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A B S T R A C T   

In triacylglycerols (TAGs), position differences of fatty acids on the glycerol skeleton produce various TAG 
isomers. These TAG isomers have different pathways of digestion, absorption, and utilization in infants, thereby 
affecting TAG nutritional properties of TAGs. Here, we review the progress of research on methods for detecting 
TAG isomers, and identify direction and thought for improving these methods, including novel chromatographic 
combinations, perfect algorithm, and improved equipment. The ensuing optimization of these methods is ex
pected to provide robust guarantee for the gradual improvement of milk-derived TAG isomer detection, and is an 
important prerequisite for infant formula to mimic the structured lipids of human milk.   

1. Introduction 

Human milk is the optimum food for infants, especially those in their 
first six months of life (Chen et al., 2019). The lipids in human milk 
provide approximately 50% of the energy required by infants (Bourlieu 
et al., 2015), promote the development of the infant central nervous 
system (Dean et al., 2014), improve immunity, and control inflamma
tion (Jakaitis & Denning, 2014). Triacylglycerols (TAGs) account for 
>98% of human milk lipids (Zhao et al., 2021). 

TAGs are mainly formed through the esterification if one molecule of 
glycerol and three molecules of fatty acids (FAs) (Liu, Rochfort, & Cocks, 
2018). The position of FAs on the glycerol backbone is described ac
cording to the stereospecific numbering (sn) system as the sn-1, sn-2, and 
sn-3 positions (Wei et al., 2020). In addition to classifying TAG mole
cules according to their different fatty acyls, their isomers can be cate
gorized into three types: TAG isomers (same molecular weight but 
different fatty acyls), such as TAG 50:2, sn-16:0–16:0–18:2 and TAG 

50:2; sn-16:0–16:1–18:1; TAG regioisomers (same fatty acyls but 
different positional distribution), such as sn-16:0–18:1–16:0 and sn- 
16:0–16:0–18:1; and TAG enantiomers (different structure in the Fischer 
projection), such as sn-16:0–16:0–18:1 and sn-18:1–16:0–16:0. If three 
different FAs are represented by A, B, and C, the above three isomers can 
be represented as shown in Fig. 1, where a, b, and c have the same total 
molecular weight as A, B, and C, and rac-ABC denotes the racemic 
mixture of sn-ABC and sn-CBA (Yoshinaga, 2021). 

Approximately 70% or more of the palmitic acid (P) in human milk is 
located at the sn-2 position of TAGs, while unsaturated fatty acids 
(UFAs), especially oleic acid (O) and linoleic acid (L), are located at the 
sn-1 and sn-3 positions (Sun, Wei, Su, Zou, & Wang, 2018). The most 
abundant TAGs are 1,3-dioleoyl-2-palmitoylglycerol (OPO) and 1- 
oleoyl-2-palmitoyl-3-linoleoylglycerol (OPL), belonging to sn-2 palmi
tate TAGs, which promote the absorption of calcium and other minerals 
by infants, softens their stool, and reduces crying (Miles & Calder, 
2017). In human milk, the TAG species and isomers play important 
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nutritional and physiological roles; therefore, the detection of TAG 
isomers and understanding of their structure and distribution are 
essential for the design of infant formulas that provide nutritional values 
similar to those of human milk. 

Although numerous studies have focused on the function of TAG 
isomers and the development of their detection methods, few of them 
systematically analyze and compare these detection methods. System
atically analysis the current status of structured TAG isomer detection 
methods, identifying the advantages and disadvantages of existing 
methods as well as their correlation and differences, and seeking new 
combinations and innovations are the icebreaker to solve the bottleneck 
of structured TAGs isomer detection. In this paper, we summarize the 
functions of TAG isomers and the advantages and disadvantages of 
different methods for TAG isomer detection. Subsequently, ideas are 
proposed for improving TAG isomer detection to facilitate the identifi
cation and simulation of the structural lipids in human milk. A 
comprehensive isomer analysis method is the guarantee for clarifying 
the characteristics of structured TAGs from milk-derived, meanwhile it 
is also the necessary pathway to shorten the gap between infant formula 
and human milk in structured TAGs. 

2. Applications of specifically structured TAG isomers in infant 
food 

Approximately 80% of OOP in human milk has the sn-OPO structure, 
and a very small fraction has the sn-OOP structure (Zhang, Wei, Tao, Jin, 
& Wang, 2021). The position of FAs in the glycerol skeleton can affect 
the metabolism of TAGs, which may affect infant health. Non-sn-2 
palmitate TAGs (such as sn-OOP) are hydrolyzed in the intestine pro
duce free long-chain unsaturated fatty acids (LC-UFAs), palmitic acid, 
and sn-2 unsaturated fatty acyl monoacylglycerols (MAGs). Sn-2 MAGs 
and free LC-UFAs are directly absorbed by the epithelial cells of the 
small intestine (Hageman, Danielsen, Nieuwenhuizen, Feitsma, & 
Dalsgaard, 2019). Palmitic acid reacts easily with Ca2+ to form calcium 
soap that cannot be absorbed by the intestines, which not only results in 
the loss of calcium and FAs but also hampers bowel movements in in
fants (Béghin et al., 2019). In contrast, sn-2 palmitate TAGs (such as sn- 
OPO) are hydrolyzed in the intestine into two free LC-UFAs and sn-2 

palmitate MAG, which are directly absorbed by the small intestine and 
do not easily generate calcium soap with Ca2+. This can effectively 
reduce constipation in infants, improve the utilization of FAs, increase 
calcium absorption, and promote bone development (Fig. 2) (Litmano
vitz et al., 2013; Manios et al., 2020; Zhu et al., 2023). 

The sn-2 palmitate TAGs also affect infant gut flora in terms of mi
crobial diversity, abundance, and composition. Actinomycetes, Proteo
bacteria, Firmicutes, and Bacteroides are known to be abundant in the 
feces of toddlers (Hou, Xiao, & Li, 2019). A previous study showed that 
the amounts of Bacteroides and Firmicutes significantly correlated with 
content of TAGs with palmitic acid at the sn-2 position, and the corre
lation between Firmicutes and palmitic acid at the sn-2 position in
creases with the increase in breastfeeding time (Jiang et al., 2018). The 
sn-2 palmitate TAGs also help to increase the abundance of Bifido
bacterium (Fig. 2) (Chen et al., 2022; Wang et al., 2023). A recent study 
analyzed the impact of infant formulas containing sn-2 palmitate TAGs 
on the fecal microflora and metabolomic characteristics of healthy full- 
term infants (Guo et al., 2022). At week eight, the abundance of intes
tinal Bifidobacterium and intestinal microbiota α-diversity increased and 
the abundance of Escherichia–Shigella decreased in the group fed with sn- 
2 palmitate TAG formula compared to those in infants fed a regular 
plant-based formula. Another study showed that increasing the abun
dance of intestinal Bifidobacterium using sn-2 palmitate TAG has a 
favorable effect on infant neurodevelopment, thereby promoting the 
development of fine motor skills in infants (Wu et al., 2021). 

