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ABSTRACT 

Analysis of triacylglycerol (TG) and phospholipid (PL) regioisomers is a 
challenging task. The liquid chromatographic-mass spectrometric (LC-MS) 
analysis methods can be divided into two distinct categories: a) direct separation 
by chromatography or other means such as ion mobility, and b) quantification of 
regioisomer ratios by structurally informative fragment ions with mass 
spectrometric methods. Challenges arise from the large number of isobaric lipid 
species in natural samples, often overlapping chromatographically and sharing 
structurally informative fragment ions. 

Due to long retention times and difficult separation, researchers are moving 
away from direct chromatographic separation of isomers, using mass 
spectrometry instead. Many established analytical methods are targeting specific 
isomers of interest, and high-throughput untargeted analysis remains challenging, 
even though advancements have been made in the recent years. Fragmentation 
of glycerolipids is influenced by acyl chain lengths and numbers of double bonds 
of the attached fatty acids, and while certain fragmentation mechanisms offer 
better sn-specificity than others, the lack of available regiopure standards is still 
an obstacle for many researchers. 

In the thesis work, new tandem mass spectrometric (MS2) methods for 
investigating TG and PL regioisomer compositions in natural samples were 
developed. Two different instrumental methods and algorithmic calculation 
models were developed and validated for analysis of TG regioisomers. A direct 
inlet negative ion chemical ionization method along with an updated version of 
the MSPECTRA calculation software offers a rapid protocol for investigating TG 
regioisomers in complex samples such as human milk. While the absolute 
accuracy of the regioisomer ratio calculations is affected by the nature of the FAs 
in the TGs, the method is very useful for studying regioisomeric differences 
between samples. 

A new fragmentation model for analysis of TG regioisomers utilizing positive 
electrospray ionization (ESI+) LC-MS2 method was developed in addition to the 
direct inlet method. The model was created using calibration curves established 
with a wide range of regiopure TG standards, allowing prediction of 
fragmentation patterns for TG species without authentic standards. While the 
triple quadrupole MS instrument used for establishing the model is better suited 
for targeted approaches, the analysis can later be transferred to an untargeted 
platform utilizing data-dependent acquisition.  

Both calculation programs utilize optimization functions, attempting to find 
concentrations of regioisomers that produce the experimentally observed 
fragment ion spectra. This approach mitigates the effects of interfering isobaric 
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fragments resulting from different isomeric TG species and the entire fragment 
spectra of multiple TG molecular species is handled simultaneously instead of 
each individually. 

The analysis of PL regioisomers was divided into two parts. In the first part, 
a hydrophilic interaction liquid chromatography (HILIC) method combined with 
a data-dependent MS2 acquisition was used to study the fragmentation behavior 
of different PL classes. Calibration curves were created with PL reference 
standards, enabling regioisomeric analysis of specific PL molecular species. For 
second part of the PL regioisomer analysis, the HILIC separation method was 
replaced by reversed phase chromatography, resulting in more reliable and 
efficient separation of PL molecular species within classes. An automated data 
preprocessing algorithm and a fragmentation model for untargeted PC 
regioisomer identification was created. 

Together, the developed LC-MS2 methods and calculation software and 
fragmentation models for TG and PL regioisomer analysis form a strong basis 
for further development and implementation to lipidomics platforms, enabling 
more detailed structural analysis in a rapidly growing area of research. 
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SUOMENKIELINEN ABSTRAKTI 

Triasyyliglyserolien (TG) ja fosfolipidien (PL) regioisomeerien tutkimus on 
haastava tehtävä. Nestekromatografia-massaspektrometriset menetelmät (LC-
MS) voidaan jakaa kahteen ryhmään: a) suora erottuminen kromatografialla tai 
muilla keinoilla, kuten esimerkiksi ioniliikkuvuuden avulla, ja b) regio-
isomeerien pitoisuuksien laskeminen rakenteellisesti informatiivisten 
fragmentti-ionien avulla käyttäen massaspektrometrisiä menetelmiä. 
Haastavuutta lisää luonnollisissa näytteissä esiintyvien, kromatografisesti 
huonosti erottuvien, ja samoja rakenteellisesti informatiivisia fragmentteja 
sisältävien isomeeristen lipidiyhdisteiden suuri määrä. 

Pitkien retentioaikojen ja vaikean erottelun vuoksi monet tutkijat ovat 
siirtymässä pois kromatografiseen erotteluun perustuvista regioisomeerien 
analyysimenetelmistä massaspektrometrisiaan. Monilla vakiintuneilla 
menetelmillä voidaan tutkia yksittäisiä kiinnostavia isomeerejä, mutta 
laajempien ja kohdentamattomien menetelmien käyttö on haastavaa, vaikka 
edistystä on tapahtunut viime vuosien aikana. Glyserolipidien fragmen-
toitumiseen vaikuttaa esimerkiksi rasvahappojen hiiliketjujen pituus ja 
kaksoissidosten määrä. Vaikka tietyillä massaspektrometrisillä menetelmillä 
fragmentaatio on regiospesifisempää kuin toisilla, puhtaiden regioisomeeristen 
standardien puute on haaste monille tutkijoille. 

Väitöskirjatyössä kehitettiin uusia tandem-massaspektrometrisiä (MS2) 
analyysimenetelmiä TG- ja PL-regioisomeerien tutkimiseen. TG regio-
isomeereille kehitettiin ja validoitiin kaksi erilaista menetelmää ja laskentamallia. 
Suorasyöttöön ja kemialliseen ionisaatioon perustuva menetelmä päivitetyn 
MSPECTRA-laskentaohjelmiston kanssa tarjoaa nopean protokollan TG-
regioisomeerien analysointiin myös monimutkaisissa näytteissä, kuten äidin-
maidossa. Vaikka laskennassa regioisomeerien suhteiden absoluuttiseen 
tarkkuuteen vaikuttaa rasvahappojen ominaisuudet, menetelmä on erittäin 
hyödyllinen näytteiden eroavaisuuksien tutkimisessa. 

