when double 
bonds positional isomers, regioisomers and acyl chain isomers of TAGs (TAG classes) were 
resolved on Ag-HPLC columns. For example, Nikolova-Damyanova et al. (1990) 
demonstrated that both double bond position in a monoenoic fatty acyl group and the carbon 
chain length of a fatty acyl group induced distinctive resolution in the MMM TAG class (M 
denotes monoene acyl moiety) as follows: 20:1(11) > 20:1(5) > 22:1(13) > 18:1(5) > 18:1(9), 
double bond position is in parenthesis. Effect of short- and medium-chain acyl groups and 
regioisomerism on the elution pattern of TAGs will be dicussed more thoroughly in 
Chapter 3.3.2. 
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mass chromatograms of [M–RCOOH]+ ions in GC–CI–MS. Kuksis et al. (1983, 1986) and 
Myher et al. (1984) applied HPLC solvents (acetone-acetonitrile, acetonitrile-propionitrile) 
to the reagent gas in CI–MS to yield protonated molecular ions ([M+H]+) and [MH–
CHOOH]+ fragment ions, together with low abundances of adduct ions of acetonitrile and 
propionitrile. Myher et al. (1984) observed that the relative abundancy of [M+H]+ ion was 
much higher for polyunsaturated than saturated TAGs. In addition, they reported that the 
rate of release of [MH–CHOOH]+ fragment ions from TAGs varied with the fatty acyl 
composition of TAGs, being lower for unsaturated fatty acyls. Further, Myher et al. (1984) 
stated that cleavage of fatty acyls from the primary positions of TAG molecule was ca. four 
times higher than that from the secondary position showing the significance of 
regioisomerism for the ease of cleavage of FAs in soft ionization techniques. Instead of 
positive ion CI–MS (PICI), negative ion CI (NICI) has been applied to the analysis of TAGs 
resulting in different characteristic ions. Kuksis et al. (1991) used 1% dichloromethane in 
acetonitrile-propionitrile mobile phase to yield negative chloride adduct ions ([M+35]–) in 
determination of MF TAGs with rp-HPLC–NICI–MS. The observed [M+35]– ions with no 
fragment ions, together with characteristic fragmentation induced by PICI provided a 
reliable basis for identification of TAGs (Kuksis et al. 1991). Instead of any prominent 
quasimolecular ions, ammonia NICI GC–MS yielded characteristic negative [RCOO]–, 
[RCOO–H2O]–, and [RCOO–H2O–H]– fragment ions, which enabled elucidation of TAG 
composition of BF TAGs by GC–NICI–MS (Evershed et al. 1990). On the contrary, 
relatively abundant quasimolecular ions, i.e., negative deprotonated molecular ions ([M–
H]–) were produced by NICI with ammonia in other TAG studies (Kallio and Currie 1993, 
Laakso and Kallio 1993a,b). Further, employing tandem MS for [M–H]– ions provided 
structural information of TAGs, i.e., composition of esterified fatty acids and their 
regiospecific positions, on the basis of negative fragment ions, [M–H–RCO2H]–, [M–H–
RCO2H–74]–, and especially, abundant [M–H–RCO2H–100]– ions, the cleavage of which 
from the sn-2 position was very low compared to that of the sn-1(3) positions (Kallio and 
Currie 1993).  
 
Atmospheric pressure chemical ionization mass spectrometry (APCI–MS). In recent years, 
other soft ionization techniques than conventional PICI or NICI have been successfully 
applied to TAG analysis of MF, mainly due to the increased utilization of LC–MS for 
separation of TAGs. In general, applicability of APCI in TAG analysis by HPLC–MS was 
demonstrated by Byrdwell and Emken (1995), who observed that the APCI mass spectra of 
monoacid TAG standards yielded protonated molecular ions [M+1]+ and “diacylglycerol” 
fragment ions (DG+/[M–RCOO]+/[M+1–RCOOH]+), which enabled determination of both 
molecular weight of TAGs and their FA composition. However, no [M+1]+ ions were 
observed in the APCI–MS spectra of saturated TAG molecules (Byrdwell and Emken 1995), 
but the relative proportion of these ions increased with increasing degree of unsaturation 
(Byrdwell and Emken 1995, Mottram and Evershed 1996). In addition, Mottram and 
Evershed (1996) noted that the peaks corresponding to the cleaved acyls ([RCO]+) could be 
detected in the spectra of some TAG, as well as low intensity peaks of [M–RCOO+18]+ 
ions, and in some cases, adduct ions [M+55]+ formed with propionitrile (Mottram et al. 
1997). Laakso and Manninen (1997) used supercritical fluid chromatography (SFC) in 
combination with APCI–MS to separate and identify the TAGs of MF. For the ionization, 
vapor of ammonia (0.5%) in methanol was introduced in ionization chamber resulting in the 
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mass spectra containing prominent [M–RCOO]+ ions and [M+18]+ ions, the latter of which 
enabled reliable elucidation of ACN and the number of double bonds in both saturated and 
unsaturated TAG molecules present in MF (Laakso and Manninen 1997). Further, already 
Mottram and Evershed (1996) showed that APCI–MS enabled differentiation of the 
regioisomers of TAGs. The regiospecific analysis of TAGs using APCI–MS and APCI–
MS2 will be reviewed in more detail in Chapter 3.3.3. 
 
The same principles for detection and identification of TAGs by LC–APCI–MS(/MS) as 
mentioned above have been employed for the analysis of natural MF (Gastaldi et al. 2011, 
Gotoh et al. 2012, Zou et al. 2013, Beccaria et al. 2014, Nagai et al. 2015) and 
prefractionated MF (Mottram and Evershed 2001, Dugo et al. 2005, Dugo et al. 2006) 
extracted from several animal species. Mottram and Evershed (2001) identified ca. 120 
TAGs of bovine MF by APCI–MS and by GC–EI–MS from TAG fractions produced by 
silica TLC and by gel permeation chromatography. Dugo et al. (2005) investigated TAGs 
present in donkey milk by off-line two-dimensional HPLC–APCI–MS approach using 
characteristic quasimolecular ([M+1]+) and fragment ions ([M–RCOO]+) for identification 
together with partition number on rp-HPLC column. At the first dimension, they separated 
TAGs on two rp-columns (DiscoveryTM HS C18) in series into 50 fractions, which were 
analyzed further by Ag-HPLC–APCI–MS resulting in 55 identified and quantified (area-%) 
TAG species (without regioisomers). Later, based on the similar identification principle, 
Dugo et al. (2006) reported separation and identification of close to 60 TAGs in donkey MF 
by on-line 2D LC–APCI–MS using micro-Ag-HPLC as the first chromatographic 
dimension and fast rp-HPLC (ChromolithTM RP-18) as the second dimension. Gastaldi et al. 
(2011) used [M+1]+ and DG+ ions to identify TAGs in bovine, goat and human milks. Their 
method enabled to determine principal regioisomers of MF TAGs and acyl chain isomers 
containing rare polyunsaturated TAGs with very long-chain polyunsaturated FAs. 
Regioisomers of selected TAGs (consisting of palmitic, capric, oleic, and docosahexaenoyl 
acids) in human, bovine, and rat milks and those in cheeses made from buffalo, sheep, and 
goat milks were investigated by Gotoh et al. (2012) with HPLC–APCI–MS/MS using two 
polymeric ODS columns (InertsilTM ODS-P) in series or a C28 column with or without 
sample recycling. Selected ion monitoring was used to analyze TAG species, i.e., 
characteristic [M+NH4]+ (ammonium derived from acetonitrile in mobile phase) and [M–
RCOO]+ ions for OOP/OPO regioisomers, and [M+1]+ and [M–RCOO]+ ions for isomers 
of other TAGs (Gotoh et al. 2012). Later, Nagai et al. (2015) employed a recycle HPLC–
APCI–MS/MS equipped with a C28 column (SunriseTM C28) to separate regioisomers of 
butterfat TAGs consisting of two palmitic acid and one other even-numbered saturated FAs 
(4:0–12:0). They used [M+NH4]+ as precursor ions and DG+ as product ions in APCI tandem 
MS for identification of regioisomers. Zou et al. (2013) carried out an extensive study 
concerning MF TAGs from several mammalian species (human, cow, buffalo, sheep, 
donkey, camel). They identified 19–28 TAGs or TAG groups from all MFs by rp-HPLC–
APCI–MS using a single rp-column (LichrospherTM C18) for separation. Beccaria et al. 
(2014) improved the resolution and increased the number of identified TAG species by 
combining APCI-ion trap-time of flight mass spectrometry (IT-TOF-MS) with UHPLC 
using three core-shell C18 columns (Ascentis Express Fused-core C18) in series. They 
determined 51, 141, 165, and 136 TAGs from human, bovine, and goat milks, and 
Mozzarella cheese, respectively. Identification was based on retention times, protonated 
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molecular ions, and diacylglycerol ions of TAGs (Beccaria et al. 2014). Recently, Nagai et 
al. (2015) reported a successful identification of the enantiomers of sn-X-16:0-16:0/ 
sn-16:0-16:0-X TAGs (X = 4:0, 6:0,…, 12:0) in TAG standards and BF TAGs on the basis 
of positive protonated molecular ions and diacylglycerol ions by a recycle HPLC–APCI–
MS/MS system equipped with a chiral column (ChiralcelR OD-3R). 
 
Electrospray ionization mass spectrometry (ESI–MS). ESI is another atmospheric pressure 
soft ionization method, which is commonly used in the analysis of polar organic compounds 
in general, but it is more infrequently applied to the analysis of non-polar TAGs. However, 
Duffin et al. (1991) introduced a practical way to analyze acylglycerols, including TAGs, 
by ESI–MS using non-polar solvent (chloroform:methanol, 70:30, v/v) for dissolution of 
TAGs and ionic modifiers (ammonium and sodium acetate) to increase ionization. The 
method yielded abundant adduct ions [M+NH4]+ or [M+Na]+ depending on the modifier. 
Several other ionic modifiers than those used by Duffin et al. (1991) have been applied to 
adduct formation in ESI–MS of TAGs. For example, ammonium formate (Hvattum 2001, 
Byrdwell and Neff 2002, Malone and Evans 2004, Herrera et al. 2010, Nagy et al. 2013), 
ammonium hydroxide (Leskinen et al. 2007), lithium acetate dehydrate (Herrera et al. 2010), 
lithium chloride (Kallio et al. 2017), lithium iodide (Cheng et al. 1998), cesium iodide 
(Cheng et al. 1998), silver trifluoromethane sulfonate (Herrera et al. 2010), and silver nitrate 
(Lévêque et al. 2010) have been used as a source for ionic modifier to yield respective 
adduct ions, i.e., [M+NH4]+, [M+Li]+, [M+Cs]+, [M+Ag]+/[M+Ag+AgNO3]+.  
 
Fragmentation of ammonium adducts by low energy collision-induced dissociation (CID) 
yielded characteristic product ions in ESI–MS2, i.e., diacyl product ions due to cleavage of 
fatty acid (and ammonia) from ammoniated TAGs ([DAG]+/[(M+NH4)–NH3–FA]+), acyl 
ions ([RCO]+), and acyl + 74 ions ([RCO+74]+) (Duffin et al. 1991). In the early 
investigation of Duffin et al. (1991), the sn-position of FA in the glycerol backbone of TAG 
molecule or location of DBs in unsaturated FAs could not be distinguished. Later, several 
investigators (e.g., Hsu and Turk 1999, Hvattum 2001, Dorschel 2002, Byrdwell and Neff 
2002, Marzilli et al. 2003, Malone and Evans 2004, Lévênque et al. 2010, Kallio et al. 2017) 
have demonstrated unquestionable differences between the sn-1(3) and sn-2 regioisomers 
of TAGs in the fragmentation of TAG molecules in their ESI–MS2 studies, which will be 
discussed more thoroughly in Chapter 3.3.3. In addition, ESI–MS2 results in additional 
information concerning the location of double bonds in unsaturated acyl groups. Already, 
the study of Cheng et al. (1998) showed that the positions of DBs in unsaturated fatty acyl 
chains were possible to detect by tandem sector MS using high-energy CID of ESI-produced 
[M+NH4]+ ions. Later, respective information was confirmed in other investigations, for 
example, by ESI–MS2 with source CID of dilithiated ions [RnCO2Li2]+ derived from fatty 
acyl moieties of TAG molecules (Hsu and Turk 1999), and by ESI multi-state (MSn, n = 2, 
3, 5) linear ion-trap MS with CID (MS3) of [M+Li–RCOOH]+ ions (Hsu and Turk 2010). 
 