3. Detection of TAG isomers 

3.1. Enzymatic hydrolysis method 

Enzymatic hydrolysis has been widely adopted to determine TAG 
isomers for several decades. Lipase is a serine hydrolase that hydrolyzes 
the ester bond of TAG to produce diacylglycerols (DAG), MAG, glycerol, 
and FA (Choi, Park, & Chang, 2021) and has unique catalytic activities 
for a wide range of substrates during hydrolysis, acidolysis, alcoholysis, 
and esterification, for which the regioselectivity and stereoselectivity 
are important properties (Abdi Hasibuan, Sitanggang, Andarwulan, & 
Hariyadi, 2021). Regioselectivity refers to the ability of lipase to 

Fig. 1. Structural schematic diagram of TAG isomers, regioisomers, and enantiomers.  
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recognize and hydrolyze the ester bond at sn-1 or sn-3 rather than that at 
sn-2, whereas the stereoselectivity refers to the ability to recognize and 
hydrolyze the ester bond at sn-1 or sn-3 in a stereospecific structure 
(Choi & Chang, 2022). The regioselectivity of lipases is particularly 
important for the lipase-catalyzed catabolism of TAGs. Most lipases are 
regioselective for the sn-1 and sn-3 positions of TAGs and are therefore 
called sn-1,3-specific lipases, including pancreatic, pre-gastric, and mi
crobial lipases (Wei et al., 2020). Only a few lipases are known to possess 
sn-3 regioselectivity (e.g., gastric lipase (Roman et al., 2007) and rabbit 
gastric lipase (Yuan et al., 2020)) or sn-2 regioselectivity (Candida 
antarctica A lipase (Monteiro et al., 2021)). A study on the digestion of 
DAG isomers by gastric lipase showed that the activity of gastric lipase 
on sn-1,3-DAG was greater than that on sn-1,2-DAG, sn-2,3-DAG, and 
TAG (Bakala-N'Goma et al., 2022). Another study showed that Pseudo
monas fluorescens lipase (PFL) is selective for the sn-1 position of TAGs, 
especially for long-chain polyunsaturated fatty acids (LC-PUFAs) but 
shows no stereoselectivity for sn-1,3-DAGs. In contrast, porcine 
pancreatic lipase (PPL) exhibits no difference in regional selectivity 
between the sn-1 and sn-3 positions of TAG but does show stereo
selectivity for the sn-1 position of sn-1,3-DAGs (Kozlov et al., 2023). 

Pancreatic lipase is a sn-1,3-specific lipase that is commonly used to 
hydrolyze TAGs. It is mainly combined with gas chromatography to 
detect the FA distribution at sn-2 in TAGs. PPL from Sigma–Aldrich is the 
most widely used product, and, to date, PPL has been used to hydrolyze 
TAGs in colostrum and mature human milk to analyze the distribution of 
FAs (Deng et al., 2018). Free FAs and sn-2 MAGs were obtained using 
thin-layer chromatography, and the sn-2 MAGs were then methylated 
and detected using gas chromatography. Another research team adopted 
the same method to analyze the FA composition and sn-2 position dis
tribution of TAGs in human milk during different lactation periods (Qi 
et al., 2018). Unfortunately, enzymatic hydrolysis only provides the 
distribution of FAs at the sn-1,3 and sn-2 positions of TAGs, and it cannot 

be used to obtain structural information related to single TAG 
regioisomers. To obtain detailed structural information about single 
TAG regioisomers, other analytical techniques are required. 

3.2. Gas chromatography–mass spectrometry methods 

Owing to its versatility and cost effectiveness, gas chromatography 
(GC) using high temperature and medium polarity columns is utilized as 
a routine analytical method. Typically, the GC is equipped with a TAG- 
specific neutral polarity column and utilizes gas pressure gradient to 
separate TAG substances for initial separation. This system is effective in 
separating the TAGs in common vegetable oils and fats (e.g., sunflower 
oil, shea butter, and cocoa butter) (Salas, Bootello, Martínez-Force, & 
Garcés, 2011). When coupled with MS, this method can provide struc
tural information about TAGs. Recently, a GC–MS method was devel
oped to isolate unsaturated TAGs (sn-POP/sn-PPO, sn-PLP/sn-PPL, sn- 
POSt/sn-PStO/sn-StPO, sn-StOSt/sn-StStO (where St is stearoyl)) 
directly from vegetable oils and fats, and the structural information of 
TAG regioisomers was derived from the mass spectrometry data (Garcés, 
Martínez-Force, Venegas-Calerón, Moreno-Pérez, & Salas, 2023). The 
TAG regioisomers are identified based on the varying intensities of the 
resulting FA fragmentation signals and can be consistently quantified by 
selected ion monitoring integration. This approach is popular in plant 
lipid analysis, which might be a good option for improving the analysis 
of milk lipid regioisomers. 

3.3. Liquid chromatography–mass spectrometry methods 

Liquid chromatography–mass spectrometry (LC-MS) technologies 
based on silver ion high-performance liquid chromatography (Ag- 
HPLC), chiral chromatography, and ultra-high-performance liquid 
chromatography (UHPLC) have been recently developed to analyze TAG 

Fig. 2. Effects of TAG isomers on intestinal health and bone development of infants.  
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isomers (Fabritius et al., 2020). The liquid chromatographic separation 
resolution depends on factors such as the type of chromatographic col
umn, column temperature, column flow rate, and injection volume (Li 
et al., 2018), whereas mass spectrometry (MS) detection is affected by 
factors such as the ion source temperature, capillary temperature, 
collision energy, and scanning range. Table 1 lists the detection results 
of TAG isomers under different LC-MS conditions. 

3.3.1. Chromatographic columns 

3.3.1.1. Silver ion chromatographic columns. Ag-HPLC separates TAG 
regioisomers according to the saturation and position of double bonds in 
the FAs, and retention is based on the ability of unsaturated organic 
compounds to form complexes with transition metals on the stationary 
phase. In the formed charge-transfer-type organometallic complexes, 
the unsaturated compounds serve as the electron donor and silver ions 
serve as the electron acceptor. TAGs with different numbers and posi
tions of double bonds can be isolated according to the strength of weakly 
reversible complexes that form during elution (Arena, Sciarrone, Dugo, 
& Mondello, 2021). Currently, almost all Ag-HPLC-MS systems use Ag+

columns based on ion exchangers. In these exchangers, Ag+ ions replace 
protons in the sulfonic acid functional group, and the resultant silver 
sulfonate ions interact with C––C double bonds during chromatographic 
analysis. The ionic bond between sulfur and silver is quite stable, and 
thus, no Ag+ leakage occurs, even after prolonged use in HPLC (Holapek 
& Lísa, 2017). 