Suorasyöttömenetelmän rinnalla kehitettiin myös toinen laskentamalli TG-
regioisomeereille hyödyntäen ESI-LC-MS2 menetelmää ja puhtailla 
standardeilla määritettyjä kalibraatiosuoria. Laskentamallin avulla voidaan 
ennustaa, miten TG fragmentoituu perustuen sen rasvahappojen kaksoissidosten 
määrään ja hiiliketjujen pituuksiin. Laskentamalli mahdollistaa menetelmän 
käyttämisen myös kohdentamattomassa analytiikassa, jolloin kaikille 
tutkittaville yhdisteille ei tarvita kalibraatiosuoria. 

Molemmat TG-regioisomeerien laskentamallit hyödyntävät optimointi-
algoritmejä, joiden avulla pyritään määrittämään ne regioisomeerien pitoisuudet, 
jotka tuottavat alkuperäistä, kokeellisesti havaittua fragmenttispektriä vastaavan 
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synteettisen spektrin. Tällä periaatteella pystytään minimoimaan eri TG-
isomeereistä johtuvien isobaaristen fragmenttien aiheuttamat vääristymät, kun 
spektriä käsitellään kokonaisuutena, eikä yksittäisinä ja erillisinä 
laskutoimituksina. 

PL-regioisomeerien tutkimus jaettiin kahteen osaan. Ensimmäisessä osassa 
tutkittiin eri PL-luokkien fragmentoitumista käyttäen hydrofiilisen vuoro-
vaikutuksen nestekromatografiaa (HILIC) ja MS2-menetelmää. Kalibraatio-
suorat luotiin käyttäen puhtaita PL-standardeja, mikä mahdollisti tiettyjen PL-
regioisomeerien määrityksen. Tutkimuksen toisessa osassa HILIC-menetelmä 
korvattiin käänteisfaasikromatografialla, mikä johti yksittäisten yhdisteiden 
luotettavampaan ja tehokkaampaan erotteluun luokkien sisällä. Kohdenta-
matonta analyysiä varten luotiin automaattinen tunnistusalgoritmi eri PL-
yhdisteille sekä laskentamalli regioisomeerien pitoisuuksien määritystä varten. 

Yhdessä nämä kehitetyt ESI-LC-MS2-menetelmät ja laskentamallit 
muodostavat vahvan perustan TG- ja PL-regioisomeerien kohdentamatonta 
lipidomiikkatutkimusta varten, mahdollistaen nykyisiä menetelmiä tarkemman 
rakenteellisen analyysin nopeasti kasvavalla ja kehittyvällä tieteenalalla. 
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1 INTRODUCTION 

Triacylglycerols (TG) are the prime constituents of natural fats and oils, while 
phospholipids (PL) are structural components of cell membranes. TGs consist of 
a glycerol backbone with three fatty acids (FA) esterified to positions sn-1, sn-2 
and sn-3 (Figure 1). PL structure is similar, but in addition to two FAs they also 
have a class-specific phosphate head group. While there is evidence on the health 
effects of individual FAs, the effect of their structural location in the glycerol 
backbone has been studied to a much lesser extent. 
 

 
Figure 1 Structures of triacylglycerols and phospholipids 
 

With dietary TGs it has been shown that FAs located in sn-2 position are more 
readily absorbed, influencing nutritional properties (Bar-Yoseph et al., 2013; 
Lasekan et al., 2017; Linderborg & Kallio, 2005; López-López et al., 2001). In 
infant nutrition, especially the positional distribution of palmitic acid affects lipid 
metabolism and has implications for absorption and digestion (Innis, 2011). 
Long-term feeding of TGs with different structures containing polyunsaturated 
FAs has been shown to impact plasma lipid concentrations in animals (Ikeda et 
al., 1998). Lipids with a specific structure, featuring medium-chain FAs in the 
sn-1 and sn-3 positions and essential FA in the sn-2 position, have been shown 
to play an important role in providing nutritional assistance to animals suffering 
from malabsorption issues (Straarup & Høy, 2000). In addition, TG regioisomer 
structure influences fat crystallization, affecting texture and melting behavior of 
fats (Minato et al., 1997; Watanabe et al., 2018), and adjusting the molecular 
structure of fat ingredients can have a noticeable effect food production and 
storage (Watanabe et al., 2021). Additionally, FA chain length differences and 
regioisomerism impact polymorphism and oxidative stability of fat (Bouzidi & 
Narine, 2012). Highly polyunsaturated FAs like docosahexaenoic acid are more 
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stable in the sn-2 position (Damerau et al., 2023; Wijesundera et al., 2008), and 
similar results have been reported for other unsaturated FAs (Dote et al., 2016). 

 In case of dietary PLs, the health effects have mostly been studied on class 
level, and the role of individual PL molecular species and especially 
regioisomers remains largely a question (Küllenberg et al., 2012; Skórkowska-
Telichowska et al., 2016; Sun et al., 2018; C. Wang et al., 2018). More 
interestingly, PLs have a multitude of important biological functions, and they 
also have potential to be used as diagnostic markers of health and diseases. 