Even though, the product ions formed by CID of ammonium adducts are generally agreed, 
several fragmentation mechanisms of [M+NH4]+ ions are suggested (Duffin et al. 1991, 
Cheng et al. 1998, Marzilli et al. 2003, McAnoy et al. 2005, Kalo et al. 2006). According to 
Duffin et al. (1991) all fragment ions formed directly from [M+NH4]+, but Cheng et al. 
(1998) suggested that [RCO+74]+ ions originated from [DAG]+ ions, instead. Marzilli et al. 
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(2003) observed another fragment ion, which resulted from [(M+NH4)–NH3–FA]+ ion of 
unsaturated TAGs after cleavage of fragment 74. McAnoy et al. (2005) stated that CID of 
ammonium adducts of TAGs resulted in a neutral loss of ammonia (NH3) and that of acyl 
chain as a carboxylic acid producing diacyl product ions, [(M+NH4)–NH3–FA]+. Kalo et al. 
(2006) suggested a three-stage fragmentation mechanism, in which ammonia was released 
from ammonium ion of [M+NH4]+ at the first stage, after which free fatty acid was formed 
from protonated TAGs yielding [DAG]+ ions. At the third stage, [RCO]+, [RCO+74]+, and 
[DAG–74]+ ions are fragmented from [DAG]+.  
 
Relatively few studies have been published concerning the analysis of MF TAGs by ESI–
MS and ESI–MSn techniques. Haddad et al. (2011a) used ESI–MS and ESI–MS3 together 
with rp-HPLC and high-resolution GC to identify 135 molecular species of TAGs in camel 
milk. Soon after the previous study, Haddad et al. (2012) published a comparative study of 
the TAGs in human and equine milks using similar technique as previously (Haddad et al. 
2011a), and identified 180 and 98 molecular species of TAGs in equine and human milks, 
respectively. Identification of TAGs based on fragmentation of [DAG]+ ions in ESI–MS3 
experiments resulting in characteristic [RCO]+, [RCO–H2O]+, and [RCO+74]+ ions in each 
rp-HPLC fractions (Haddad et al. 2011a, 2012). Linderborg et al. (2014) investigated human 
milk, as well, by UHPLC–ESI–MS2 yielding valuable information on the composition and 
structure of TAGs even though the separation of TAG species on UHPLC column was not 
optimized. Later, use of a novel optimization algorithm together with UHPLC–ESI–MS2 
enabled quantification of hundreds of regioisomeric TAGs in human MF by Kallio et al. 
(2017). Nagy et al. (2013) used a high-resolution LTQ-Orbitrap XL hybrid MS and positive 
electrospray ionization to determine regioisomers of TAGs in several edible fats and oils, 
including BF resulting in identification and quantification of 565 different TAGs (including 
regioisomers) and determination of regioisomeric balance of the main FAs in MF. 
 
Other mass spectrometric methods. A recent review of Holčapek et al. (2012) showed 
clearly the dominant role of atmospheric pressure ionization methods (APCI, ESI) in the 
LC–MS analysis of organic compounds, including TAG analysis. In the early MS analysis 
of TAGs, EI and CI were the most common ionization methods in MS (Laakso 1992). 
Alternatively, other ionization methods were tested in early MS studies of TAGs, e.g., field 
ionization and field desorption (Fales et al. 1975), which utilized powerful electric field to 
remove electrons from molecules resulting in relatively abundant [M]+/[M+1]+, [M–RCO]+, 
[RCO]+ ions in mass spectra of TAGs (Games 1978). A more frequently used method is 
desorption chemical ionization, which enables separation of TAGs according to the ACN 
and the degree of unsaturation on the basis of [M+NH4]+ ions. The method was employed, 
for example, in fingerprinting of TAGs in animal fats including MF (Schulte et al. 1981), 
and in the analysis of TAGs in human plasma (Mares et al. 1991). Similarly, matrix-assisted 
laser desorption and ionization mass spectrometric (MALDI–MS) applications suit well to 
profile TAG composition of natural fats and oils on the basis of sodium adducts and CID of 
[M+Na]+ ions (Fuchs et al. 2010). For example, Picariello et al. (2007) used positive ion 
MALDI–time-of-flight (TOF)–MS to comparative characterization of TAGs in main animal 
fats (MF, lard, tallow). A modified laser desorption and ionization method was applied to 
fingerprinting of TAGs in standard solutions and those in vegetable oils (soy, sunflower, 
and olive oils) without any matrix, hence without any interference peaks from matrix using 
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Table 3.9 Examples of quantification of TAGs in milk fat using mass spectrometric methods. 
 

Sample1 MS 
type2 

Inlet Ioni-
zation 

m/z3 CF/A,I4 References 
       
BO distill. Q GC EI+CI 200–850 –/FID (+ Rel. abund. by Myher et al. 1988      

[MH–RCOOH]+) 
 

       

BF DF SFC EI 200–1100 –/I(M+) Kallio et al. 1989 
    

+ SIM 
  

       

BO distill. Q HPLC NICI 200–1000 –/A([M+Cl]–) Kuksis et al. 1991 

BO distill. Q HPLC PICI 200–1000 –/([MH]+/[MH–RCOOH]+) 
 

       

BO/BO 
distill. 

Q HPLC PICI 200–900 –/A([MH–RCOOH]+) Myher et al. 1993 
       

IBO Q HPLC PICI 200–900 –/A([MH–RCOOH]+) Marai et al. 1994 
       

BF QqQ Direct NICI, 
NH4 

n.a. –/I([M–H]–) Laakso and Kallio 
1993a,b        

BO DF Direct DCI,  100–1000 –/I(Rel. abund. of Spanos et al. 1995    
IBu 

 
[MH–RCOOH]+) 

 

       

Goat MF DF GC EI 50–1000 MCF/FID (known BO) + Fontecha et al. 2000      
Rel. abund. by GC–MS 

 
       

Ovine MF DF GC EI 50–1000 MCF/FID (known BO) + Fontecha et al. 2005      
Rel. abund. by GC–MS 

 
       

Donkey MF QqQ HPLC APCI 215–1100 –/A(APCI–MS spectra) Dugo et al. 2005        

BF QqQ Direct NICI 200–900 MCF/I([RCOO]–) Kallio et al. 2006 
       

Human, QqQ HPLC APCI 215–1100 –/(APCI–MS spectra) Chiofalo et al. 2011 
Donkey MF 

      
       

Cow, Goat IT HPLC APCI n.a. RF (4 TAG std)/DG+ Gastaldi et al. 2011 

Human MF 
      

       
Camel MF LCQ Direct ESI n.a. MCF (TAG STD)/GC + Haddad et al. 2011a      

Rel. abund. of [DAG]+ 
 

       

Human, Cow Q HPLC APCI SIM CF (8 TAG STD)/A of  Gotoh et al. 2012 
Rat, Buffalo, 

    
selected ion chromatograms 

 

Sheep, Goat 
    

in APCI–MS/MS2 
 

MF/Cheese 
      

       

Human, LCQ Direct ESI n.a. MCF (TAG STD)/GC + Rel. Haddad et al. 2012 
Equine MF 

    
abund. of [DAG]+, [RCO]+ 

 

       

BF LTQ- HPLC ESI 100–2000 CF (25 TAG STD)/A of  Nagy et al. 2013  
orbitrap 

   
[M+NH4]+ 

 



37 

Sample1 MS 
type2 

Inlet Ioni-
zation 

m/z3 CF/A,I4 References 
       

Human MF QQ UHPLC ESI SIM MCF (TAG STD)/A of  Linderborg et al.   
Direct APCI SIM selected [M+NH4]+ 2014 

       

BF Q HPLC APCI SIM CF (10 TAG STD)/A of  Nagai et al. 2015      
selected ion chromatograms 

 
     

in APCI–MS/MS2 
 

Human MF Q UHPLC ESI SIM –/I (TAGs & their sn-2/sn-1(3) 
ratio calculated by 2-phase 

Kallio et al. 2017 

     optimization algorithm  
1 BO = butteroil; BO distill. = butteroil distillate; IBO = interesterified butteroil, BF = butterfat; 

MF = milk fat 
2 Q = quadrupole; QQ = tandem quadrupole; QqQ = triple quadrupole; LCQ = liquid 

chromatography quadrupole; LTQ = linear trap quadrupole; DF = double focusing MS; IT = ion 
trap MS  

3 Scanning range (m/z) of full mass spectra; SIM = selected ion monitoring; n.a. = not available  
4 CF/A,I = type of correction factor (CF) / based on area (A) or intensity (I) of peaks; MCF = molar 

correction factor  
 
 
step method consisting of (1) resolution of lithiated TAGs by UHPLC, (2) qualitative 
analysis of TAG species by ESI–MS2, and (3) quantitative estimation of the regioisomers 
by optimization algorithm which based on the fragmentation pattern of the reference TAGs 
(i.e., six regioisomer TAG pairs) in ESI–MS2. In the early CI–MS studies using direct inlet 
of samples, MF TAGs were quantified using uncorrected peak intensities of [M–H]– 
(Laakso and Kallio 1993a,b) and [MH–RCOOH]+ ions (Spanos et al. 1995). Later, Kallio 
et al. (2006) used more specific peak intensity based molar CFs for [RCOO]– ions to 
determine molar composition of MF TAG of ACN:DB 48:1–52:1 using direct inlet NICI–
MS. Haddad et al. (2011a, 2012) combined direct inlet with ESI–MS in order to quantify 
TAGs in camel MF (Haddad et al. 2011a), in human MF and in equine MF (Haddad et al. 
2012). In their studies, actual quantification was done by GC utilizing molar CFs, but 
relative abundancies of TAG species were determined by ESI–MS on the basis of specific 
fragment ions ([DAG]+, [RCO]+).  
 
Correction factors are crucial in achieving reliable results in the quantification of TAGs with 
MS methods. It is generally known that use of CFs in MS measurements is challenging due 
to the fact that peak intensities and areas are dependable on the composition and structure 
of TAG species and on the conditions of MS measurements (e.g., Laakso 1992). Already 
Hites (1970) quantified TAGs in ten vegetable oils on the basis of the intensities of [M]+ 
and [M–18]+ ions produced by EI–MS after direct introduction of samples into the ion 
source. Due to the direct inlet system, molecular distillation of different TAG molecules 
varied according to the ACN of TAGs, which was corrected using fractionation correction 
factors and, further, the effect of unsaturation on response was corrected systematically 
(Hites 1970). Later, Myher et al. (1984) showed the necessity of the use of appropriate CFs 
in their quantitative rp-HPLC–MS studies of TAGs. They showed that increase of 
unsaturation of TAGs decreased the response when total ion current was used for 
quantification of resolved peaks. When characteristic fragment ion was used for 
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quantification of unresolved TAGs, regioisomerism was shown to affect the response, and 
hence accurate quantification, because the yield of [MH–RCOOH]+ ions was ca. four times 
higher from the sn-1/3 positions than from the sn-2 position (Myher et al. 1984). Duffin et 
al. (1991) connected the ion current response in ESI–MS to polarity of TAGs and reported 
that relatively more polar TAGs consisting of unsaturated FAs and/or short-chain FAs 
yielded more adduct ions ([M+Na]+/[M+NH4]+) in electrospray ionization than less polar 
long-chain saturated TAGs.  
 