Using a Luna SCX Ag+ chromatographic column coupled with at
mospheric pressure chemical ionization–mass spectrometry (APCI-MS), 
(Santoro et al., 2018) performed gradient elution with n-heptane and 
ethylacetate (93:7 and 90:10 v/v) as the mobile phase. They successfully 
isolated and characterized three pairs of TAG regioisomers consisting of 
stearic acid (S), palmitic acid, and oleic acid (sn-POP/sn-PPO, sn-POS/ 
sn-PSO, and sn-POO/sn-OPO). In a different study, a ChromSpher lipids 
column using heptane as the mobile phase was coupled to APCI-MS to 
investigate the effect of column temperature (5–35 ◦C) on the retention 
time and separation of five pairs of regioisomers (sn-SOS/sn-SSO, sn- 
POS/sn-PSO, sn-POP/sn-PPO, sn-SOO/sn-OSO, and sn-POO/sn-OPO) 
(Gorska et al., 2023). The results showed that the retention time and 
resolution of the TAG isomers increased with the increase in column 
temperature, but it also increased the peak width and decreased the peak 
intensity. These studies demonstrate the importance of optimizing 
chromatographic conditions (e.g., mobile phase composition and col
umn temperature) to achieve optimal separation and characterization of 
the recombinant regioisomers of TAG. Moreover, the use of the rela
tively less toxic heptane as the mobile phase in both experiments is 
indicative of the desire for relatively safe reagents in lipid research. 
Owing to the complex composition of human milk TAGs, C18 columns 
are primarily used to separate the target TAG before conducting Ag- 
HPLC analysis (Chen et al., 2019; Chen, Zhou, Han, Yu, & Zhang, 
2020). Although Ag-HPLC has obvious advantages for the separation of 
TAG isomers (i.e., high-resolution), commercial Ag-HPLC columns are 
expensive, whereas self-made columns are complicated to prepare, and 
their service life is short (usually several months). Meanwhile, Ag+

columns must be regenerated periodically, which may also cause 
problems, including poor reliability and repeatability (Momchilova & 
Nikolova-Damyanova, 2022). 

3.3.1.2. Chiral chromatographic columns. Chiral stationary-phase chro
matography is an efficient, selective, and widely used technique for 
chiral separation. The chiral recognition is based on the formation of 
diastereomer complexes with different stabilities between the chiral 
selector in the stationary phase and the enantiomers to be separated 
(Alvarez-Rivera, Bueno, Ballesteros-Vivas, & Cifuentes, 2020). This 
method separates TAG enantiomers based on the spatial arrangement of 
the adsorbed FA chains. 

Different chiral columns exhibit different separation effects. One 
study showed that a CHIRALCEL OD-RH column coated with cellulose- 
tris-(3,5-dimethylphenylcarbamate) on silica gel can separate rac-PPO, 
rac-OOP, and rac-PPL into their respective enantiomers. Using circular 
HPLC based on this chiral column and APCI-MS, the sn-OOP/sn-POO 
ratio in palm oil was determined to be approximately 3:2 (Nagai et al., 
2011). This study was the first to achieve the separation of naturally 
occurring asymmetric TAG enantiomers. Further, this method is also 
suitable for analyzing the isomers of TAGs commonly found in fish and 
egg yolks (Nagai et al., 2013; Nagar et al., 2017). However, to 
discriminate between the peaks of sn-PPO and sn-OPP accurately, mul
tiple treatments in a recirculating system are required, and this process 
requires up to 150 min. In contrast, when the CHIRALPAK IF-3 column 
equipped with an acetonitrile mobile phase was selected from various 
chiral columns to separate TAGs, a mixture of sn-PPO/sn-OPP/sn-POP 
was obtained within 30 min without recirculation in this HPLC system 
(Nagai et al., 2019). The TAG regioisomers and enantiomers in palm oil 
and lard were quantitatively analyzed using the same method (Nagai 
et al., 2020). In palm oil, the total content of sn-POP, sn-OPP, and sn- 
PPO was 22.9%, for which sn-POP was present in the highest content 
(19.0%), and the ratios of sn-PPO/sn-OPP and sn-OOP/sn-POO were 
approximately 1:1 and 3:2, respectively, which are consistent with the 
sn-OOP/sn-POO ratios detected in previous studies (Nagai et al., 2011). 
In lard, the total content of sn-OPO, sn-OOP, and sn-POO was 19.6%, 
among which sn-OPO exhibited the highest content (12.8%). 

Lux Cellulose-1, a chiral chromatographic column coated with 
cellulose-tris-(3,5-dimethylphenylcarbamate) on silica gel, has been 
used to separate TAG enantiomers in human milk collected from 
different regions in China (Chen et al., 2020). Enantiomeric pairs, 
including rac-OPL1/rac-OPL2 and rac-PLO1/rac-PLO2, were success
fully separated from the rac-OPL and rac-PLO standard products. How
ever, only rac-OPL was successfully separated into rac-OPL1 and rac- 
OPL2 in human milk, whereas rac-PLO could not be separated into two 
enantiomers owing to its low content and difficulty in collection. The 
suggests that the sensitivity and selectivity of the method requires 
further optimization for certain TAG species. In future, novel chiral 
chromatographic packing materials and column materials could be 
developed to improve separation ability and selectivity for specific iso
mers. Two Lux Cellulose-1 columns were used in series to analyze the 
isomers of sn-OLO/sn-LOO/sn-OOL and sn-LLO/sn-OLL/sn-LOL in 
hazelnut oil and human plasma, and HPLC-APCI-MS was employed for 
quantification (Lisa & Holcapek, 2013). 