PLs play crucial roles in various biological processes, such as providing 
membranes for protein synthesis and export, maintaining cholesterol balance, 
and managing TG storage and secretion (Lagace & Ridgway, 2013). Disruptions 
in PL metabolism are associated with lipid storage issues and stress responses, 
ultimately contributing to health conditions such as obesity, diabetes, 
atherosclerosis, and neurological disorders (Dai et al., 2021; Lagace & Ridgway, 
2013). Lipidomics is a rapidly expanding field of research focused on the 
comprehensive analysis of lipids to better understand their functions and health 
impacts. Despite this growth, the biological significance of individual 
phospholipid compounds, particularly the effects of PL regioisomers, remains 
largely unexplored due to a lack of powerful analytical methods to determine the 
regioisomeric composition of natural lipids. Recently, human breast cancer and 
lung cancer cells were found to contain certain phosphatidylcholine regioisomers 
at different ratios compared to adjacent healthy tissue (Cao et al., 2020). 

Comprehensive structural characterization of TGs and PLs is a challenging 
task primarily because there are many possible FA combinations, which can total 
up to hundreds of individual regioisomers in natural samples. Determining the 
qualitative species and molecular species structural levels of TGs or PLs is 
reasonably straightforward with tandem mass spectrometric (MS2) 
methodologies utilizing fragment ions. Going deeper into the structural analysis 
of TGs and assigning the sn-positions of each FA and accurately determining 
ratios of the isomers is a much more demanding task. 

Generally, analysis of TG and PL sn-positional isomers can be divided into 
two main categories: the first being direct separation either by chromatographic 
or ion mobility techniques. Comprehensive separation of the isomers is difficult, 
and most existing methods can only achieve partial or specific separation of 
individual compounds of interest. The second category is identification utilizing 
differential fragmentation efficiency of FAs from different sn-positions. TG and 
PL regioisomers can be identified with MSn methods, but analysis of TG 
enantiomers is not possible because the fragmentation methods cannot 
distinguish sn-1 and sn-3 FAs due to identical fragmentation efficiencies. The 
intensities of the resulting fragment ions reflect the FA distribution in the 
glycerol backbone. Many isobaric TG species, including isomers, are often 
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chromatographically overlapping and may produce shared isobaric fragment 
ions, making the analysis of TG regioisomers even more challenging.  

For PLs the situation is somewhat less complicated as they can only contain 
up to two different FAs, resulting in significantly less interfering isobaric 
fragments. However, adding to the complexity of analysis of PLs is the different 
head groups of each class, influencing the fragmentation behavior. Traditional 
separation methods relying on column chromatography alone for analysis of TG 
regioisomers are becoming increasingly less common, especially if trying to 
achieve comprehensive identification of a wide range of regioisomers, while 
many current applications are shifting towards MSn fragmentation and 
identification. Separation by ion mobility is also an emerging technique for 
isomeric lipid analysis.  

Analysis of TG and PL sn-positional isomers is not covered by standard 
lipidomics approaches (Heiles, 2021; Züllig & Köfeler, 2021), highlighting the 
need for further development and integration of untargeted regioisomer analysis 
methods for lipidomics protocols. The literature review focuses on the liquid 
chromatographic, mass spectrometric and liquid chromatographic-mass 
spectrometric methodologies for analysis of sn-positional isomers, including 
regioisomers and enantiomers of TGs and PLs, detailing the chromatographic 
separation, ionization, fragmentation and identification as well as the challenges 
related to the field. Analysis of double bond isomers is not covered in the 
literature review. The focus of this doctoral thesis was to develop and validate 
accurate, high-throughput analysis methods for TG and PL regioisomers. 
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2 REVIEW OF THE LITERATURE 

2.1 Separation of TG sn-positional isomers 

2.1.1 Reversed phase chromatography 

Reversed phase (RP) chromatography, especially with C18 columns, is the most 
commonly used method for separating TGs in natural samples. The C18 column, 
or octadecylsilane, consists of alkyl chains of 18 carbon atoms bound to silica. 
The octadecyl chains are hydrophobic, making the stationary phase a common 
choice for analysis of lipids with hydrophobic FAs. The separation is primarily 
governed by the equivalent carbon number (ECN) of the TG, which is defined 
as ACN – (2 × DB). TGs with the same ECN typically elute in clusters, and many 
are at least partially overlapping with each other (Ovčačíková et al., 2016). 

Comprehensive separation of TG regioisomers in sources of natural origin is 
difficult to achieve with C18 columns, and the role of this technique combined 
with MS methodologies has recently been mainly for TG species profiling and 
qualitative identification of molecular species based on the fragment ion spectra 
(M. Li et al., 2020; Zhu et al., 2021). Specific applications for separation of TG 
regioisomers have been developed over the years using C18 columns, including 
analysis of various TG reference standards with four different columns 
(Momchilova et al., 2006), vaccenic and oleic acid containing TGs (Leskinen, 
Suomela, Yang, et al., 2010) and hexadecenoic acid containing TGs (Řezanka et 
al., 2022). Oxidized forms of TG regioisomers have also been analyzed by 
coupling two Kinetex C18 columns (100 × 2.1 mm, 1.7 µm) in a series (Suomela 
et al., 2011). The resolution of TG regioisomer separation with C18 columns is 
strongly influenced by the nature of the attached FAs. Generally, TG 
regioisomers containing FAs with higher degree of unsaturation and longer acyl 
carbon chains are easier to resolve from one another, whereas TGs containing 
only saturated or monounsaturated FAs are more difficult to separate 
(Momchilova et al., 2006). It was observed that the regioisomer with an 
unsaturated FA in sn-2 and two palmitic acids in sn-1/3 positions eluted earlier 
than the sn-1/3 unsaturated regioisomer. The choice of column and the stationary 
phase also had a noticeable effect, and presence of higher number of residual 
silanol groups in the supporting material was attributed to increased TG 
regioisomer resolution (Momchilova et al., 2006). 