Even though early studies (e.g., Hites 1970, Myher et al. 1984, Duffin et al. 1991, Kallio 
and Currie 1993) unquestionably showed that ACN of TAGs, the chain length of esterified 
FAs of isobaric TAGs (isobaric = the same ACN:DB), the degree of unsaturation, and 
regioisomerism influenced on the abundance of molecular ions, quasi-molecular ions, and 
fragment ions in different ionization methods, and hence correction factors for TAGs in 
quantification, surprisingly few investigators have applied CFs to quantification of MF 
TAGs (cf., Table 3.9). A natural reason for the scarce use of response factors (RFs) in the 
analysis of TAGs by MS was the huge number of different TAG species in natural fats and 
oils, which has complicated the search for relevant TAG standards for the determination of 
CFs (Holčapek et al. 2005). Correction factors have been calculated on the basis of limited 
number of commercial monoacid TAG standards (Kallio et al. 1991, Holčapek et al. 2005, 
Gastaldi et al. 2011, Nagy et al. 2013), mixed-acid TAG standards (Kallio and Currie 1993, 
Holčapek et al. 2005, Nagy et al. 2013, Linderborg et al. 2014), and regio- or enantiomeric 
TAG standards (Fauconnot et al. 2004, Nagy et al. 2013, Linderborg et al. 2014, Nagai et 
al. 2015). A higher number of TAG species has been synthesized for CF calculations from 
commercial TAGs by chemical interesterification of monoacid TAG standards (Byrdwell et 
al. 1996, Lisa et al. 2009), which enabled to produce several regioisomers of TAGs as well 
(Lisa et al. 2009). In addition, CFs derived from calculated composition (Myher et al. 1984, 
Byrdwell et al. 1996), or from known composition of natural fats and oils (Myher et al. 1984, 
Byrdwell et al. 1996, Fontecha et al. 2000, 2005) have been successfully used for 
determination of TAGs.  
 
Byrdwell et al. (1996) assessed reliability and accuracy of four different LC–APCI–MS 
quantitative analysis of synthetic TAG mixtures and that of TAGs in natural and randomized 
soybean oil and lard. They calculated correction factors which based (i) on monoacid TAG 
standards, (ii) on randomized 35-component TAG standard mixture of known composition, 
(iii) on comparison of randomized samples to their calculated composition, and (iv) on 
comparison of FA compositions derived from calculated uncorrected TAG composition to 
that of GC–FID analysis (Byrdwell et al. 1996). The most accurate quantitative results for 
the known (i.e., calculated) composition of randomized soybean oil and that of randomized 
lard were obtained with the use of GC–FID derived CFs with average relative error of 8.6 
and 10.1%, respectively (Byrdwell et al. 1996). Further, the use of the CFs calculated on the 
basis of randomized soybean oil or lard resulted in almost similar TAG composition of 
natural soybean oil and natural lard than the use of GC–FID based CFs (Byrdwell et al. 
1996), but CFs based on randomized TAG mixture were not applicable to the natural 
samples in their study. The last finding was contradictory to Myher et al. (1984), who stated 
that CFs derived from synthetic TAG standards would yield most reliable results. Holčapek 
et al. (2005) used 133 CFs (relative to triolein) calculated on the basis of commercial mono- 
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Brockerhoff (1971). Respectively, regiospecific analysis describes the distribution of 
esterified FAs between the primary sn-positions (sn-1,3) and the secondary sn-position (sn-2) 
of a TAG molecule or between those of all TAGs in synthesized or natural TAG mixtures 
(Kalo and Kemppinen 2003). Further, the regiospecific distribution of FAs can be calculated 
from the stereospecific distribution. In lipid literature, regio- and stereospecific analysis of 
TAGs have been assessed from different viewpoints by several researchers (e.g., 
Brockerhoff 1971, Kuksis et al. 1985, Laakso 1992, Ruiz-Gutiérrez and Barron 1995, 
Kuksis and Itabashi 2005, Kalo and Kemppinen 2012). Applicable methods for 
regiospecific analysis of TAGs can be roughly divided into five main categories: enzymatic 
methods (Brockerhoff 1971, Kalo et al. 1996, Lisa et al. 2009, Baiocchi et al. 2015), 
chemical methods (Brockerhoff 1971, Kalo et al. 1996, Baiocchi et al. 2015), 
chromatographic (GLC, HPLC) methods (Kalo et al. 1996, Lisa et al. 2009, Kalo and 
Kemppinen 2012, Baiocchi et al. 2015), spectrometric (MS, NMR) methods (Kalo et al. 
1996, Lisa et al. 2009, Kalo and Kemppinen 2012, Baiocchi et al. 2015), and combined 
methods (e.g., GC–MS or HPLC–MS) (Kuksis and Itabashi 2005, Lisa et al. 2009, Kalo and 
Kemppinen 2012, Baiocchi et al. 2015).  
 
Regiospecific analysis of TAGs is an important field of lipid reseach due to the fact that the 
distribution of FAs between the sn-2 and sn-1(3) positions is related to the functionality of 
TAGs in fatty foods, as well as to their physical and physiological properties (Hunter 2001, 
Kalo and Kemppinen 2003, Watanabe et al. 2014). For example, unique melting properties 
of cocoa butter with very narrow melting range slightly below body temperature are due to 
specific, symmetrical distribution of fatty acyl moieties (16:0, 18:0, and 18:1) among 
primary and secondary sn-positions of TAG molecules (Hunter 2001, Kalo and Kemppinen 
2003). Several technologically important hydrolytic enzymes used in food industry are 
regiospecific and release FAs primarily from the sn-1(3) positions, which was shown to 
intensify desirable or undesirable flavors of food products, e.g., in milk and milk products 
with potentially aromatic short-chain FAs in the sn-3 position (Urbach and Gordon 1994, 
Jensen 2002). In animal metabolism (humans included), digestion and absorption of dietary 
TAGs are controlled by sn-1(3)-specific enzymes resulting in digestion of TAGs as sn-2 
MAGs and FFAs released from the primary positions (e.g., Bracco 1994, Hunter 2001, Kalo 
and Kemppinen 2003, Mu and Høy 2004). It is generally known that palmitic acid and other 
long-chain saturated FAs esterified to the sn-2 position had an increased absorption as 2-
MAGs than as respective FFAs due to their high melting temperature and ability to form 
unsoluble calcium soaps (Hunter 2001, Innis 2011) resulting in an increased risk of 
cardiovascular diseases in animal studies, but not unambiguously in human studies, as was 
reviewed (Hunter 2001, Karupaiah and Sundram 2007). Further, in order to develope tailor-
made edible fats and oils with desired properties by chemical or enzymatic modification of 
natural oils and fats or by synthesis of specific structured lipids (e.g., infant milk substitutes), 
regiospecific distribution of esterified FAs is essential to know during the production and 
in final products (Février et al. 2001, Mu et al. 2001, Kalo and Kemppinen 2003, Rønne et 
al. 2005). In addition, regio- and stereospecific analysis have used to elucidate biosynthesis 
of TAGs (Ruiz-Gutiérrez and Barron 1995) and to assess regio/stereospecificity of lipases 
(Iwasaki et al. 2001). 
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pancreatic lipase to carry out a regiospecific analysis of TAGs (Irimescu et al. 2001, 2002, 
Shimada et al. 2003, Watanabe et al. 2009, 2014, 2015, Yoshinaga et al. 2015, 2016). Even 
though, P. antarctica was generally regarded as unspecific lipase (Irimescu et al. 2001, 
2002), the enzyme was shown to be highly 1,3-specific when immobilized and applied to 
transesterification of TAGs using a high excess (TAGs:ethanol ~1:3–1:57) of ethanol 
(Irimescu et al. 2001, 2002, Shimada et al. 2003, Watanabe et al. 2009), and no excessive 
acyl migration was observed (Watanabe et al. 2009). Importantly, the enzyme has shown to 
be suitable for regiospecific analysis of TAGs containing saturated and unsaturated FAs 
with 4–24 acyl carbons without any fatty acid specificity (Watanabe et al. 2009). On the 
other hand, Shen and Wijesundera (2006) questioned equal hydrolysis rate of long-chain 
polyunsaturated fatty acids by P. antarctica despite the substrate:ethanol ratio. Further, the 
yield of representative 2-MAGs from TAGs by P. antarctica lipase was observed to be 
ca. 30 mol% (after 4 h of reaction at 30°C), which was higher than the theoretical yield of 
2-MAG (4.8 mol%) in complete chemical hydrolysis and in conventional hydrolysis with 
pancreatic lipase due to above mentioned fatty acid specificity and due to only partial 
hydrolysis (ca. 10%), which is essential in order to avoid excessive acyl migration as was 
assessed by Watanabe et al. (2009). 
 
Enzymatic regio- and stereospecific analysis of TAGs in MF were initially performed with 
1,3-specific hydrolysis of TAGs with pancreatic lipase in order to figure out the general 
distribution of FAs in TAGs (Pitas et al. 1967, Breckenridge and Kuksis 1968a, Parodi 
1979a, Christie and Clapperton 1982, Haddad et al. 2010). Later, hydrolysis with pancreatic 
lipase had an important role in monitoring synthesis and final composition of enzymatically 
modified MF products (Kalo et al. 1989a, 1990, Christensen and Holmer 1993). In addition, 
regiospecific analysis yielded valuable information, for example, how FA composition in 
the nutritionally significant sn-2 position of TAGs was affected by feeding of cows 
(DePeters et al. 2001, Mistry et al. 2002). Recently, strict regiospecificity of P. antarctica 
lipase B was utilized in regiospecific analysis of trans-FAs in MF (Yoshinaga et al. 2015) 
showing that trans-11-C18:1 was mainly esterified to the primary positions. In addition, the 
same enzyme was applied successfully to a challenging analysis of the regioisomers of 
short- and medium-chain TAGs in MF showing that mainly sn-1(3) isomers of C4:0–C8:0 
containing TAGs existed in MF (Yoshinage et al. 2016). In this study (Yoshinaga et al. 
2016), TAGs were transesterified in excess of ethanol with immobilized P. antarctica lipase 
B and the 2-MAG fraction was separated from the reaction mixture with silica gel 
chromatography (Sep-Pak silica cartridge), after which FA composition of 2-MAGs and 
that of total FAs were determined as FA propyl esters (area%) by GC.  
 
Chemical analysis: In chemical regio- and stereospecific analysis, determination involves 
usually partial deacylation of TAGs with Grignard reagent (methyl, ethyl, or allyl 
magnesium bromide) resulting in a reaction mixture of intact TAGs, sn-1,2(2,3) and sn-1,3 
DAGs, sn-1, sn-2, and sn-3 MAGs, and tertiary alcohols derived from acyl groups (e.g., 
Yurkowski and Brockerhoff 1966, Laakso 1992, Kalo and Kemppinen 2003). Grignard 
degradation is frequently used especially for stereospecific analysis of TAGs due to equal 
deacylation of ester bonds at sn-1, 2, and 3 positions and due to lack of FA specificity 
(Yurkowski and Brockerhoff 1966, Laakso 1992), which enables relatively reliable 
determination of average FA composition in all sn-positions of TAG on the basis of 
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representative partial acylglycerols, especially diacylglycerols (Brockerhoff 1971, Laakso 
1992, Turon et al. 2003). However, some limitations of the method have resulted in 
unreliable results, which were related to the spontaneous migration between sn-1,2(2,3) and 
sn-1,3 DAGs (Yurkowski and Brockerhoff 1966, Kalo and Kemppinen 2003, Baiocchi et 
al. 2015), and swift isomerization of MAGs (Yurkowski and Brockerhoff 1966, Becker et 
al. 1993), together with long and laborious separation of partial acylglycerols for further 
analysis (Shen and Wijesundera 2006). In addition, some studies suggested that ethyl (Turon 
et al. 2002) and allyl magnesium bromide (Becker et al. 1993) had a slightly higher 
selectivity to the sn-1(3) positions and to the sn-2 position, respectively, which could yield 
an unbalanced ratio of sn-1(3) and sn-2 MAGs.  
 