The above study found that hexane and heptane showed identical 
effects in terms of the separation of the regioisomers of TAGs by Ag- 
HPLC, and heptane is less toxic than hexane (Gorska et al., 2023). 
Therefore, heptane and 2-propanol could also be investigated for the 
separation of TAG enantiomers in chiral columns in the future. Alter
natively, a column filled with two stationary phases exhibited the effect 
of separation regioisomers and enantiomers, respectively, and paired 
with heptane and 2-propanol as mobile phases will be used to separate 
regioisomers and enantiomers TAGs, which may prove to be a good 
assumption (Fig. 3). In this system, the Ag+-exchanger at the front end of 
the column separates regioisomers, and cellulose-tris-(3,5- 
dimethylphenylcarbamate) at the back half of the column separates 
enantiomers. Notably, this system uses relatively safe solvents, which is 
particularly advantageous for laboratories and industries that must deal 
with large solvent quantities. Further, this dual system column can 
potentially separate both regioisomers and enantiomers of TAGs in a 
single run, which could significantly streamline the separation process. 
Finally, this method could eliminate the need for complex setups 
involving the multiple columns and valve interfaces that are typically 
required in two-dimensional chromatography. This can reduce the 
complexity of the chromatographic process, improve reproducibility, 
and decrease the potential for errors introduced by the interfaces. 
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Table 1 
Overview of LC-MS methods for various TAGs isomers.  

Samples Chromatographic 
column specifications 

Chromatographic conditions Detection 
methods 

Mass spectrometry conditions Results References 

CIE shea olein CIE 
palm olein 
non- 
interesterified 
palm olein. 

ChromSpher Lipids 
(4.6 mm i.d. × 250 
mm, 5 μm) 

Column temperature: 30 ◦C, 
injection volume: 10 μL, flow rate: 
1 mL/min, mobile phase: heptane 
+ acetonitrile +2-propanol 

Ag-HPLC/ 
APCI-MS 

Ion source temperature: 450 ◦C, 
capillary temperature: 250 ◦C, 
capillary voltage: 25.0 V, source 
voltage: 6.0 kV, m/z scanning 
range: 500–1000 

sn-SOS/sn-SSO, sn- 
POS/sn-PSO, sn- 
POP/sn-PPO, sn- 
SOO/sn-OSO, sn- 
POO/sn-OPO 

(Gorska et al., 
2023) 

Confectionery oils 
Luna SCX 
(2.0 mm i.d. × 150 
mm, 5 μm) 

Column temperature: 25 ◦C, 
injection volume: 10 μL, flow rate: 
0.3 mL/min, mobile phase: n- 
heptane + ethyl acetate 

Ag-HPLC/ 
APCI-MS 

Ion source temperature: 450 ◦C, 
capillary temperature: 250 ◦C, 
cone voltage: 25.0 V, m/z 
scanning range: 240–1000 

sn-SOS/sn-SSO, sn- 
POS/sn-PSO, sn- 
POP/sn-PPO, sn- 
SOO/sn-OSO, sn- 
POO/sn-OPO 

(Santoro 
et al., 2018) 

Sunflower oil 
lard 

ChromSpher Lipids 
(4.6 mm i.d. × 250 
mm, 5 μm) 

Column temperature: 30 ◦C, 
injection volume: 1 μL, flow rate: 1 
mL/min, mobile phase: hexane-2 +
propanol + acetonitrile 

Ag-HPLC/ 
APCI-MS 

Ion source temperature: 400 ◦C, 
drying gas temperature: 300 ◦C, 
nebulizing gas rate: 5 L/min, 
drying gas rate: 3 L/min, m/z 
scanning range: 50–1200 

sn-POP/sn-OPP, sn- 
OOP/sn-OPO, sn- 
PLP/sn-LPP, sn- 
LLP/sn-LPL, sn- 
OLP/sn-LOP/sn- 
OPL 

(Lísa, 
Velínská, & 
Holčapek, 
2009) 

Palm oil 
lard 

CHIRALPAK IF-3 
(4.6 mm i.d. × 250 
mm, 3 μm) 

Column temperature: 25 ◦C, 
injection volume: 10 μL, flow rate: 
1.0 mL/min, mobile phase: 
acetonitrile 

Chiral 
HPLC/ESI- 
MS 

Ion source temperature: 120 ◦C, 
capillary voltage: 3 kV, cone 
voltage: 40 V, cone gas flow rate: 
50 L/h, desolvation gas flow rate: 
800 L/h, m/z scanning range: 
300–1000 

sn-PPO/sn-OPP/sn- 
POP, 
sn-OOP/sn-POO/ 
sn-OPO 

(Nagai et al., 
2020) 

Human milk 
Lux Cellulose-1 
(4.6 mm i.d. × 250 
mm, 3 μm) 

Column temperature: 30 ◦C, 
injection volume: 5 μL, flow rate: 
0.5 mL/min, mobile phase: hexane 
+2-propanol 

Chiral 
HPLC/APCI- 
MS 

Ion source temperature: 100 ◦C, 
probe temperature: 400 ◦C, MS 
multiplier voltage: 700 V, m/z 
scanning range: 200–1500 

rac-OPL1/rac- 
OPL2, rac-PLO1/ 
rac-PLO2 

(Chen et al., 
2020) 

Hazelnut oil human 
plasma 

Lux Cellulose-1 
(4.6 mm i.d. × 250 
mm, 3 μm) 

Column temperature: 35 ◦C, 
injection volume: 1 μL, flow rate: 1 
mL/min, mobile phase: hexane +2- 
propanol 

Chiral 
HPLC/APCI- 
MS 

Ion source temperature: 400 ◦C, 
m/z scanning range: 50–1200 

sn-OLO/sn-LOO/ 
sn-OOL, sn-LLO/sn- 
OLL /sn-LOL 

(Lisa & 
Holcapek, 
2013) 

Palm oil 
CHIRALCEL OD-RH 
(4.6 mm i.d. × 150 
mm, 5 μm) 

Column temperature: 25 ◦C, 
injection volume: 20 μL, flow rate: 
0.5 mL/min, mobile phase: 
methanol 

Chiral 
HPLC/APCI- 
MS 

Ion source temperature: 120 ◦C, 
cone voltage: 20 V, cone gas flow 
rate: 50 L/h, desolvation gas flow 
rate: 200 L/h, m/z scanning 
range: 500–1000 

sn-OOP/sn-POO, 
sn-PPO/sn-OPP, sn- 
PPL/sn-LPP 

(Nagai et al., 
2011) 

Sea buckthorn pulp 
oil 

Ascentis C 18 
(4.6 mm i.d. × 250 
mm, 5 μm) 
CHIRALCEL OD-RH 
(4.6 mm i.d. × 150 
mm, 5 μm) 

Column temperature: 25 ◦C, 
injection volume: 20 μL, flow rate: 
1 mL/min, mobile phase: 
acetonitrile + acetone 

HPLC/ 
Chiral 
HPLC/APCI- 
MS 

Ion source temperature: 120 ◦C, 
cone voltage: 30 V, cone gas flow 
rate: 47 L/h, desolvation gas flow 
rate: 250 L/h, m/z scanning 
range: 400–1000 

sn-PoPoP/sn- 
PPoPo, sn-PLP, sn- 
PPoP 

(Kalpio et al., 
2021) 