Polymeric columns, such as Nucleodur C18 ISIS with a C18/C11-OH mixed 
acyl stationary phase has been particularly effective for TG regioisomer 
separation is some cases compared to monomeric C18 columns (Figure 2). 
Using isocratic elution with varying ratios of acetonitrile/isopropanol mobile 
phase, a near baseline separation for various TG regioisomer pairs was achieved 
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usually in less than 10 min elution with a higher 55% isopropanol concentration. 
Reducing the amount of isopropanol in the mobile phase further enhanced 
separation, but also increased retention time. The authors noted that the presence 
of hydroxyl groups in the stationary phase was important for the high separation 
efficiency and steric selectivity when analyzing TG regioisomers (Tamba 
Sompila et al., 2017).  

 
 

 
Figure 2 Effect of percentage of isopropanol in acetonitrile/isopropanol mobile 
phase on separation of regioisomers TG 16:0_20:5 sn-2_16:0 / TG 16:0_16:0 sn-
2_20:5 (PEP/PPE), TG 16:0_22:6 sn-2_16:0 / TG 16:0_16:0 sn-2_22:6 
(PDP/PPD), TG 16:0_18:3 sn-2_16:0 / TG 16:0_16:0 sn-2_18:3 (PLnP/PPLn), 
TG 16:0_18:1 sn-2_16:0 / TG 16:0_16:0 sn-2_18:1 (POP/PPO), TG 18:0_18:1 
sn-2_18:0 / TG 18:0_18:0 sn-2_18:1 (SOS/SSO) separations. Nucleodur C18 
ISIS (50 × 2 mm, 1.8 µm). Reprinted with permission from (Tamba Sompila et 
al., 2017), copyright 2017 Elsevier. 

 

Two Nucleodur C18 ISIS (250 × 2.1 mm, 1.8 μm) columns were used for a more 
comprehensive lipid class analysis, including some TG regioisomer pairs 
(Causevic et al., 2021). C28 columns have also been used for TG regioisomer 
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separation, mainly for pairs containing two palmitic acids and one unsaturated 
FA. Lowering the temperature of the column to 10-15 °C was critical to achieve 
good chromatographic resolution for the studied TG standards. Interestingly, it 
was noted that separation of a regioisomer pair with two unsaturated FAs, such 
as TG 18:1_18:1 sn-2_16:0 and TG 18:1_16:0 sn-2_18:1 was not achieved even 
though they could be separated with a C18 column (Nagai et al., 2015; Nagai, 
Gotoh, et al., 2011). While it has some specific applications, reversed phase 
chromatography alone is generally not powerful enough for separation of TG 
regioisomers in complex samples, but it is a very useful tool for separation of TG 
species for further MS-based detection and identification.  Methods using RP 
chromatography for separation of TG regioisomers are listed in Table 1.
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2.1.2 Silver ion chromatography 

Silver ion liquid chromatography (Ag-HPLC) in lipid analytics relies on the 
interactions of silver ions immobilized in the column stationary phase with the 
double bonds of the FAs. The higher number of double bonds means stronger 
interactions of the analyte with the stationary phase. Silver ions can be 
introduced to a column for example with silver nitrate solution, in which case the 
separation is also governed by the respective stationary phase of the column, for 
example reversed phase C18 (Dobson et al., 1995). However, addition of silver 
ions to the mobile phase is not compatible with mass spectrometry due to ion 
suppression and contamination of the ion source with non-volatile compounds 
(Holčapek & Lísa, 2017).  

Instead, cation exchange columns in the stationary phase are currently the 
column type of choice for TG regioisomer analytics when using Ag-HPLC (Chen 
et al., 2020; Lísa et al., 2011; Santoro et al., 2018). No silver ions are needed in 
the mobile phase with cation exchange columns as they are strongly embedded 
in the stationary phase, resulting in minimal leakage, and making the application 
suitable for MS detection (Holčapek & Lísa, 2017). Self-modified cation 
exchange columns embedded with silver ions have been used for TG regioisomer 
separation (Leskinen et al., 2008, 2009; Santoro et al., 2018). ChromSpher Lipids 
(250 × 4.6 mm, 5 μm) has been a popular Ag-HPLC column choice for TG 
regioisomer separations (Chen et al., 2020; Lísa et al., 2013), sometimes two 
(Adlof & List, 2004) or even three (Holčapek et al., 2010; Lísa et al., 2009, 2011) 
of them coupled together in a series. 

The effect of column temperature on retention times has been investigated 
using two ChromSpher Lipids (250 × 4.6 mm, 5 μm) columns, resulting in an 
interesting observation that higher temperatures significantly increased retention 
time for more unsaturated compounds, also increasing chromatographic 
resolution of TG regioisomers, for example regioisomers of molecular species 
TG 18:0_18:0_18:3 and TG 18:1_18:2_18:2 (Adlof & List, 2004). This effect is 
opposite to the usual temperature effect in liquid chromatography, which 
typically results in faster retention times at elevated temperatures. The increased 
temperature retention effect was less pronounced for TGs with lower degree of 
unsaturation, such as TG 16:0_16:0_18:1. It was noted that this effect is likely 
limited to hexane-based solvent systems. The authors suggested that the inverse 
retention behavior may have been caused by a temperature-induced change in 
the acetonitrile/Ag+ complex, which is presumably exothermic. The 
acetonitrile/Ag+ complex might be less stable in higher temperatures, allowing 
more interactions between the complex and the double bonds of the FAs, 
resulting in increased retention (Adlof & List, 2004). Similar effect was observed 
in another study, where retention times of TGs increased with higher temperature 
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in the hexane mobile phase, while an opposite effect was observed for the 
dichloromethane mobile phase (Lísa et al., 2013). 