In early investigations, stereospecific analyses of TAGs using Grignard degradation were 
performed on the basis of sn-1,2(2,3) DAGs, which were assessed to reflect most accurately 
the original FA distribution in the primary positions of TAGs (Yurkowski and Brockerhoff 
1966, Brockerhoff 1971, Laakso 1992, Turon et al. 2003). After partial deacylation of TAGs, 
sn-1,2(2,3) DAGs were separated by TLC and converted to phosphatidylphenols, which 
were hydrolyzed with phospholipase A2 (EC 3.1.1.4) in order to produce specifically FFAs 
released form the sn-2 position and lysophosphatides with unhydrolyzed FA at the sn-1 
position, from which the FA composition of the sn-1 position could be determined with 
FAME analysis by GC (Yurkowski and Brockerhoff 1966, Brockerhoff 1971, Laakso 1992, 
Turon et al. 2003, Kalo and Kemppinen 2003). Regiospecifically important FA composition 
of the sn-2 position could be determined by GC from the above mentioned FFAs (Blasi et 
al. 2008, 2013, Cossignani et al. 2011), or more commonly from 2-MAGs produced by 
pancreatic lipase from the original TAGs (Yurkowski and Brockerhoff 1966, Brockerhoff 
1971, Laakso 1992). In addition to phospholipase A2 method (see above), sn-1,2 and sn-2,3 
DAGs derived from Grignard degradation have been separated and analyzed as their 
3,5-dinitrophenyl urethane (DNPU) derivatives on a chiral HPLC columns (Itabashi and 
Takagi 1987, Itabashi et al. 1990, Itabashi 1993) or as their diastereomeric derivatives on a 
silica gel HPLC column (Laakso and Christie 1990, Christie et al. 1991). Takagi and Ando 
(1991) represented a stereospecific method based on the analysis of DNPU derivatives of 
sn-1(3) MAGs and underivatized sn-2 MAGs with relatively low acyl migration rate in 
MAGs (2.5–3%). After partial Grignard degradation of TAGs with ethyl magnesium 
bromide, sn-1(3) and sn-2 MAGs were separated by TLC on boric acid-impregnated silica 
gel plates (Takagi and Ando 1991). From the isolated MAG fractions, sn-2 MAGs were 
determined directly by GC, but sn-1 and sn-3 MAGs were first converted to representative 
3,5-DNPUs, after which they were separated on a chiral HPLC column prior to FAME 
analysis (Takagi and Ando 1991). 
 
Chemical methods have been used more infrequently for direct regiospecific analysis than 
for stereospecific analysis, but some MAG-based methods have been developed (Becker et 
al. 1993, Angers et al. 1998, Angers and Arul 1999, Turon et al. 2002, Tzompa-Sosa et al. 
2014). Even though quick acyl migration in MAGs has been reported to be a serious 
problem and to result in unpresentative MAG population (Yurkowski and Brockerhoff 
1966), Takagi and Ando (1991) observed relatively low (2.5–3%) acyl migration rate in 
MAGs in their investigation. Becker et al. (1993) used a high amount of allyl magnesium 
bromide for a quick partial deacylation of TAG standards (sn-1,3-distearoyl-2-
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oleoylglycerol, sn-1,3-didecanoyl-2-palmitoylglycerol) to produce representative sn-2 
MAGs, which were separated by silica TLC plates impregnated with boric acid. FA 
composition of the sn-2 position (FA2-MAG) and that of the intact TAGs (FATAG) were 
determined by GC–FID on the basis of peak areas of FAMEs, after which FA composition 
of the sn-1,3 positions (FAsn-1(3)) was calculated as follows: (FAsn-1(3)) = 1.5 x FATAG – 0.5 x 
FA2-MAG (Becker et al. 1993). Corresponding methods using allyl magnesium bromide as a 
catalyst have been utilized to quantify acyl migration during the synthesis of structured 
lipids (Mu et al. 2001) and to assess the regiospecificity of lipases in the enzyme-catalyzed 
interesterification of butterfat–rapeseed oil mixtures (Rønne et al. 2005). In addition, ethyl 
magnesium bromide was used to deacylate TAGs instead of allyl magnesium bromide in 
order to produce representative 2-MAGs for regiospecific analysis of TAGs in MF fractions 
separated by rp-HPLC (Angers et al. 1998) and those in MFs of individual cows (Tzompa-
Sosa et al. 2014). On the other hand, Turon et al. (2002) chose to produce representative sn-
1(3) MAGs by quick Grignard degradation using an excess amount of ethyl magnesium 
bromide as a catalyst to deacylate the TAG substrates (i.e., sn-1,3-dipalmitoyl-2-
oleoylglycerol TAG standard and TAGs of borage oil, milk fat, and tuna oil). MAGs were 
swiftly separated by boric acid TLC and analyzed by GLC after methyl ester preparation 
followed by calculation of the FA composition in the secondary position on the basis of FA 
compositions in the sn-1(3) MAGs and in intact TAGs (FA2-MAG = 3 x FATAG –2 x FA1(3) 

MAG) (Turon et al. 2002). Angers and Arul (1999) deacylated TAGs with ethyl magnesium 
bromide and prepared dibutyrate derivatives of both 1(3)- and 2-MAGs with n-butyryl 
chloride without any separation of MAGs by TLC after Grignard degradation. The 
regiospecific distribution of FAs in TAG standards containing FA with 12–20 acyl carbons 
and that in TAGs of three edible oils and fats (beef tallow, grapeseed and cotton oils) were 
determined by GC using a phenyl(65%)methylsilicone column for separation of the 
regioisomers of the dibutyrate derivatives (Angers and Arul 1999). 
 
Preliminary studies concerning regio- and stereospecific analysis of TAGs in MF by 
Grignard degradation with methyl magnesium bromide encountered problems in separation 
of DAGs on silica TLC plates probably due to overlapping of sn-1,3 DAGs containing a 
butyryl group with sn-1,2(2,3) DAGs containing solely long-chain fatty acyl groups 
(Yurkowski and Brockerhoff 1966). Later, Parodi (1982) used ethyl magnesium bromide to 
produce DAGs for structural analysis of MF TAGs of nine different mammals, but prefered 
pancreatic lipase hydrolysis to obtain DAGs from TAGs in bovine MF. Itabashi et al. (1993) 
analyzed fully hydrogenated acetyl- and butyryl-enriched TAGs of np-TLC isolated 
fractions of a butteroil redistillate and produced DAGs by partial Grignard degradation. TLC 
resolved DAGs from acetyl-TAG fraction showed three well-separated bands containing 
sn-1,2(2,3) DAGs with two long-chain acyl groups, sn-1,3 DAGs with one acetyl and one 
long-chain acyl group, and sn-1,2(2,3) DAGs with one acetyl and one long-chain acyl group 
(Itabashi et al. 1993). However, sn-1,3 DAGs with one butyryl and one long-chain acyl 
group overlapped with sn-1,2(2,3) DAGs containing medium- and long-chain acyl groups 
when separated on TLC plates, which was previously noted by Yurkowski and Brockerhoff 
(1966). Further, Itabashi et al. (1993) showed an alternative for GLC determination of 
partial acylglycerols derived from Grignard degradation, and separated both enantiomers 
(sn-1,2 vs. sn-2,3 DAGs) and regioisomers (sn-1,2(2,3) vs. sn-1,3 DAGs) of short-chain 
DAGs as their 3,5-DNPU derivatives on a chiral HPLC column using (R)-(+)-l-
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(1-naphthyl)ethylamine polymer as the stationary phase and hexane/l,2-
dichloroethane/ethanol (40:10:1) as the mobile phase. In the past decade, stereospecific 
structure of TAGs in MFs of several ruminant species, i.e., cow, ewe, goat, and buffalo 
(Blasi et al. 2008) and camel (Haddad et al. 2010), and that of non-ruminant species, i.e., 
human (Haddad et al. 2012), horse (Haddad et al. 2011b), and donkey (Blasi et al. 2008, 
Cossignani et al. 2011) has been studied by chemical methods in order to find out their 
usability in nutritional applications, especially as infant formulas, and in order to prevent 
adulteration of rare MFs with bovine MF (Blasi et al. 2013). Blasi et al. (2008, 2013) and 
Cossignani et al. (2011) used partial Grignard degradation with ethyl magnesium bromide 
to yield sn-1,2(2,3) DAGs and phospholipase A2 method to produce sn-1-
lysophosphatidylcholines and FFAs from chemically synthesized sn-1,2(2,3)-
phosphatidylcholines. FA composition in the sn-1 and sn-2 position were determined by GC 
analysis of FAMEs (corrected area-%) of the sn-1-lysophosphatidylcholines and that of 
FFAs from the sn-2 position, respectively, and FA composition in the sn-3 position was 
calculated. Haddad et al. (2010, 2011b, 2012) applied relatively similar phospholipase A2 
procedure except that FA composition in the sn-3 position was determined on the basis of 
sn-1,3 DAGs and synthesized sn-1,3-phosphatidylcolines, from which sn-3-
lysophosphatidylcholine were released by phospholipase A2 for FA analysis (sn-3) by GC, 
hence FA composition in the sn-2 position was calculated. 
 
Most reported direct regiospecific analysis of TAGs in MF by chemical methods comprised 
rather similar procedures (Angers et al. 1998, Turon et al. 2002, Tzompa-Sosa et al. 2014): 
partial deacylation of TAGs with ethyl magnesium bromide, isolation of the sn-2 and sn-1(3) 
MAGs on a silica gel TLC plate impregnated with boric acid, preparation of fatty acid 
methyl esters from the desired MAG fraction, analysis of FAMEs by GC, and calculation 
of the FA composition in the sn-1(3) positions on the basis of determined FA composition 
in the sn-2 position and in intact TAGs. Angers et al. (1998) and Tzompa-Sosa et al. (2014) 
rested their determination on representative 2-MAGs, but Turon et al. (2002) used 
1(3)-MAGs instead of 2-MAGs. All methods enabled determination of general regiospecific 
distribution of FAs in MF TAGs. In addition, they provided profound information about 
biosynthesis (Angers et al. 1998, Tzompa-Sosa et al. 2014) and nutritional potential of 
TAGs (Tzompa-Sosa et al. 2014). According to Angers et al. (1998), size of TAG molecules 
influenced on regiospecific distribution of oleic acid and FAs with 10–14 acyl carbons, but 
did not affected that of FAs with 4–8, 16, and 18 acyl carbons. Tzompa-Sosa et al. (2014) 
showed that high amount of palmitic acid in MF TAGs decreased the proportion of long-
chain saturated FAs at the sn-2 position and increased that of oleic acid at the same position, 
which resulted in negative changes in the nutritional value of bovine MF-based infant 
formulas. Rønne et al. (2005) chose analysis of 2-MAGs produced by Grignard degradation 
with allyl magnesium bromide to monitor interesterification reaction of the blends 
containing butterfat and rapeseed oil (70/30, w/w) and vegetable oils and fats (sunflower oil, 
fully hydrogenated cottonseed oil) using six commercial lipases (both 1,3-specific and non-
specific). They observed no significant differences in the action of the lipases on butterfat 
blends containing an abundant amount of short-chain FAs compared to that on vegetable 
fats and oils containing longer chain FAs (Rønne et al. 2005). 
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study of Myher et al. (1984), Kallio and Currie (1993) showed that the secondary position 
of TAG molecule was less prone to the cleavage of fatty acyl group than the primary 
positions in negative ion tandem MS regardless of the esterified (long-chain) fatty acyl 
groups. When rac-AAB and rac-ABA-type TAGs were analyzed with the NICI–MS2 
method, the ratio of the intensities [M–H–B–100]–/ [M–H–A–100]– were 0.145 and 0.764 
for rac-ABA and rac-AAB, respectively (Kallio and Currie 1993). In addition, the ratio was 
observed to increase steadily when the proportion of rac-AAB isomers in the mixture of 
(AAB+ABA) increased from 0% to 100% (Kallio and Currie 1993), which enabled 
regiospecific selectivity and determination of the ratio of AAB/ABA-type regioisomers. 
However, when Kurvinen et al. (2001a) studied TAG mixtures of AAB/ABA-type 
regioisomers of mono medium-chain TAGs (A = 18:2; B = 8:0), they observed that the ratio 
[M–H–8:0–100]–/[M–H–18:2–100]– remained constant until the proportion of 
rac-8:0-18:2-18:2 isomer exceeded 50% in the mixture resulting in an impossible generic 
quantification of regiosiomers. In addition, the direct inlet NICI–MS2 method was difficult 
to apply to TAGs with the same molecular weight with varying FA content, e.g., containing 
short-chain and/or polyunsaturated FAs together with more common LC-FAs (Kallio and 
Currie 1993, Leskinen et al. 2007, 2010). However, Leskinen et al. (2010) suggested an 
improved method in which direct inlet ammonia NICI–MS2 was adapted to UHPLC, which 
enabled better separation of TAG isomers prior to MS determination. In general, 
combination of chromatographic methods with APCI–MS/MS2 and ESI–MS2 are nowadays 
very practical in regioisomeric analysis of TAGs (see below). 
 