Human milk 

Zorbax Eclipse Plus 
C18 
(2.1 mm i.d. × 100 
mm, 1.8 μm) 
Varian ChromSpher 5 
Lipids 
(4.6 mm i.d. × 250 
mm, 5 μm) 

Column temperature: 30 ◦C, 
injection volume: 5 μL, flow rate: 
0.5 mL/min, mobile phase: hexane 
+ hexane-2-propanol 

HPLC/Ag- 
HPLC/APCI- 
MS 

Ion source temperature: 100 ◦C, 
probe temperature: 400 ◦C, MS 
multiplier voltage: 700 V, m/z 
scanning range: 200–1500 

rac-PPO/sn-POP, 
sn-OPO/rac-OOP, 
rac-LaOO/sn- 
OLaO, rac-OPL/ 
rac-POL/rac-PLO 

(Chen et al., 
2020) 

Infant formulas 

Zorbax Eclipse Plus 
C18 
(2.1 mm i.d. × 100 
mm, 1.8 μm) 
Varian ChromSpher 5 
Lipids 
(4.6 mm i.d. × 250 
mm, 5 μm) 

Column temperature: 30 ◦C, 
injection volume: 5 μL, flow rate: 
0.5 mL/min, mobile phase: 
dichloro-methane + acetone. 

HPLC/Ag- 
HPLC/ESI- 
MS 

Ion source temperature: 180 ◦C, 
source gas flow: 6 L/min, m/z 
scanning range: 50–1200 

rac-PPO/sn-POP, 
sn-OPO/rac-OOP 

(Chen et al., 
2019) 

Peanut oil 

Zorbax Eclipse Plus 
C18 
(4.6 mm i.d. × 150 
mm, 5 μm) 
Varian ChromSpher 5 
Lipids 
(4.6 mm i.d. × 150 
mm, 5 μm) 

Column temperature: 30 ◦C, 
injection volume: 10 μL, flow rate: 
1.5 mL/min, mobile phase: hexane 
+ acetonitrile 

HPLC/Ag- 
HPLC/APCI- 
MS 

Ion source temperature: 450 ◦C, 
declustering potential: 90 V, MS 
collision energy: 35 V–55 V, m/z 
scanning range: 500–1000 

rac-PLO/rac-POL, 
rac-POP/rac-PPO, 
rac-POO/rac-OPO 

(Hu et al., 
2013) 

Human milk, 
cow milk, 
infant formula, 
palm oil, 
sunflower oil 

Phenomenex Kinetex 
C18 
(3 mm i.d. × 100 mm, 
3 μm) 

Column temperature: 30 ◦C, 
flow rate: 0.3 mL/min, 
mobile phase: 
methanol+acetonitrile + H2O +
isopropanol (with 5-mM 
ammonium acetate) 

LC-MS/MS 

Ion source temperature: 550 ◦C, 
spray voltage: 5500 V, collision 
energy: 10 V–45 V, electron 
kinetic energy: 15 eV, electron 
beam current: 6000 nA, scanning 
range: 200–1000 

sn-OPO/sn-POO, 
sn-PLO/sn-POL/sn- 
OPL, sn-LPL 

(Zhang et al., 
2024) 

(continued on next page) 
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3.3.1.3. Two-dimensional chromatographic columns. Although some TAG 
isomers can be analyzed using Ag+ and chiral chromatographic col
umns, there is a lack of general column-solvent combinations for 
completely separating TAG isomers from mixtures (Ali, Suhail, & Aboul- 
Enein, 2019). To separate more types of TAG isomers and determine the 
ratio of target TAG isomers, a two-dimensional chromatographic system 
has been developed. By employing two-dimensional chromatography, 
the researchers could first use one column (a positive-phase column) to 
separate compounds based on polarity. Subsequently, the eluate from 
the first dimensional column is introduced into a second dimensional 
column (e.g., negative-phase column) to perform secondary separation 
based on different interactions using different stationary phases. (Cac
ciola, Donato, Sciarrone, Dugo, & Mondello, 2017). Two-dimensional 
chromatography is widely used in analytical chemistry because it can 
fully utilize the advantages of both positive phase- and negative-phase 
chromatography to achieve high-resolution separations. 

An LC × LC system composed of a Zorbax Eclipse Plus C18 column 
and a Varian ChromSpher 5 Lipids Ag+ chromatographic column was 
used to analyze the regioisomers of OPO and PPO in infant formulas 
quantitatively (Chen et al., 2019). The components corresponding to 
OPO and PPO were collected through the Zorbax column in the first 

dimension and then passed into the second-dimension Varian column to 
separate the regioisomers of OPO and PPO. The major structured TAGs 
in infant formulas containing sn-OPO were found to be sn-OPO 
(approximately 70%) and rac-PPO (> 95%). However, rac-OOP 
(65.24–100%) and sn-POP (about 90%) were the major structured TAGs 
in infant formulas without sn-OPO. Subsequently, the same method was 
used to isolate and characterize the regioisomers of human milk TAGs 
composed of lauric acid (La), oleic acid, palmitic acid, and linoleic acid 
(including nine regioisomers: rac-PPO/sn-POP, sn-OPO/rac-OOP, rac- 
LaOO/sn-OLaO, and rac-OPL/rac-POL/rac-PLO), and their relative 
contents were calculated (Chen et al., 2020). The enantiomeric fraction 
of asymmetric TAGs extracted from sea buckthorn pulp oil was analyzed 
using two-dimensional chromatography consisting of an Ascentis C18 
column and a CHIRALCEL OD-RH column combined with APCI-MS 
(Kalpio, Linderborg, Fabritius, Kallio, & Yang, 2021). In sea buckthorn 
oil, the TAGs composed of palmitoleic acid (Po) and palmitic acid were 
mainly sn-PoPoP and sn-PPoP, which is consistent with earlier findings 
indicating that palmitic acid is mainly located at the sn-1 or sn-3 position 
(Yang & Kallio, 2006). 