Separation of various TG regioisomers obtained by randomization of TG 
18:0/18:0/18:0, TG 18:1/18:1/18:1 and TG 18:3/18:3/18:3 is presented in Figure 
3. Adequate separation of all regioisomers was achieved using three ChromSpher 
Lipids (250 mm × 4.6mm, 5µm) columns (Holčapek et al., 2010). Clear 
separation into groups differing in the number of double bonds was observed in 
all mixtures of randomized TGs. 

 
 

 
Figure 3 Silver-ion HPLC/APCI-MS chromatogram of the randomization 
mixture prepared from tristearin (TG 18:0/18:0/18:0), triolein (TG 
18:1/18:1/18:1) and trilinolenin (TG 18:3/18:3/18:3) using three ChromSpher 
Lipids (250 mm × 4.6mm, 5µm) columns. Numbers correspond to the double 
bond number. Reprinted with permission from (Holčapek et al., 2010), copyright 
2010 Elsevier. 

 
Even with the more modern Ag-HPLC columns and methodologies, 

comprehensive separation of a wide range of TG regioisomers remains 
challenging and time consuming, and the role of this separation technique has 
remained as a more targeted method for specific regioisomers of interest (Chen 
et al., 2020; Santoro et al., 2018), as molecular species might need very different 
chromatographic conditions for adequate regioisomer separation based on their 
FA compositions and degree of unsaturation. One of the main challenges of Ag-
HPLC is also poor reproducibility using conventional hexane mobile phases. 
Adding isopropanol to the mobile phase increased reproducibility by improving 
miscibility of the commonly used hexane and acetonitrile (Holčapek et al., 2010). 
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Additionally, the fact that the separation is governed by the number of double 
bonds of the FAs makes separation of TGs containing only saturated FAs 
unviable. Methods using silver ion chromatography for separation of TG 
regioisomers are listed in Table 2. Ag-HPLC can offer complementary 
separation capabilities when used together with RP chromatography in two-
dimensional applications. RP separates TGs mainly according to the ECN, while 
retention with Ag-HPLC is mainly influenced by the number and geometry of 
DBs (Holčapek et al., 2009).
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2.1.3 Chiral phase chromatography 

Chiral chromatography is a powerful technique for separating sn-positional 
isomers of TGs. By employing a chiral stationary phase, this methodology allows 
the separation of TG isomers based on the spatial arrangements of the attached 
FA chains. Generally, the chiral recognition is based on the formation of 
diastereomeric complexes with different stability between the chiral selector in 
the stationary phase and the separated enantiomers (Alvarez-Rivera et al., 2020). 

There are various chiral stationary phases utilizing different chiral selectors, 
resulting in complex retention mechanisms, which have been reviewed 
previously (Cavazzini et al., 2011). For TGs, chiral phase chromatography is 
currently the only chromatographic technique capable of separating enantiomers 
while also being capable of separating regioisomers. Current MS-based 
fragmentation methods cannot differentiate enantiomers due to identical 
fragmentation efficiencies of sn-1 and sn-3 FAs, making chiral phase 
chromatography an important technique for this type of work. Very long analysis 
times are typical for chiral separations of TG isomers, and sometimes a sample 
recycling system is used, where the sample is repeatedly cycled through the 
column (Nagai, Mizobe, et al., 2011) or two columns (Kalpio et al., 2015, 2021; 
Nagai et al., 2015) to obtain acceptable peak resolution.  

The performance of different chiral columns (CHIRALPAK IA, IB, IC, AD-
H, AS-H and AY-H CHIRALCEL OD-H, OJ-H, OZ-H AD-RH, AS-RH, OD-
RH, and OJ-RH) using methanol or acetonitrile as the mobile phase has been 
evaluated for separation of TG enantiomers. Only the CHIRALCEL OD-RH 
(150 × 4.6 mm, 5 µm) with methanol as the mobile phase slightly separated the 
TG 16:0/16:0/18:1 and TG 18:1/16:0/16:0 from one another. Multiple passes in 
a recycling system were required for an adequate resolution between the two 
peaks, taking more than two hours. It seems that not only is the chiral selector 
important for the separation, but also how it is incorporated in the stationary 
phase. For example, CHIRALPAK IB and CHIRALCEL OD-RH have the same 
chiral selector (cellulose tris-(3,5-dimethylphenylcarbamate), but the former has 
it immobilized in silica gel and the latter has it coated on silica gel. Adequate 
separation was not achieved with CHIRALPAK IB (Nagai, Mizobe, et al., 2011). 