Atmospheric pressure chemical ionization MS (APCI–MS). Mottram and Evershed (1996) 
showed that APCI ionization of TAG molecules yielded information concerning the 
sn-position of esterified long-chain FAs in ABC- and AAB/ABA-type TAGs (A, B, and C 
denote different FAs). They showed that the ratio of [M–RCOO]+ ions of AAB/ABA-type 
TAGs (i.e., [AA]+/[AB]+) was ca. 4–5 higher for rac-AAB than ABA TAGs due to 
energetically less favorable cleavage of FA from the sn-2 position than from the sn-1(3) 
positions of TAG molecule. Later, principles of this method were applied successfully to 
the analysis of the regioisomers of TAGs present in eight different vegetable oils (Mottram 
et al. 1997). However, they (Mottram et al. 1997) noted that identification of regioisomers 
was not reliable, if two (or more) co-eluting TAGs yielded the same DG+ ion in APCI, e.g., 
[16:0-20:0]+ and [18:0-18:0]+ (m/z 607) from TAGs rac-16:0-20:0-18:2 and 18:0-18:2-18:0, 
respectively. Employing ESI–MS2 in identification and quantification of regioisomers of 
TAGs has shown to be more challenging due to the fact that formation of [M+H]+ precursor 
ions from saturated TAGs was shown to be very low (Byrdwell and Emken 1995, Mottram 
and Evershed 1996). In addition, Leskinen et al. (2007) and Herrera et al. (2010) reported 
that the yield of DG+ ions from the protonated molecular ions in CID was independent from 
the regioisomeric position of fragmented FA. However, APCI–MS2 has been applied to the 
regioisomeric analysis of TAGs in combination with excellent chromatographic resolution 
of regioisomers prior to MS detection (e.g., Gotoh et al. 2012, Nagai et al. 2015). Further, 
Leskinen et al. (2010) demonstrated that linear relationship in calibration curves was 
obtained between the ratio of production ion (100 x [M–H–A–100]–/([M–H–A–100]– + [M–
H–B–100]–) intensities (y-axis) and the regioisomer proportions (100 x sn-ABA/(sn-ABA 
+ rac-AAB) in binary mixtures (x-axis) when ammonia negative ion APCI–MS2 applied to 
the analysis of the regioisomers of unsaturated AAB/ABA-type TAGs in TAG standards 
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and those in five edible oils. Jakab et al. (2003) were the first, who applied linear calibration 
plots in positive APCI–MS to determine the ratio of the regioisomers of rac-18:2-18:2-18:1 
(rac-LLO) and sn-18:2-18:1-18:2 (sn-LOL) in five vegetable oils on the basis of [LL]+ and 
[LO]+ diacylglycerol fragment ions. They (Jakab et al. 2003) analyzed the regioisomeric 
ratio using a linear calibration curve in which the ratio [LL]+/[LO]+ (y-axis) was plotted 
against the concentration of sn-LOL regioisomer (%, v/v; 100*sn-LOL/(sn-LOL + 
rac-LLO). Corresponding linearity of calibration plots for the regioisomers of long-chain 
TAGs was observed in other positive APCI–MS studies as well (Fauconnot et al. 2004, 
Leskinen et al. 2007). In some recent studies (Gotoh et al. 2012, Nagai et al. 2015), in which 
the regioisomers of short- and medium-chain TAGs were sufficiently separated from each 
other prior to APCI–MS2, quantification of the regioisomers has been performed using 
specific correction factors for the diacylglycerol fragment ions of each regioisomer which 
were calculated on the basis of linear calibration and internal standard methods. Use of 
multidimensional chromatographic separation of the regioisomers of long-chain TAGs prior 
to APCI–MS determination enhanced the applicability of APCI–MS for regiospecific 
analysis. For example, Dugo et al. (2004) used the off-line two-dimensional 
chromatographic system containing rp-HPLC in combination with Ag-HPLC–APCI–MS to 
determine relative abundances of regioisomers in nine AAB-type TAGs and two ABC-type 
TAGs of rice oil. Further, corresponding 2D-system was used to determine several 
regioisomers in a very complex blackcurrant oil (Holčapek et al. 2009). 
 
In the regioisomeric analysis of TAGs in complex MFs, identification and quantification of 
the isomers by APCI–MS/MS2 are carried out after efficient separation of TAG species by 
reversed- or chiral-phase HPLC (Gastaldi et al. 2011, Gotoh et al. 2012, Nagai et al. 2015) 
or by two-dimensional chromatography (Chiofalo et al. 2011). Gastaldi et al. (2011) 
determined principal regioisomer of the most abundant TAG species (CTAG > 1%) in bovine, 
goat, and human MF using non-aqueous (na) rp-HPLC–APCI–MS and APCI–MS2 methods. 
Further, Gotoh et al. (2012) used APCI–MS2 in combination with high-resolution HPLC to 
determine ratios of selected regioisomers of TAGs containing palmitic (P) acid (i.e., 
rac-PPX/PXP, in which X = 10:0, 18:1, or 22:5, and rac-PXX/XPX, in which X = 18:0) in 
cow, human, and rat MF, and in cow, buffalo, goat, and sheep cheese fat. A more 
comprehensive study of the TAG isomers in bovine MF by APCI–MS2 was performed by 
Nagai et al. (2015), who determined several regioisomers and enantiomers of dipalmitate 
TAGs (i.e., even-numbered sn-PXP, sn-XPP, sn-PPX TAGs; X = 4:0–12:0). Chiofalo et al. 
(2011) determined the regioisomeric ratio of six LC-TAG species in human MF and that of 
nineteen MC- and LC-TAG species in donkey MF with similar 2D-HPLC–APCI–MS 
system as was used in the study of Dugo et al. (2004). Further, Yoshinaga et al. (2013) 
showed that LC–APCI–MS2 methods can be used to determine the proportion of MF and 
randomized MF in foods using regioisomers of sn-16:0-16:0-4:0 and sn-16:0-4:0-16:0 as an 
indicator of the content of MF and modified MF, respectively. 
 
Electrospray ionization MS (ESI–MS). Since the first ESI–MS studies (Duffin et al. 1991), 
ESI–MS2 has been assessed as one possibility for regiospecific analysis of TAGs. However, 
FA composition of TAGs (Hsu and Turk 1999), type of adduct ions (Hvattum 2001, Herrera 
et al. 2010), and level of collision energy in tandem MS (Hvattum 2001) were observed to 
influence on the relative abundances of fragment ions, hence complicating the analysis. In 
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the early TAG studies with ESI–MS2, no regioisomeric information was achieved when 
low-energy CID (Duffin et al. 1991) and high-energy CID of ammonium adducts of TAGs 
(Cheng et al. 1998) were applied. Similarly, Han and Gross (2001) could not detect any 
difference in the loss of long-chain FA from primary and secondary positions when lithium 
adducts of TAGs were analyzed by ESI–MS–MS under low-energy CID conditions. Neither 
did Segall et al. (2004) found any difference in the preferential loss of fatty acyls from the 
secondary and primary sn-positions of medium-chain TAGs. On the other hand, Hsu and 
Turk (1999) noted that the sn-position of esterified FA influenced more on the relative 
abundances of fragment ions than did the identity of FAs when ESI–MS2 with low-energy 
CID of lithium adducts of TAGs (from lithium acetate) were used for analysis. Accordingly, 
a slightly greater cleavage of long-chain acyl groups from the primary positions than from 
the secondary position of [M+NH4]+ ions was observed when low-energy CID was used 
(Hvattum 2001, Dorschel 2002, Byrdwell and Neff 2002). Later, Marzilli et al. (2003) and 
Malone and Evans (2004) analyzed ammonium adducts of AAB/ABA and ABC-type long-
chain TAGs by ESI–MS2 ion trap instrument and found unquestionably that the loss of a 
acyl group from the sn-2 position was energetically more unfavorable than that from the sn-
1(3) positions. In addition, the above mentioned difference in the CID mass spectra derived 
from all kind of adduct ions (i.e., [M+NH4]+, [M+Li]+, [M+Ag]+, [M+Na]+) was substantial 
enough to allow identification and quantification of the regioisomers with linear calibration 
curve (Herrera et al. 2010). On the other hand, Cheng et al. (1998) could not differentiate 
regioisomers of TAG by CID of [M+NH4]+ ions, but high energy CID of other adduct ions 
([M+Na]+, [M+Li]+, [M+Cs]+) allowed unambiguous detection of regioisomers of long-
chain TAGs. Similarly, Lévêque et al. (2010) received respective results after CID of 
[M+Ag+AgNO3]+ adduct ions. Consequently, different cleavage of FAs from the sn-2 and 
sn-1(3) positions in CID enabled to model a linear relationship between intensities of 
selected product ions in CID spectra and relative abundance of the regioisomers in binary 
mixtures of known regioisomeric ratios in order to plot calibration curves for quantification 
of unknown regioisomeric mixtures in natural fats and oils (Malone and Evans 2004, 
Leskinen et al. 2007).  
 