On the basis of the above findings, the combination of a C18 column 
with an Ag+ column or a chiral column enables the separation and 

Table 1 (continued ) 

Samples Chromatographic 
column specifications 

Chromatographic conditions Detection 
methods 

Mass spectrometry conditions Results References 

Human milk 
Cortecs C18 column 
(2.1 mm i.d. × 150 
mm, 1.6 μm) 

Column temperature: 60 ◦C, flow 
rate: 0.2–0.3 mL/min, mobile 
phase: methanol (ammonium 
acetate) + 2-propanol 

UHPLC-ESI- 
MS/MS 

Ion source temperature: 120 ◦C, 
capillary voltage: 4.9 kV, cone 
voltage: 22 V, cone gas flow rate: 
200 L/h, desolvation gas flow 
rate: 750 L/h, m/z scanning 
range: 100–700 

sn-OPO,sn-OPL/sn- 
OLP/sn-POL, sn- 
OPLa/sn-OLaP/sn- 
POLa,sn-PSO/sn- 
POS/sn-OPS 

(Sazzad et al., 
2022) 

Bovine milk 
Acclaim C30 
(3 mm i.d. × 250 mm, 
3 μm) 

Column temperature: 30 ◦C, 
injection volume: 5 μL, flow rate: 
0.45 mL/min, mobile phase: 
acetonitrile 

LC-MS 
Ion source temperature: 300 ◦C, 
capillary temperature: 300 ◦C, m/ 
z scanning range: 120–1200 

sn-OPO/sn-OOP, 
sn-OSO/sn-OOS 

(Liu & 
Rochfort, 
2021) 

Human milk 
BEH C18 
(2.1 mm i.d. × 100 
mm, 17 μm) 

Column temperature: 25 ◦C, flow 
rate: 0.2 mL/min, mobile phase: 
methanol + isopropanol 

UPLC-MS/ 
MS 

Ion source temperature: 100 ◦C, 
capillary voltage: 3 kV, cone 
voltage: 40 V, cone gas flow rate: 
60 L/h, desolvation gas flow rate: 
700 L/h, m/z scanning range: 
600–1000 

rac-OPLa/rac- 
OLaP, sn-OLaO/ 
rac-OOLa, rac- 
LOO/sn-OLO, rac- 
LPO/rac-OLP, sn- 
OPO, rac-OPP, rac- 
OPS 

(Kallio et al., 
2017)  

Fig. 3. Schematic diagram of separation and identification of regioisomers and enantiomers. (A) Silver ion-chiral chromatographic columns. (B)Three-dimensional 
chromatographic columns in series. (C) Tandem and parallel columns. (D) Supercritical carbon dioxide coupled with C18 column and chiral column. 
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detection of target TAG components more rapidly and efficiently than 
using only an Ag+ column or a chiral column. This strategy of combining 
columns effectively reduces interference from other TAG components, 
thereby significantly improving the resolution and number of TAG iso
mers detected. Thus, a C18 column can be connected to Ag+ and chiral 
chromatography columns to separate both regioisomers and enantio
mers (Fig. 3). This setup enables the full analysis of the sample in a single 
experimental run. Alternatively, a C18 column can be used to collect the 
target fractions, which are then analyzed separately using Ag+ and 
chiral chromatography columns (Fig. 3). This approach facilitates a 
more targeted analysis, focusing on specific regioisomers or enantiomers 
of interest. 

3.3.2. Ion fragmentation methods 
Because C18 columns can only separate TAG species and not their 

isomers, the isomer species must be determined from ion fragments. The 
corresponding secondary mass spectra can be extracted from the total 
ion chromatogram using the precursor ions ([M + NH4]+) of TAGs and 
DAGs, and the FA species on the glycerol backbone deduced from the 
[M + H-FA]+ fragment ions can then be determined (Liu et al., 2022). In 
fact, the ester bonds at sn-1 and sn-3 in TAGs are more easily broken than 
that at sn-2, resulting in different abundances of [M + H-FA]+. There
fore, different types of regioisomers can be identified according to the 
different fragment intensities (Zhang, Wei, Tao, Jin, & Wang, 2022). 

Tandem MS has been used to obtain additional structural informa
tion regarding the molecular and fragment ions. Most existing tandem 
MS methods adopt collision-induced dissociation (CID) to generate 
fragment ions. However, the DAG ions produced can only identify TAG 
isomers having the same molecular weight but different fatty acyls, the 
regioisomers and enantiomers cannot be identified. Thus, researchers 
have used the intensity of DAG fragment ions to build calibration curves 
for the identification and relative quantification of target TAGs 
regioisomers (Leveque, Acheampong, Heron, & Tchapla, 2012; Liu & 
Rochfort, 2021). Regioisomer standards with different concentrations 
and ratios were analyzed by Tarvainen, Kallio, and Yang (2019), who 
used the [RARB]+/[RARA]+ ratio and the sn-ABA content (%) to establish 
regioisomer calibration curves of 18 AAB/ABA-type regiospecific pairs. 
Notably, the ratio of [RARC]+/([RARB]++[RARC]++[RBRC]+) and the sn- 
2 FA content (%) were first used to establish calibration curves of the 
five ABC-types regioisomers TAGs, which provided a new theoretical 
basis for the quantitative analysis of TAG regioisomers in natural oils 
and fats. A similar method was adopted by Zhang et al. (2022) using the 
[RARB]+/([RARA]++[RARB]+) ratio and the sn-ABA content (%) for 
calibration curves. In addition, the research group introduced a 
correction factor for 13C isotope effects to minimize errors during the 
experiment, and this correction method is essential to improve the ac
curacy of the analytical results. The theoretical equations for calculating 
the regional isomers were also summarized, and the contents of OPLa, 
OPP, OPO and OPL triglyceride regional isomers in human and animal 
milk were calculated using the theoretical equations and calibration 
curves, which proved the validity of the method in the analysis of real 
samples. 

The presence of multiple TAGs with the same molecular weight in 
complex samples generates multiple overlapping fragment ions, which 
affects the target fragment ion ratio and complicates manual calcula
tions. Therefore, advanced data processing tools and software have been 
developed to simplify the process of producing calibration curves and 
calculating regioisomer content. Linderborg et al. (2014) used two 
computational methods to quantify TAG regioisomers in the human milk 
of mothers with different dietary intakes and pre-pregnancy body mass 
indices. One method involved establishing a calibration curve between 
the [RARB]+/([RARA]++[RARB]+) ratio and sn-ABA content, and in the 
other, calculations were performed using MSPECTRA in negative ion 
mode. The ratio of sn-POO + sn-OOP calculated using MSPECTRA was 
0.5 ± 1.0%, whereas the calibration curve yielded a considerably higher 
ratio of 14.6 ± 5.5% because it failed to distinguish whether DAG 

fragments with the same mass (36:2) were derived from POO or LPS. A 
previous direct injection tandem MS method for analyzing TAG 
regioisomers was recently modified (Fabritius et al., 2020), and the ra
tios of TAG regioisomers were calculated based on the abundance of [M- 
H-FA-100]− and [RCOO]− ions using MSPECTRA. A total of 241 
regioisomers (including sn-PLO/sn-LPO/sn-POL and sn-OOP/sn-OPO) in 
human milk, bovine milk, and infant formula from China and Finland 
were quantified using this method. In addition to MSPECTRA, Kallio, 
Nylund, Bostrom, and Yang (2017) used an optimized algorithm running 
on GNU Octave 4.0.0 to analyze regioisomers in Chinese and Finnish 
human milk samples. The results showed that the highest TAG content in 
Finnish samples was sn-OPO, whereas the highest TAG content in Chi
nese samples was rac-OPL. The relatively high OPL content of the human 
milk from China is associated with the relatively high intake of linoleic 
acid in the country (Yu et al., 2022). 