The CHIRALCEL OD-RH (150 × 4.6 mm, 5 µm) has also been used for 
separation and studying the retention behavior of various pure racemic TG 
standards found in common fats and oils (Kalpio et al., 2015). TG enantiomers 
were analyzed by cycling the sample through two columns until desired 
chromatographic resolution was achieved or it was deemed that no separation 
would be achieved. Eleven of the fifteen racemic TGs were successfully 
separated. Separation of a series of racemic TGs containing dioleoylglycerol 
backbone and one saturated FA in sn-1/3 position (TG 18:1_18:1 sn-2_X, where 
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X = 12:0, 14:0, 16:0, 18:0, 20:0 or 22:0) was evaluated (Figure 4). Retention 
time increased and resolution of the TG enantiomers improved as the acyl chain 
length of the saturated FA increased. Interestingly, no enantiomer separation was 
achieved for TG 18:1_18:1 sn-2_18:2 containing only unsaturated FAs, whereas 
TG 18:0_18:1 sn-2_18:1 was successfully separated. No fully saturated TGs 
were analyzed in this study due to inadequate UV detector response (Kalpio et 
al., 2015). The same columns and sample recycling system were later used for 
characterization of TG enantiomers in sea buckthorn pulp oil, where careful 
preparative pre-separation of TGs of interest was required for following 
enantiomer separations (Kalpio et al., 2021). 

 

 
Figure 4 UV chromatograms of eleven racemic TG standards: TG 12:0_18:1 sn-
2_18:1 (A), TG 14:0_18:1 sn-2_18:1 (B), TG 16:0_18:1 sn-2_18:1 (C), TG 
18:0_18:1 sn-2_18:1 (D), TG 20:0_18:1 sn-2_18:1 (E), TG 22:0_18:1 sn-2_18:1 
(F), TG 16:0_16:1 sn-2_16:1 (G), TG 16:0_18:2 sn-2_18:2 (H), TG 16:0_16:0 
sn-2_18:2 (I), TG 16:0_16:0 sn-2_18:1 (J) and TG 18:0_18:0 sn-2_18:1 (K) 
using  2 × CHIRALCEL OD-RH (150 × 4.6 mm, 5 μm) with sample recycling 
and methanol as the mobile phase. Reprinted with permission from (Kalpio et al., 
2015), copyright 2015 Elsevier. 

 
Previously it had been reported that both saturated and unsaturated FAs at the 

sn-1 and sn-3 would be required for separation, but TG enantiomers in bovine 
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milk fat comprising of dipalmitoylglycerol backbone and a short- or medium 
chain saturated FA in sn-1/3 position (TG 16:0_16:0_X, where X = 4:0, 6:0, 8:0, 
10:0 or 12:0) have been separated using a CHIRALCEL OD-3R (150 × 4.6 mm, 
3 μm) column and a sample recycling system (Nagai et al., 2015). The 
CHIRALCEL OD-3R has the same cellulose tris-(3,5-dimethylphenylcarbamate) 
coated on silica gel as the CHIRALCEL OD-RH, with the only difference being 
particle size. Sufficient separation for all enantiomers of interest was achieved in 
five passes through the column. It was noted that the probable reason for the 
chiral separation was because of the CH-π interaction between the saturated FA 
acyl chain and the chiral stationary phase (Nagai et al., 2015). 

The enantiomeric composition of TGs consisting of C16 and C18 FAs in 
hazelnut oil and human plasma was analyzed with two Lux Cellulose-1 (250 × 
4.6 mm, 3 μm) columns connected in series. This was one of the first routine 
chiral analysis methods for TG enantiomers in natural samples. Most TGs eluted 
between 80-120 min, and while the ratios of certain enantiomers were quantified, 
there were several cases of coelution of regioisomers or enantiomers, preventing 
unambiguous determination of some isomer ratios (Lísa & Holčapek, 2013). 
Two Lux Cellulose-1 (250 × 4.6 mm, 3 μm) in series have also been used to 
determine enantiomers of TG 16:0_18:1_18:2, which is the most abundant 
molecular species in human milk (Chen et al., 2020). 

Two Astec Cyclobond I 2000 DMP (250 × 4.6 mm, 5 μm) columns in a series 
have been used by the same group for several studies analyzing different types 
of TGs of interest containing FAs such as polyunsaturated C18 FAs (Řezanka et 
al., 2016), C16 FAs (Řezanka et al., 2022; Řezanka & Sigler, 2014), allenic and 
acetylenic FAs (Palyzová & Řezanka, 2020b) and cyclofatty acids (Palyzová & 
Řezanka, 2020a). The chiral stationary phase of the column is 3,5-dimethyl-
phenylcarbamate modified β-cyclodextrin. The mobile phase used with the Astec 
Cyclobond columns in these studies was mostly hexane with a small fraction of 
isopropanol, usually around 1 % or less at any given time during the gradient. 
Isopropanol was found to be important for controlling retention time, resolution, 
and reproducibility (Řezanka & Sigler, 2014). Enantiomers containing a more 
highly unsaturated FA in sn-1 position was found to elute earlier (Řezanka et al., 
2016). As with most other chiral chromatography applications, retention times 
are long, and depending on the compounds of interest, acceptable separation can 
take anywhere from 70-90 min (Palyzová & Řezanka, 2020b, 2020a; Řezanka et 
al., 2022) up to several hours (Řezanka et al., 2016; Řezanka & Sigler, 2014). 

The performance of more recently developed CHIRALPAK ID, IE and IF 
columns was evaluated for TG enantiomer and regioisomer separation. 
CHIRALPAK IF-3 (250 × 4.6 mm, 3 µm) column showed notably improved 
selectivity for TG isomers compared with the older generation CHIRALPAK 
OD-RH columns, enabling acceptable resolution of various TG enantiomers and 
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regioisomers in just one pass without sample recycling, and significantly faster 
(Nagai et al., 2019). For example, TG 16:0_16:0_18:1 regioisomers and 
enantiomers were sufficiently separated in less than 30 min with the 
CHIRALPAK IF-3 column, whereas with the older CHIRALPAK OD-RH it 
took more than two hours and sample recycling to achieve similar resolution 
(Kalpio et al., 2015; Nagai, Mizobe, et al., 2011). Methods using chiral 
chromatography for separation of TG regioisomers are listed in Table 3. 