In spite of an undeniable ability of ESI–MS/MS2 to separate and quantify sn-1(3) and sn-2 
isomers of TAGs in edible oils and fats, regioisomers of MF TAGs have been investigated 
very rarely by this powerful method. Linderborg et al. (2014) analyzed the regioisomers of 
TAGs in human MF by UHPLC–ESI–MS2, but they were unable to differentiate 
unambiguously the isomers of several unsaturated LC-TAGs due to coelution of more than 
one regioisomer pair of the same ACN:DB-class on a UHPLC-column. Nagy et al. (2013) 
analyzed TAGs in BF by narp-HPLC combined with a high-resolution LTQ-Orbitrap XL 
hybrid MS using positive ESI-mode in ionization. Automatically calculated identification 
of TAGs and that of the regioisomers of TAGs were based (i) on the list of specific 
ammonium adducts with highly accurate theoretical masses, (ii) on the (positive) mass tag 
(m/z 4.955395) between ammonium and sodium adducts, (iii) product ion spectra from 
ammonium adducts, and (iv) theoretical fragmentation patterns of regioisomers consisting 
of fatty acyls with different carbon chain length and degree of unsaturation (Nagy et al. 
2013). Quantification of TAGs was performed on the basis of response factors calculated 
from the analysis of 25 commercially available TAG standards using linear calibration and 
internal standard methods (Nagy et al. 2013). The applied method enabled to determine the 
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regiospecific distribution of the main FAs in BF TAGs (Nagy et al. 2013). Recently, Kallio 
et al. (2017) developed a UHPLC–ESI–MS2 method that automatically identify all potential 
TAG species of specific m/z value on the basis of 21 different fragment ions from lithium 
adducts yielded by tandem MS. In addition, the method automatically quantify the 
regioisomers of detected TAG species using calculation algorithm, which was optimized by 
relative intensities of eight fragment ions (ESI–MS2) of six regioisomeric pairs of diacid 
TAG standards. In this particular case, no CFs were needed for reliable quantification of 
hundreds of regioisomeric TAGs in human MF. 
 
In summary, determination of the regiospecific distribution of esterified fatty acyl groups 
among the primary and secondary positions in intact individual TAG species of MF can be 
performed more reliably by MS than by any other methods of regiospecific analysis, 
especially in the case of coeluting molecular species. However, separation of TAG groups, 
individual TAG species, or regioisomers of MF TAGs by chromatographic methods is 
practically an essential step prior to MS detection due to a large number of different 
molecular species of TAGs in bovine MF. Accordingly, regiospecific analysis of MF TAGs 
using direct inlet MS is challenging due to a large number of similar (fragment) ions derived 
from several TAG species, even though characteristic fragment ions, which are relatively 
specific to the sn-1(3) position, have been detected in EI–MS (Ryhage and Stenhagen 1960), 
and in NICI–MS of TAGs (Kallio and Currie 1993). In addition, MS or tandem MS methods 
using PICI (Myher et al. 1984), APCI (Mottram and Evershed 1996), and ESI ionization 
(Marzilli et al. 2003, Malone and Evans 2004) enabled differentiation of the regioisomers 
of TAGs due to the less abundant cleavage of FAs from the sn-2 than sn-1(3) positions. 
Regioisomers of TAGs in human MF have been analyzed solely by direct inlet ammonia 
NICI–MS2 (Kallio and Rua 1994), but more common are methods, which combine 
atmospheric pressure soft ionization MS or tandem MS with liquid chromatography. 
Chiofalo et al. (2011) separated MC- and LC-TAGs in human and donkey MF by 
2-dimensional HPLC (rp-HPLC + Ag-HPLC) and determined regioisomers by APCI–MS. 
Further, LC–APCI–MS2 has provided a powerful alternative to determine principal 
regioisomer of the most abundant TAGs (Gastaldi et al. 2011) or to perform highly specific 
regioisomeric analysis of selected individual molecular species of TAGs in MFs (Gotoh et 
al. 2012, Nagai et al. 2015). Similarly, ESI–MS2 combined with high-resolution LC 
separation was shown to yield information on the regioiomeric distribution of FAs in TAGs 
of human (Linderborg et al. 2014) and bovine MFs (Nagy et al. 2013). 
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In theory, the ratio of saturated FAs (SAFA) to monounsaturated FAs (MUFA) should be 
100:0 and 67:33 in S and M fractions, respectively. On the basis of the excess of MUFA in 
S fraction and SAFA in M fraction, the degree of overlapping of two fractions can be 
estimated to be 3.9–9.3% (Table 5.2). Accordingly, overlapping of D and T fractions with 
S fraction was 0.3 and 0.6%, respectively. FA composition of D and T fractions suggested 
a higher proportion of SAFA than was expected. In addition, unknown degree of 
unsaturation of the FAs in group ‘other’ increased uncertainty to the assessment of 
overlapping.  
 
In lipase-modified BO (LMBO), the FA distribution in TAGs was shown to be nearly 
random (Kalo et al. 1990), hence the ratio of individual FA to the total amount of FAs was 
expected to be almost constant in all fractions. However, the relative amount of butyric acid 
(4:0) to the total amount of all identified saturated acids was 15.8 and 21.1% in the S and M 
fractions, respectively (Table 5.2). The difference between the similar ratios of other SAFA 
of the two fractions was at most 3.5 percentage points. When the difference of the ratio of 
each SAFA in S and M fractions was proportionated to the total content of SAFA in LMBO, 
the average was 17.4%. Short-chain SAFAs (4:0, 6:0) and C20:0 had the highest (> 30%) 
proportional differences, suggesting untypical migration of short-chain and very long-chain 
saturated TAGs during elution. Further, the proportion of cis–trans isomers of MUFA was 
tentatively analyzed. The ratio of cis-18:1 to trans-18:1 was shown to be similar (ratio ~ 
10:1) in the whole fat (LMBO) and in the M fraction, but a relative abundance of trans 
isomer (ratio ~ 1:1) was observed in S fraction (I).  
 
Determination of TAG class composition of LMBO fractions suggested almost identical 
overlapping of fractions as FA analysis (Table 5.3). The content of saturated TAGs in M 
fraction was 8.4 mol% and, vice versa, that of monoene TAGs in S fraction was 8.4 mol%, 
which agreed with the observations based on the FA composition. Some overlapping (2–
6%) of S fraction with D and T fractions was detected. Overlapping of unsaturated fractions 
(M, D, T) was also evident, e.g., monoene TAGs were detected in D and T fractions 8.2 and 
5.9 mol%, respectively. The difference between calculated and analyzed content of TAG 
classes showed slightly higher variation (1.6–36.2%; 15.9% on the average) than FA 
analysis suggested. However, in the high resolution area of gas chromatograms (ACN 24–
43) calculated content differed from analyzed composition on the average 11.0% suggesting 
relatively even recovery of various TAG classes in fractionation process. 
 
Effect of fractionation is illustrated in Figure 5.1, which shows a gas chromatogram of 
LMBO and those of saturated (S), monoene (M), diene (D), and triene (T) fractions. 
Influence of fractionation was most evident in the high ACN range (RI > 4400), in which 
fewer acyl chain isomers existed and the difference in RIs of major peaks of each fraction 
was distinct. The effect of fractionation was less evident in the lower ACN range due to the 
more substantial number of the TAG isomers with the same ACN and degree of unsaturation. 
In addition, the chromatograms showed clearly that each fraction contained, in addition to 
major peaks, small peaks with the same retention index (RI) as a major peak in another 
fraction. 
  



69 

 
Figure 5.1. Gas chromatogram of lipase-modified butter oil (LMBO) and those of saturated (S), 
monoene (M), diene (D), and triene (T) fractions of LMBO. * = peaks for monoacid TAGs, which 
are added as index compounds (see text for details). (Figure adapted from Fig. 1 in I.) 
 
 
5.3 Identification of the molecular species of triacylglycerols 
 
Principal methods that were used in the identification of various TAG classes, molecular 
species of TAGs, and isomers of TAGs in standard mixtures and milk fat samples are 
summarized in Table 5.4. In GC and CG–EI–MS, the main sources of identification were 
RIs or relative retention times (RRT) and specific fragment ions in EI mass spectra. In 
HPLC–MS studies, TAG species were identified according to elution order (RRT) and 
ammonium adducts (m/z [M+NH4]+) in ESI–MS or specific fragment ions together with the 
relative abundance of the ions (m/z [(M+NH4)–NH3–FA]+) in ESI–MS2. In all 
chromatographic and mass spectrometric methods combining information from elution 
order of acyl chain isomers and regioisomers of TAG species with that of mass spectra of 
TAG isomers increased the number of identified molecular species of TAGs. 
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Table 5.7 An example of interpretation of mass spectral data (m/z) for TAG species with 38 acyl 
carbons (ACN 38). a) Calculated mass values for [RCO]+, [RCO+74]+ and [RCO+128]+ 
ions and respective [M–RCOO]+

 ions; b) Data from mass chromatograms (EI–MS) of the 
fragment ions; c) Identification of possible TAG species with ACN 38. (Table adapted 
from Table 1 in II.)  

 
a) Interpretation table (m/z, EI–MS) for ACN 38 
 

      

Fragment ion FA 
          

 
18:0 16:0 14:0 12:0 10:0 8:0 6:0 4:0 18:1 16:1 18:2 

[RCO]+ 267 239 211 183 155 127 99 71 265 237 263 

[RCO+74]+ 341 313 285 257 229 201 173 145 339 311 337 

[RCO+128]+ 395 367 339 311 283 255 227 199 393 365 391 

[M–RCOO]+
38:0 383 411 439 467 496 524 552 580 

   

[M–RCOO]+
38:1 381 409 437 465 494 522 550 578 383 411 

 

[M–RCOO]+
38:2 379 407 435 463 492 520 548 576 381 409 383 

[M–RCOO]+
38:3 377 405 433 461 490 518 546 574 379 407 381 

            

b) Detected fragment ions (m/z) 
      

c) Interpretation             

Scan no. / RI [RCO]+ [RCO+74]+ [RCO+128]+ [M–RCOO]+ 
 

Acyl TAG species 

478 / 3785 127 201 
 

255 
 

524 
  

8:0 
  

 
155 229 

 
283 

 
496 

  
10:0 

  
 

183 257 
 

311 
 

467 
  

12:0 14:0-14:0-10:0  
211 285 

 
339 

 
439 

  
14:0 16:0-12:0-10:0  

239 313 
 

367 
 

411 
  

16:0 16:0-14:0-8:0 
481 / 3807 

 
173 

 
227 

 
552 

  
6:0 

  
 

239 313 
 

367 
 

411 
  

16:0 16:0-16:0-6:0 
485 / 3807 

 
145 

 
199 

 
580 

  
4:0 

  
 

239 313 
 

367 
 

411 
  

16:0 
  

 
267 341 

 
395 

 
383 

  
18:0 18:0-16:0-4:0 

488 / 3859 
 

145 
 

199 
 

578 
  

4:0 
  

  
173 

 
227 

 
550 

  
6:0 

  
 

211 285 
 

339 
 

437 
  

14:0 
  

 
239 313 

 
367 

 
409 

  
16:0 18:1-16:0-4:0  

265 339 
 

393 
 

383 
  

18:1 18:1-14:0-6:0 
490 / 3874 

 
145 

 
199 

 
578 

  
4:0 

  
 

237 311 
 

365 
 

411 
  

16:1 
  

 
267 341 

 
395 

 
381 

  
18:0 16:1-18:0-4:0 
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sn-1(3) vs. sn-2. RRAR describes how much higher the cleavage of fatty acyls is from sn-1(3) 
position than from sn-2 position. Table 5.8 summarizes the RRARs for the regioisomers of 
SC-TAG classes. Without exception, the cleavage of FAs from primary positions was on 
the average 3.74–16.68 times higher than from secondary position in all SC-TAG classes 
and in both np-HPLC–ESI–MS2 analytical systems (Table 5.8). The average cleavage 
varied from 4.60 to 12.29 and from 3.74 to 9.33 for monobutyrate and monocaproate TAGs, 
respectively, and the average RRAR was invariably higher for monobutyrate TAG classes 
than respective monocaproate TAG classes. The same trend was observed in di-SC-TAG 
classes. Further, the relative ease of cleavage of the SC-FA and LC-FA from sn-1(3) 
position of mono and di-SC-TAGs, respectively, was higher in the HPLC–MS system with 
improved resolution, i.e., when three silica gel HPLC-columns were used in series. 
Coincidentally, the variation of RRAR was higher in three than two column HPLC system.  
 