Subsequently, Sazzad et al. (2022) optimized the aforementioned 
algorithm based on MSPECTRA, established an internal fragment model 
using TAG standards, and considered the difference in the cracking ef
ficiency of different TAG substances. This new computational program 
was combined with the ultra-high-performance liquid chromatography 
electrospray ionization tandem mass spectrometry (UHPLC-ESI-MS/MS) 
method to analyze the contents of sn-OPO, sn-LPL, sn-OPL, and sn-OPS in 
human milk, and the results were similar to those reported previously 
(Fabritius et al., 2020). Compared with earlier programs, the new pro
gram features a higher throughput, faster calculation speed, and more 
accurate analysis of TAGs having the same molecular weight. However, 
this method has a limitation: the program is accurate for high abundance 
TAGs, but the accuracy decreases as the relative proportion of TAGs 
decreases. Therefore, future research should first focus on improving 
relevant algorithms to better handle data analysis of low-abundance 
TAGs. This may include enhancing signal processing capabilities, opti
mizing background noise filtering strategies, and optimizing data pro
cessing flow. Second, algorithms and models tailored for low-abundance 
TAGs should be developed using advanced statistical principles or deep 
learning frameworks. Finally, a mechanism for integrating multi-source 
data from different platforms and experimental conditions should be 
identified to improve the accuracy of analyzing low-abundance TAGs. 

To quantify TAG regioisomers for which no standards are commer
cially available, Balgoma et al. (2019) analyzed published data on the 
cleavage patterns of TAG regioisomers and the effect of cleavage energy 
on the TAG cleavage patterns. Based on the esterification position and 
structure of FAs and their mutual interactions, the common fragmen
tation trend in each dataset was modeled, and the TAG regioisomers in 
sunflower and olive oils were quantitatively analyzed using the estab
lished model. The TAG isomers in plant oils were found to be mainly 
present in the forms of sn-POP, sn-PLP, rac-POS, rac-OOP, rac-POL, and 
rac-PLO, and the quantitative results were consistent with those of TAGs 
isomers in the existing literature (Pchelkin, Kuznetsova, Tsy
dendambaev, & Vereshchagin, 2001). 

Notably, electron-activated dissociation (EAD) can provide fragment 
ion information complementary to CID, thereby improving the analysis 
of TAG isomers. Depending on the electron energy, the EAD fragmen
tation modes are divided into electron capture dissociation (ECD, 0–5 
eV), hot ECD (5–10 eV), and electron impact excitation of ions from 
organic compounds (EIEIO, >10 eV). EIEIO causes TAGs to produce a 
region of loss of the diacyl chain, wherein the region exhibits single 
peaks that identify FAs at the sn-2 position and double peaks that 
identify FAs at the sn-1 and sn-3 positions. In addition, according to the 
characteristics of EAD that breaks single but not double bonds, the po
sition of double bonds in the fatty acid chain can be determined. (Baba, 
Campbell, Le Blanc, & Baker, 2016). The SCIEX ZenoTOF™7600 system 
combines EAD and CID technology to produce more characteristic 
fragment ions on radical fragments, providing a new dimension for mass 
spectrometry studies. Zhang et al. (2024) established a standard curve 
based on this device using the relationship between the peak area of the 
characteristic fragment ion at the sn-2 position and the content of the 
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TAG recombinant isomer standard, which improves analytical efficiency 
and ensures quantitative accuracy. The research team used this method 
to quantify TAG isomers in human milk, cow milk, infant formula, palm 
oil, and sunflower oil and to determine the double bond positions of 
UFAs. The results showed that human milk contained 60.58, 3.19, 6.09, 
68.70, and 0.96 μg/mg of sn-OPL, sn-POL, sn-PLO, sn-OPO, and sn-POO, 
respectively. This compositional ratio is consistent with the findings of 
Zhang et al. (2022). In particular, the main difference between infant 
formula and breast milk was the sn-OPL content. This difference may 
stem from the use of vegetable oils as a source of TAG in infant formulas. 
Thus, these findings suggest that manufacturers of infant formula should 
consider increasing the content of sn-OPL or using animal milk fat as an 
ingredient in future production to resemble the composition of human 
milk more closely and better meet the nutritional needs of infants and 
young children. In addition, the SCIEX ZenoTOF™7600 system uses the 
Zeno™ trap technology to obtain high-quality secondary high- 
resolution MS data from very low-concentration samples, combined 
with optimized algorithms to obtain relevant structural information for 
low-abundance TAGs quickly and accurately. However, current tech
niques are unable to distinguish enantiomers. Therefore, the develop
ment of new rupture modes to obtain the secondary characteristic 
fragment ions of sn-1 and sn-3, or based on the collection of secondary 
fragment ions, fragmentation and cracking are performed again to 
analyze tertiary fragment ions, which accurately identify the types of 
FAs connected at the sn-1,3 position of TAGs; and is a research direction 
for isomer analysis using mass spectrometry. 

3.4. Supercritical fluid chromatography method 

Supercritical fluid chromatography (SFC) was developed in the 
1980s. Because the viscosities and diffusion coefficients of supercritical 
fluids are very close to those of gases, supercritical fluids having high 
mobile phase speeds can achieve a high separation efficiency (Tyskie
wicz, Debczak, Gieysztor, Szymczak, & Roj, 2018). At the same time, the 
densities and diffusivities of supercritical fluids are similar to those of 
liquids, thus providing good analyte solubility (Yang et al., 2019). SFC 
has characteristics of both gas and liquid chromatography, which may 
help achieve a higher analysis efficiency compared to that of ordinary 
liquid-phase systems (Yang et al., 2017). 