Overall, chiral chromatography can be a powerful, albeit often time-
consuming tool for separating sn-positional isomers of TGs. As MS 
methodologies cannot distinguish FAs dissociated from sn-1/3 positions, chiral 
chromatography is also one of the rare applications that can be used to analyze 
TG enantiomers. While sample recycling through multiple columns is sometimes 
employed with chiral chromatography, this prevents the use of MS for 
monitoring the separation between the columns, as the detector needs to be non-
destructive. UV detector is often employed for this purpose, while MS can be 
used at the end for regioisomer identification once desired separation is achieved. 

 



 

T
ab

le
 3

 A
na

ly
si

s m
et

ho
ds

 p
rim

ar
ily

 b
as

ed
 o

n 
se

pa
ra

tio
n 

of
 T

G
 re

gi
oi

so
m

er
s u

si
ng

 c
hi

ra
l p

ha
se

 c
hr

om
at

og
ra

ph
y 

R
ef

er
en

ce
 

C
ol

um
n 

M
ob

ile
 p

ha
se

 
Se

pa
ra

tio
n 

ca
te

go
ry

 
Sa

m
pl

e 
m

at
er

ia
l 

(Ř
ez

an
ka

 e
t a

l.,
 

20
22

) 
2 

× 
A

st
ec

 C
yc

lo
bo

nd
 I 

20
00

 D
M

P 
(2

50
 ×

 
4.

6 
m

m
, 5

 μ
m

) 
A

: H
ex

an
e,

 B
: H

ex
an

e/
IP

A
 (9

7:
3)

 
C

hi
ra

l p
ha

se
 

Y
ea

st
, a

lg
ae

, 
an

d 
fu

ng
i 

(K
al

pi
o 

et
 a

l.,
 

20
21

) 

R
P:

 A
sc

en
tis

 C
18

 (2
50

 ×
 4

.6
 m

m
, 5

 μ
m

) 
C

hi
ra

l: 
2 

× 
C

H
IR

A
LC

EL
 O

D
-R

H
 (1

50
 ×

 
4.

6 
m

m
, 5

 μ
m

) w
ith

 sa
m

pl
e 

re
cy

cl
in

g 

R
P:

 A
: A

C
N

, B
: A

ce
to

ne
 

C
hi

ra
l: 

M
eO

H
, i

so
cr

at
ic

 

R
ev

er
se

d 
ph

as
e 

C
18

 fo
r 

pr
ep

ar
at

iv
e 

TG
 se

pa
ra

tio
n 

an
d 

ch
ira

l p
ha

se
 fo

r 
en

an
tio

m
er

/re
gi

oi
so

m
er

 
se

pa
ra

tio
n 

B
er

ry
 se

ed
 o

il 

(P
al

yz
ov

á 
&

 
Ř

ez
an

ka
, 2

02
0a

) 
2 

× 
A

st
ec

 C
yc

lo
bo

nd
 I 

20
00

 D
M

P 
(2

50
 ×

 
4.

6 
m

m
, 5

 μ
m

) 
A

: H
ex

an
e,

 B
: H

ex
an

e/
IP

A
 (9

7:
3)

 
C

hi
ra

l p
ha

se
 

Pl
an

t s
ee

d 
oi

l 

(C
he

n 
et

 a
l.,

 
20

20
) 

R
P:

 Z
or

ba
x 

Ec
lip

se
 P

lu
s C

18
 (1

00
 ×

 2
.1

 
m

m
, 1

.8
 μ

m
). 

C
hi

ra
l: 

Lu
x 

C
el

lu
lo

se
-1

 (2
50

 ×
 4

.6
 m

m
, 3

 
μm

) 

R
P:

 A
: A

C
N

/M
eO

H
/H

2O
 (1

9:
19

:2
) w

ith
 1

0m
M

 
am

m
on

iu
m

 a
ce

ta
te

 a
nd

 0
.1

 %
 fo

rm
ic

 a
ci

d,
 B

: 
IP

A
 w

ith
 1

0m
M

 a
m

m
on

iu
m

 a
ce

ta
te

 a
nd

 0
.1

 %
 

fo
rm

ic
 a

ci
d 

C
hi

ra
l: 

A
: H

ex
an

e,
 B

: H
ex

an
e/

IP
A

 (9
9:

1)
 

R
ev

er
se

d 
ph

as
e 

C
18

 fo
r 

pr
ep

ar
at

iv
e 

TG
 se

pa
ra

tio
n 

an
d 

ch
ira

l p
ha

se
 fo

r 
en

an
tio

m
er

/re
gi

oi
so

m
er

 
se

pa
ra

tio
n 

H
um

an
 m

ilk
 

fa
t 

(P
al

yz
ov

á 
&

 
Ř

ez
an

ka
, 2

02
0b

) 
2 

× 
A

st
ec

 C
yc

lo
bo

nd
 I 

20
00

 D
M

P 
(2

50
 ×

 
4.