 
 

 
Figure 5.3. Extracted ion chromatogram (EIC) of ammonium adduct TAG 26:1, m/z 514.7, 
determined from a sample of butterfat by np-HPLC–ESI–MS and identification of the regioisomers 
of dibutyroyloleoylglycerol by np-HPLC–ESI–MS2.  
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The product ion tandem mass spectra showed that RA of [(M + NH4)–NH3–4:0]+ for sn-1(3) 
isomers in the diacid monobutyrate TAG class was in the range 34.5–53.9% (n = 12) and 
36.7–68.2% (n = 13) in the 2 column (IV) and 3 column system (V), respectively. RAR for 
the same TAG class varied respectively 0.527–1.127 and 0.580–2.140. The relative 
abundance for sn-2 isomers of butyrate TAGs of the same TAG class was markedly lower 
and ranged from 4.1 to 13.6% (n = 9) and 4.9–12.7% (n = 13) in the studies IV and V, 
respectively. The RAR in L/4:0/L class varied between 0.043 and 0.157 in (IV) and between 
0.051 and 0.146 in (V). The RA of [(M+NH4)–NH3–6:0]+ and RAR varied from 40.4 to 
49.5% and 0.678–0.980 (n = 6) for the sn-1(3) isomers in the diacid monocaproate TAG 
class (IV). For sn-2 isomers (L/6:0/L), the variation of RA / RAR was 11.1–21.1% / 0.125–
0.267 (n = 4) when two HPLC columns are in series (IV). Similar trends were observed in 
the RA and RAR of regioisomers of monocaproate TAGs in three HPLC column system: 
The RA / RAR values for sn-1(3) isomers (n = 4) were 43.6–60.5% / 0.776–1.534 and those 
for sn-2 isomers (n= 4) 9.5–14.5% / 0.105–0.169 (V). In the tandem mass spectra of the 
regioisomers of diacid TAGs containing two short-chain acyl groups, the RAR [(M + NH4)–
NH3–LC-FA]+ / [(M + NH4)–NH3–SC-FA]+ varied between 0.262–0.873, 0.0267–0.0941, 
0.216–0.715, and 0.0604–0.220 for L/4:0/4:0, 4:0/L/4:0, L/6:0/6:0, and 6:0/L/6:0 TAG 
classes, respectively, when two microbore silica gel columns in series were used (IV). 
A slightly higher variation in the RAR ranges was observed when three columns in series 
were used (V): The respective RAR ranges were 0.511–2.034, 0.021–0.120, 0.283–1.636, 
and 0.043–0.286. 
 

In accordance with diacid TAG classes, CID spectra of ammonium adducts for triacid mono 
SC-TAGs revealed lower RA and RAR for sn-2 than sn-1(3) isomers regardless of the np-
HPLC–ESI–MS2 system (IV, V). The relative abundance of [(M + NH4)–NH3–4:0]+ for 
sn-2 [sn-1(3)] isomers was in the range 11.4–19.4% [36.4–48.5%] and 9.0–13.8% [39.9–
79.7%] when 2 and 3 columns in series, respectively, were used for separation of TAG 
species (IV, V). The RAR of sn-2 [sn-1(3)] isomers ranged from 0.129 to 0.241 [from 0.572 
to 0.942] in the study (IV), and from 0.087 to 0.171 [from 0.794 to 3.931] in the (V) study. 
A close examination of the product ion tandem mass spectra of the three isomers of 
enanthoylcaproylbutyroyl-rac-glycerol revealed that the poor cleavage of fatty acid from 
the sn-2 position was actually independent of the chain length of acyl group, even though 
the absolute value of RA was varying. The RAs for the [(M+NH4)–NH3–FAi]+ of the 
isomers rac-6:0–7:0–4:0, rac-7:0–6:0–4:0, and rac-7:0–4:0–6:0 were 44.4/18.2/37.4%, 
39.3/11.7/49.0%, and 22.6/4.5/72.8% [RA(%) is in the order shown in the formula], 
respectively (IV). Based on the observation, reverse isomers (e.g., rac-6:0–7:0–4:0 and 
rac-7:0–6:0–4:0) could be differentiated from each other if the resolving power of a 
chromatographic column is high enough or, at least, the main reverse isomer could be 
detected, even if the isomers co-eluted in the same peak. 
 
Elution order and resolution of the regioisomers of SC-TAGs on np-HPLC columns. The 
resolving power of microbore silica gel columns in series was high enough to resolve 
regioisomers of SC-TAGs. Mono-SC-TAGs with the shortest acyl chain in the sn-2 position 
were shown to elute in the first peak followed by the two regioisomers which have the 
shortest acyl group in the sn-1(3) position of TAG molecule (e.g., Fig. 5.4). Elution pattern 
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Table 5.8 Ratio of relative abundance ratios (RRAR) of the ions formed by cleavage of fatty acid 
from the primary positions vs. secondary position of short-chain triacylglycerols (SC-
TAGs) in the ESI–MS2. (Table adapted from Table 2 in V, and from data in Tables 3–
5 in IV.) 

 
Class of SC-TAGs 
 

RRAR1 
Mean 

 
Range 

 
S.D. 

 
n 

Publ.2 
 

L/L/4:0 vs. L/4:0/L 7.78 4.60–20.74 5.44 8 IV  
12.29 4.92–41.63 9.65 13 V 

L/L'/4:03 vs. L/4:0/L' 4.60 2.38–6.28 1.82 4 IV  
12.27 5.35–24.53 6.08 7 V 

L/L/6:0 vs. L/6:0/L 3.74 2.66–6.27 1.71 4 IV  
8.86 5.70–13.03 3.15 4 V 

L/L'/6:04 vs. L/6:0/L' 4.05 2.31–6.06 1.90 3 IV  
9.33 6.79–12.75 3.08 3 V 

L/4:0 /4:0 vs. 4:0/L/4:0 12.53 7.37–20.98 4.01 20 IV  
16.68 7.02–35.89 8.21 8 V 

L/6:0/6:0 vs. 6:0/L/6:0 4.37 2.36–7.75 1.70 10 IV  
7.32 4.15–12.70 2.93 6 V 

1 Ratio of [(M+NH4)–NH3–SC-FA]+/ [(M+NH4)–NH3–long-chain (LC)-FA]+ of the 
regioisomer pairs L/L/4:0 vs. L/4:0/L, L/L’/4:0 vs. L/4:0/L’, L/L/6:0 vs. L/6:0/L, and 
L/L’/6:0 vs. L/6:0/L’. Ratio of [(M+NH4)–NH3–LC-FA]+/ [(M+NH4)–NH3–SC-FA]+ of 
the regioisomer pairs L/4:0/4:0 vs. 4:0/L/4:0/L, and L/6:0/6:0 vs. 6:0/L/6:0. 

2  Original publication 
3  Mixture of reverse isomers L/L’/4:0 + L’/L/4:0 
4  Mixture of reverse isomers L/L’/6:0 + L’/L/6:0 

 
of TAG species containing two or three short-chain acyls was similar. For example, the 
regioisomers of butyroylcaproylenanthoyl glycerols were eluted in the order (i) 1-
enanthoyl-2-butyroyl-3-caproyl-rac-glycerol, (ii) 1-enanthoyl-2-caproyl-3-butyroyl-rac-
glycerol, and (iii) 1-caproyl-2-enanthoyl-3-butyroyl-rac-glycerol (IV). The last two reverse 
isomers eluted in the leading edge and in the tailing end of the second peak, respectively. 
 
Figure 5.4 indicates that the resolving power of three np-HPLC columns in series was much 
higher than two np-columns in series for regioisomers of SC-TAGs. In general, all sn-1(3) 
and sn-2 isomers of monobutyrates were separated with baseline resolution and dibutyrates 
close to it when two columns were connected in series (Fig. 5.4; A, C). However, in 
Figure 5.4 (B, D) it can be clearly seen that all regioisomers of butyrate TAGs were 
separated to the baseline on three np-columns in series. The resolution (RS) values varied 
between 1.6 and 2.9 and between 1.5 and 2.0 for monobutyrate and dibutyrate TAGs, 
respectively. In the two np-columns system, sn-1(3) and sn-2 isomers of mono- and 
dicaproate TAGs were separated only partially or eluted in the same peak (Fig. 5.4; E, G). 
However, resolution of caproates on three microbore silica gel columns in series was 
definitely higher: The RS value for the regioisomers of monocaproate TAGs was in the 
range 1.0–1.5 indicating close to the baseline resolution (Fig. 5.4; F). Regioisomers of 
dicaproate TAGs resolved partially on three np-columns in series – RS value varied between 
0.5 and 1.3 (Fig. 5.4; H).  
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Figure 5.4. Extracted ion chromatogram (EIC) of ammonium adducts of short-chain TAG species 
in standard mixtures and separation of their regioisomers on two or three np-HPLC columns in series. 
A = Butyroyldistearoylglycerol, B = Butyroyldipalmitoylglycerol, C = Dibutyroyloleoylglycerol, D 
= Dibutyroylpalmitoylglycerol, E = Caproyldistearoylglycerol, F = Caproyldipalmitoylglycerol, 
G,H = Dicaproylpalmitoylglycerol. (Figure adapted from Figs. 2 and 4 in IV, and from Fig. 1 in V.) 
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Identification of MC-, LC-, and acetate TAG species by np-HPLC–ESI–MS/MS2. Resolution and 
identification of medium- and short-chain molecular species of TAGs 36:0 in BF (fraction 
2) using the data from ESI–MS2 spectra recorded from the peaks a–e of the EIC of 
ammonium adduct m/z 656.9 are demonstrated in Figure 5.5. From the tandem mass spectra 
it could be deduced that in the peak a eluted medium-chain TAGs together with trilaurin. In 
the peak b and c eluted caproate and butyrate TAG species, respectively. Further, 
regioisomers of acetate TAG eluted in the last two peaks (d, e). The MS2 spectra showed 
relatively high intensity [(M+NH4)–NH3–FA]+ ions at m/z 495.3, 439.4, and 411.5 which 
were formed via the loss of respective fatty acids 8:0, 12:0, and 14:0. The relatively high 
intensity of these ions suggested that they originated from sn-1(3) positions. In addition, 
low intensity [(M+NH4)–NH3–FA]+ ions at m/z 467.5, 383.2, and 355.2 were most 
probably due to the loss of 10:0, 16:0, and 18:0, respectively, from sn-2 position. Hence, 
possible acyl chain isomers of TAG 36:0 are 12:0/12:0/12:0, 14:0/10:0/12:0, 14:0/14:0/8:0, 
12:0/16:0/8:0, 10:0/18:0/8:0, and 10:0/16:0/10:0. The most intense fragment ions in the 
peak b are in ascending order m/z 411.5, 383.4, and 523.5 which refer to the loss of 
(ammonia and) fatty acids 14:0, 16:0, and 6:0, respectively. Low relative intensity of 
m/z 411.5 suggested cleavage of 14:0 from sn-2 position, hence the main acyl chain isomer 
in peak b is 16:0/14:0/6:0. In the peak c, m/z 551.6 and m/z 383.3 are the most abundant 
ions in the MS2 spectra suggesting that the main butyrate acyl chain isomer is 16:0/16:0/4:0. 
However, small amount of m/z 411.5 and m/z 355.4 indicates existence of another butyrate 
isomer, 18:0/14:0/4:0. Even though resolution on a np-HPLC column and MS2 analysis 
showed no sn-2 isomer of butyrate and caproate TAGs, they showed existence of both 
acetate regioisomers of TAG 36:0 in the peaks d and e. The high relative abundance of 
m/z 579.6 indicates that sn-1(3) isomers elute in the later peak. High intensity of m/z 383.4 
and 355.4 suggested that structure of the acetate TAGs in the peaks d and e was 
18:0/2:0/16:0 and (18:0/16:0/2:0 + 16:0/18:0/2:0), respectively. 
 