In recent years, SFC has been increasingly applied in the field of 
lipidomics (Takeda et al., 2018). For example, a quantitative method for 
determining TAG regioisomers and enantiomers was developed by 
Masuda, Abe, and Murano (2021). Three isomers (sn-POO, sn-OPO, and 
sn-OOP) were identified by SFC-Q-MS with a CHIRALPAK IG-U column. 
Meanwhile, a calibration curve was established to analyze the contents 
of sn-OPO, sn-POO, and sn-OOP in extra-virgin olive oil, refined olive oil, 
palm oil, palm oleoresin, and esterified palm oleoresin quantitatively. 
However, this method could not isolate the regioisomers and enantio
meric isomers of TAGs that only contain saturated FAs. Ultra- 
performance SFC with quadrupole time-of-flight mass spectrometry 
(UPSFC-Q-TOF-MS) used to analyze isomers with supercritical carbon 
dioxide as the mobile phase and BEH-2EP column. Using this method, 
the compositions of isomers in human milk at different lactations pe
riods, infant formulas using different fat sources, other mammalian milk, 
and plant oils were analyzed (Zhang et al., 2021). The results showed 
that the sn-OPO regioisomer accounted for >80% of the total OPO in 
human milk, whereas the sn-OOP content was higher in the other sam
ples. The same research team also used this method to separate and 
quantify TAG regioisomers containing palmitic acid in human milk, 
bovine milk, lard, and fish oil, and they performed a quantitative anal
ysis using a calibration curve and calculations (Zhang et al., 2022). In 
terms of content, the top three regioisomers in human milk were sn-OPL, 
sn-OPO, and sn-LPL, for which the sn-2 palmitate TAGs accounted for 
>50% of TAGs. Lard and fish oil were similar to human milk, and they 
also contained a large amount of palmitic acid at the sn-2 position. The 
content of palmitic acid at the sn-2 position in bovine milk was higher 

than that in plant oils, but it was still significantly lower than that in 
human milk. 

The combination of HPLC and SFC offers a powerful analytical tool 
for the separation and analysis of complex lipid mixtures such as those 
found in human milk. Because of the unique characteristics of each 
chromatographic technique, the use of a C18 column in tandem with a 
chiral column, as well as supercritical carbon dioxide as the mobile 
phase (Fig. 3) is promising. This combination technique utilizes the 
separation mechanisms of the different columns to achieve the high- 
resolution analysis of TAG isomers in complex samples through a 
multi-step separation process; the mobile nature of supercritical carbon 
dioxide helps speed up the analysis process, allowing for rapid chro
matographic analysis. A previous study used SFC coupled with ion- 
mobility MS to analyze TAG isomers (Xia et al., 2021), but its applica
tion to the analysis of human milk samples presents challenges and re
quires the development and optimization of sample extraction methods, 
as well as the adjustment of instrumental parameters to ensure that TAG 
isomers can be accurately detected and analyzed in human milk. 

3.5. Nuclear magnetic resonance (NMR) methods 

In NMR systems, the magnetic moment of a nucleus in the low- 
energy state absorbs the energy resulting from the interactions of con
stant and alternating magnetic fields, resulting in a transition to a high- 
energy state, which produces NMR signals (Kruk et al., 2017). NMR 
systems do not have the same sensitivity as chromatographic systems, 
but they can quickly provide structural and compositional information 
about TAG mixtures in oils without specific sample preparation. 
Compared to chromatographic analysis, NMR can determine the total 
TAG content and total SFA/UFA ratio with a shorter acquisition time 
(Indelicato et al., 2017). For example, a previous study obtained quan
titative data on the composition and regioisomer distribution of all 
major UFAs of TAGs in pork and beef using 13C NMR (Kildahl-Andersen, 
Gjerlaug-Enger, Rise, Haug, & Egelandsdal, 2021). This analysis method 
involved the manual integration of carbonyl signal peaks to determine 
the ratio of SFAs and UFAs at the sn-1,3 and sn-2 positions. This system 
not only quantified the monounsaturated FAs present in beef and pork 
TAG extracts and the overall amount of SFAs but also provided the 
regioisomerization distribution of UFAs on the glycerol skeleton. 
Furthermore, this method could independently quantify the concentra
tions of palmitic acid and stearic acid in pork TAGs, including the 
regioisomer distributions. The carbonyl region of the 13C NMR spectra is 
suitable for distinguishing SFAs from UFAs, including the distribution of 
FAs in terms of regional positions on the TAGs. Therefore, 13C NMR has a 
unique advantage in providing information on the distribution of FA 
positions between the triglyceride sn-1,3 and sn-2 positions, as well as 
the overall composition. 

Although all the aforementioned methods may be used to detect TAG 
isomers, they have different characteristics (Table 2). Enzymatic hy
drolysis is relatively simple, and it separates FAs at the sn-1,3 position 
from the glycerol backbone and the FAs and sn-2 monoacylglycerols in 
subsequent individual analyses. However, it can only obtain the distri
bution information of FAs in the sn-1,3 and sn-2 positions of tri
glycerides, and acyl migration reaction may occur during hydrolysis, 
resulting in an inaccurate FA distribution. LC-MS, which is the primary 
method for analyzing TAG isomers, enables the qualitative and quanti
tative analysis of several major isomers in human milk. Chiral LC-MS is 
often used to analyze the enantiomers, but this process can require 
cycling, making it time-consuming. SFC can improve upon the chro
matographic separation efficiency of these systems owing to the high 
diffusivity and low viscosity of supercritical fluids, making the separa
tion and purification of samples faster and more efficient. In addition, 
because supercritical fluids do not contain volatile organic solvents, less 
chemical waste and pollution are generated. However, SFC reagents and 
equipment are relatively expensive. In contrast, the NMR method does 
not require sample pretreatment, but it does require specialized 
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equipment and technical support, which increase costs. In future work, 
different methods may be combined to obtain extensive information 
regarding the structures of TAG isomers. 

4. Summary and outlook 

The TAG isomers in human milk can be qualitatively or quantita
tively analyzed using enzymatic hydrolysis, GC–MS, LC-MS, SFC, and 
13C NMR, with LC-MS being particularly common. Additionally, auto
matic calculations have been developed to analyze TAG isomers accu
rately and quickly. Although existing methods can partially separate the 
regional and enantiomeric isomers of human milk TAGs (such as OPO, 
OPL, and LaOO), most isomer TAGs cannot be analyzed. Because chro
matographic separation is limited to certain specific isomers, MS does 
not provide adequate fragmentation information to determine the iso
mer species accurately, and the composition of human milk is too 
complex to apply some of the currently used analytical methods directly. 
Thus, the comprehensive analysis of TAG isomers in human milk is 
challenging. 

To improve the separation and identification of TAG isomers, future 
research should focus on several different approaches, such as using new 
chromatographic combinations, optimizing existing techniques, and 
developing high-sensitivity and high-resolution instrumentation. The 
comprehensive identification of TAG isomers in human milk is essential 
for understanding their nutritional impact on infants. By employing 
these analytical techniques, researchers can better characterize the 
complex lipid profile of human milk. This will contribute to the devel
opment of lipids for infant formula that mimic the structure and function 
of those in human milk and infant nutrition products that support the 
health and development of infants. 
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