Figure 5.6 illustrates resolution and identification of even-numbered long-chain TAGs of 
BF on np-HPLC–ESI–MS2. In Figure 5.6 (A), EIC of ammonium adduct of TAG 50:1 
(m/z 850.9) showed two peaks (a, b). Product ion tandem mass spectra revealed that the acyl 
chain isomers of TAG 50:1 with one 20:0 acyl group in the molecule eluted in the first peak 
(a) and the rest long-chain isomers of TAG 50:1 eluted in the second peak (b). In MS2 
spectra from the peak a, the fragment ions originated from the loss of 12:0, 14:0, 14:1, 16:0, 
16:1, 18:1, and 20:0 (+ ammonia) were detected. From these, the most abundant were 
m/z 521.6 (from 20:0) and 551.6 (from 18:1) resulting in the following structures of TAG 
species: 20:0/12:0/18:1, 16:0/20:0/14:1 (+20:0/16:0/14:1), and 20:0/14:0/16:1. Figure 5.6 
(B) shows the EIC of m/z 935 (TAG class 56:1) and product ion tandem mass spectra at 
40.6 and 41.9 min (peaks c and d). In both peaks, the same [(M+NH4)–NH3–FA]+ ions, 
m/z 605.7, 633.8, and 635.7 were detected indicating the loss of FAs 20:0, 18:0, and 18:1, 
respectively, from the ammonium adduct. However, the relative intensity of m/z 605.7 is 
markedly lower in the spectra from the peak d suggesting that FA 20:0 originated from sn-2 
position. The most probable structures of the acyl chain isomers of TAG 56:1 were 
(20:0/18:0/18:1 + 20:0/18:1/18:0) and 18:1/20:0/18:0 in the peaks c and d, respectively. 
Hence, the resolving power of the np-HPLC column used was high enough to separate 
regioisomers of 20:0/X/X and X/20:0/X from each other. 
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Figure 5.5. Extracted ion chromatogram (EIC) of the ammonium adduct of TAG 36:0, m/z = 656.9. 
An example of the identification of medium- and short-chain TAG species (including regioisomers 
of monoacetate TAG) in the fraction II of butterfat (VII) from the data of tandem mass spectra of 
the peaks a–e of EIC. (Figure adapted from Fig. 2b in VII.)  
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Table 5.10 Empirical molar correction factors (MCFs) for selected monoacid TAG species 
determined by gas-liquid chromatography using six separate determinations (I) or 
linear calibration (n = 15) method (III). (Table adapted from Table 3 in I, and from 
Table 4 in III.)  

 
 
ACN:DB2 

 
TAG species 

I1 
MCF 

 
S.D. 

III 
MCF 

 
Error 

 
r2 3 

 
MCF36:0

4 
12:0 4:0/4:0/4:0 

  
2.165 0.039 0.995 2.670 

18:0 6:0/6:0/6:0 
  

1.405 0.022 0.997 1.732 
24:0 8:0/8:0/8:0 1.294 0.021 1.020 0.011 0.999 1.258 
30:0 10:0/10:0/10:0 1.104 0.018 0.904 0.008 0.999 0.111 
36:0 12:0/12:0/12:0 1.000 0.000 0.811 0.006 0.999 1.000 
42:0 14:0/14:0/14:0 0.939 0.015 0.759 0.009 0.998 0.936 
48:0 16:0/16:0/16:0 1.021 0.034 0.736 0.016 0.993 0.908 
54:0 18:0/18:0/18:0 1.569 0.129 0.864 0.018 0.994 1.065 
54:3 18:1/18:1/18:1 1.721 0.342 0.905 0.017 0.995 1.116         

1 Original publication 
2 ACN:DB = Number of acyl carbons:number of double bonds 
3 r2 = coefficient of determination 
4 MCF values are given in relation to tridodecanoylglycerol (TAG 36:0), cf., MCF in (I) 
 
the MCFs, even though two different phenyl(65%)methylsilicone columns had to be used 
in the analysis. In addition, Figure 5.7 B shows that MCFs for monoacid TAG species had 
a parabolic dependence on the ACN, which enabled to extrapolate MCFs for the other ACN 
classes of TAGs. Further, only a moderately higher MCF for unsaturated TAG 54:3 than 
for saturated TAG 54:0 (Table 5.10) resulted in the use of the same MCFs for TAG species 
with the same ACN but a different degree of unsaturation in quantification of TAGs. 
 
 

 
 
Figure 5.7. (A) Determination of empirical molar correction factor (MCF) for tritetra-
decanoylglycerol (TAG 42:0) as an example of using linear calibration method in quantitative gas-
liquid chromatography. ATAG 42:0 / AIS = the ratio of the area of TAG 42:0 to the area of internal 
standard (IS, trinonanoylglycerol); nTAG 42:0 / nIS = molar ratio of TAG 42:0 to IS. (B) Dependence 
of MCF on the number of acyl carbons (ACN) of saturated TAGs determined by nonlinear curve 
fitting; n = number of determinations; r2 = coefficient of determination. (Figure adapted from Figs. 
1 and 2 in III.) 
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Figure 5.8. An example of the determination of empirical molar correction factor (MCF) for [M–
RCOO]+ ions of the regioisomers of triacid short-chain TAG species using linear calibration method 
in quantitative GC–EI–MS. Determination of MCFs for sn-1(3)-isomers (4:0/12:0/14:0 + 
4:0/14:0/12:0 + 14:0/12:0/4:0 + 12:0/14:0/4:0) is shown in the plots A–C and that for sn-2 isomers 
(12:0/4:0/14:0 + 14:0/4:0/12:0) in the plots D–F. ATAG 30:0 / AIS = the ratio of the area of [M–RCOO]+ 
ions (m/z [467]+, [355]+, [327]+) to the area of internal standard (trinonanoylglycerol, m/z [355]+); 
nTAG 30:0 / nIS = molar ratio of TAG 30:0 to IS; n = number of determinations; r2 = coefficient of 
determination. (Figure adapted from Fig. 1 in VI.) 
 
Molar correction factors (MCF) for [M–RCOO]+ ions of TAG species analyzed by gas-
liquid chromatography–EI–mass spectorometry. Molecular species of TAGs in 28 
randomized standard mixtures of known composition were used in the determination of 
MCFs for [M–RCOO]+ ions (see VI). In GC–EI–MS, MCFs were determined by a linear 
calibration method according to the same principles described above in the GC–FID 
analysis. However, only duplicate measurements and three different molar ratios of 
analyte/internal standard (ni / nIS) were used in linear calibration. Concentration of internal 
standard (trinonanoin) was 59.0 mmol/L in each mixture and the relative concentrations of 
the analytes were 1, 3, and 9. The molar amount of each TAG species (ni) in the randomized 
TAG mixtures, including regioisomers of SC-TAGs, were determined by GC (Appendix 1, 
III). However, the theoretical molar ratio (2.0:1.0) of sn-1(3) and sn-2 isomers was used to 
substitute for the determined molar ratio, as the experimental ratio was < 1.9:1.0 or > 2.1:1.0. 
The integrated area of [M–RCOO]+ ions (Ai, AIS) was determined from selected ion 
chromatograms of EI–GC. Figure 5.8 illustrates an example of the use of linear calibration 
for the determination of MCFs for the regioisomers of a triacid SC-TAG (butyroyllauroyl-
myristoylglycerol) in GC–EI–MS. The molar ratios of the analyte (4:0–12:0–14:0) to IS 
(9:0/9:0/9:0) were determined in three different concentrations of standard mixture and 
plotted against the area ratio of three [M–RCOO]+ ions of the analyte (m/z [467]+, [355]+, 
and [327]+ which are formed after the cleavage of 4:0, 12:0, and 14:0, respectively) to the 
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[M–RCOO]+ ion of IS (m/z [355]+), after which the linear regression curve (y = ax) was 
calculated. The slope (a) of the curve was the MCF for each [M–RCOO]+ ion. In addition, 
Figure 5.8 demonstrates a couple of general trends: (i) The higher the m/z value of [M–
RCOO]+ ion was, the higher was the MCF derived from the same TAG species (Appendix 
2 and Table 5.11); (ii) the MCFs for sn-2 isomers of SC-TAGs were higher than those of 
sn-1(3) isomers of the same SC-TAG (Table 5.11). However, few exceptions were observed 
(Appendix 2 and Table 5.11). 
 

Altogether, experimental MCFs for [M–RCOO]+ ions were determined for 147 and 79 ion 
species derived from EI–MS of 69 saturated and 35 unsaturated molecular species of TAGs, 
respectively (Appendix 2). MCFs varied from 0.366 to 15.190, from 0.275 to 12.992, and 
from 0.577 to 41.621 for saturated, monoene, and polyene triacylglycerols, respectively. 
The reproducibility of GC–EI–MS analysis was not markedly affected by the wide variation 
of the size of [M–RCOO]+ ions, concentration, and origin of the [M–RCOO]+ ions. The 
coefficient of determinations (r2) was on the average (±S.D.) 0.975 (±0.043) for saturated 
TAGs and 0.963 (±0.115) for unsaturated TAGs. Further, r2 was lower than 0.9 in only nine 
cases (Appendix 2). 
 

In addition, experimental MCFs were determined for 136 [M–RCOO]+ ions originated from 
26 regioisomer pairs of mono short-chain TAG species (Table 5.11). MCFs of the sn-1(3) 
isomers of SC-TAGs were relatively similar to the MCFs of other TAGs ranging from 0.406 
to 13.523, from 0.438 to 11.393, and from 0.609 to 31.555 for saturated, monene, and 
polyene SC-TAGs, respectively (Table 5.11). In general, the variation of MCFs was 
markedly higher for the sn-2 isomers varying between 0.578 and 19.205, 0.461 and 26.547, 
0.522 and 104.898 for saturated, monoene, and polyene TAGs, respectively, as shown in 
Table 5.11. Coefficient of determination was 0.948 ± 0.126 and 0.890 ± 0.210 for sn-1(3) 
and sn-2 isomers of mono SC-TAGs, respectively, indicating slightly lower repeatability 
than for other TAGs which was probably due to the lack of baseline resolution, hence, more 
challenging integration of ion chromatograms. 
 

Although, a significant number of MCFs for [M–RCOO]+ ions were empirically determined, 
MCFs for several major TAG species of BF had to be extrapolated on the basis of the 
reasonable dependences of empirical MCFs. For example, Figure 5.9 demonstrates a general 
exponential decay dependence of the MCFs for different [M–RCOO]+ ion on the ACN of 
TAGs providing a handy tool for deducing missing MCF from the known number of acyl 
carbons of TAG. Other trends were observed in the ratio of the MCFs of saturated TAGs 
(MCFSat) to that of unsaturated TAGs (MCFUNSat) with the same number of acyl carbons, 
which assisted to extrapolate the missing MCFs for unsaturated TAG species: The average 
ratio of MCFSat / MCFUNSat was 1.264 ± 0.209 (n = 30) for the same [M–RCOO]+ ion, for 
example m/z [383]+ from TAG 10:0–10:0–18:0 and 10:0–10:0–18:1 (Appendix 2). Another 
interesting dependences were noticed for unsaturated TAGs, in which the m/z of [M–
RCOO]+ ion was two units lower (Type A ion) than that of corresponding saturated TAG 
(e.g., m/z [465]+ from CyOO vs. m/z [467]+ from CySS), and for TAGs, in which the m/z 
(Type B ion) was four units lower than that of saturated TAG (e.g., m/z [548]+ from MPoPo 
vs. m/z [552]+ from MPP).The ratio of MCFSat / MCFUNSat was on the average 0.752 ± 0.226 
(n = 74) and 0.410 ± 0.130 (n = 17) for type A and type B ions, respectively (Appendix 2).  
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