6 
m

m
, 5

 μ
m

) 
A

: H
ex

an
e,

 B
: H

ex
an

e/
IP

A
 (9

7:
3)

 
C

hi
ra

l p
ha

se
 

Pl
an

t s
ee

d 
oi

l 

(N
ag

ai
 e

t a
l.,

 
20

20
) 

C
H

IR
A

LP
A

K
 IF

-3
 (2

50
 ×

 2
.1

 m
m

, 3
 

μm
) 

A
ce

to
ni

tri
le

, i
so

cr
at

ic
 

C
hi

ra
l p

ha
se

 
Pa

lm
 o

il,
 la

rd
 

(N
ag

ai
 e

t a
l.,

 
20

19
) 

C
H

IR
A

LP
A

K
 IF

-3
 (2

50
 ×

 2
.1

 m
m

, 3
 

μm
) 

A
ce

to
ni

tri
le

, i
so

cr
at

ic
 

C
hi

ra
l p

ha
se

 
TG

 st
an

da
rd

s 

Review of the Literature 16



 

R
ef

er
en

ce
 

C
ol

um
n 

M
ob

ile
 p

ha
se

 
Se

pa
ra

tio
n 

ca
te

go
ry

 
Sa

m
pl

e 
m

at
er

ia
l 

(Ř
ez

an
ka

 e
t a

l.,
 

20
16

) 
2 

× 
A

st
ec

 C
yc

lo
bo

nd
 I 

20
00

 D
M

P 
(2

50
 ×

 
4.

6 
m

m
, 5

 μ
m

) 
A

: H
ex

an
e,

 B
: H

ex
an

e/
IP

A
 (9

9:
2)

 
C

hi
ra

l p
ha

se
 

A
lg

ae
 o

il 

(N
ag

ai
 e

t a
l.,

 
20

15
) 

R
P:

 S
un

ris
e 

C
28

 (2
50

 ×
 4

.6
 m

m
, 5

 μ
m

). 
C

hi
ra

l: 
C

H
IR

A
LC

EL
 O

D
-3

R
 (1

50
 ×

 4
.6

 
m

m
, 3

 μ
m

) w
ith

 sa
m

pl
e 

re
cy

cl
in

g 

R
P:

 A
: A

ce
to

ne
/A

ce
to

ni
tri

le
 (5

0:
50

), 
B

: 
A

ce
to

ne
 

C
hi

ra
l: 

M
eO

H
, i

so
cr

at
ic

 

R
ev

er
se

d 
ph

as
e 

C
28

 fo
r 

pr
ep

ar
at

iv
e 

TG
 se

pa
ra

tio
n 

an
d 

ch
ira

l p
ha

se
 fo

r 
en

an
tio

m
er

/re
gi

oi
so

m
er

 
se

pa
ra

tio
n 

M
ilk

 fa
t 

(K
al

pi
o 

et
 a

l.,
 

20
15

) 
2 

× 
C

H
IR

A
LC

EL
 O

D
-R

H
 (1

50
 ×

 4
.6

 
m

m
, 5

 μ
m

) w
ith

 sa
m

pl
e 

re
cy

cl
in

g 
M

eO
H

, i
so

cr
at

ic
 

C
hi

ra
l p

ha
se

 
TG

 st
an

da
rd

s 

(Ř
ez

an
ka

 &
 

Si
gl

er
, 2

01
4)

 
2 

× 
A

st
ec

 C
yc

lo
bo

nd
 I 

20
00

 D
M

P 
(2

50
 ×

 
4.

6 
m

m
, 5

 μ
m

) 
C

hi
ra

l: 
A

: H
ex

an
e,

 B
: H

ex
an

e/
IP

A
 (9

9:
2)

 
C

hi
ra

l p
ha

se
 

A
lg

ae
, y

ea
st 

(L
ís

a 
&

 
H

ol
ča

pe
k,

 2
01

3)
 

2 
× 

Lu
x 

C
el

lu
lo

se
-1

 (2
50

 ×
 4

.6
 m

m
, 3

 
μm

) 
A

: H
ex

an
e,

 B
: H

ex
an

e/
IP

A
 (9

9:
1)

 
C

hi
ra

l p
ha

se
 

H
az

el
nu

t o
il,

 
hu

m
an

 
pl

as
m

a 

(N
ag

ai
, M

iz
ob

e,
 

et
 a

l.,
 2

01
1)

 

R
P:

 In
er

ts
il 

O
D

S-
P 

(2
50

 ×
 4

.6
 m

m
, 5

 
μm

). 
C

hi
ra

l: 
C

H
IR

A
LC

EL
 O

D
-R

H
 (1

50
 ×

 4
.6

 
m

m
, 5

 μ
m

) w
ith

 sa
m

pl
e 

re
cy

cl
in

g 

R
P:

 A
C

N
/IP

A
/H

ex
an

e 
(3

:2
:1

), 
is

oc
ra

tic
 

C
hi

ra
l: 

M
eO

H
, i

so
cr

at
ic

 

R
ev

er
se

d 
ph

as
e 

C
18

 fo
r 

pr
ep

ar
at

iv
e 

TG
 se

pa
ra

tio
n 

an
d 

ch
ira

l p
ha

se
 fo

r 
en

an
tio

m
er

/re
gi

oi
so

m
er

 
se

pa
ra

tio
n 

TG
 st

an
da

rd
s 

 

Review of the Literature 17



Review of the Literature 

 

18 

2.1.4 Supercritical fluid chromatography 

In recent years, supercritical fluid chromatography (SFC) has seen an increase in 
usage in the field of lipidomics (Lísa & Holčapek, 2015; Takeda et al., 2018; 
Wolrab et al., 2020) and TG profiling (Tu et al., 2017; Zhang et al., 2019, 2021), 
including some regioisomeric separation methods (Lee et al., 2014; Masuda et 
al., 2021). SFC employs supercritical fluid, typically carbon dioxide, as part of 
the mobile phase. There are several reasons why carbon dioxide is the most 
widely used supercritical fluid in SFC, such as miscibility with most organic 
solvents used in the mobile phase and the critical values of pressure and 
temperature being easy to reach. Some additional benefits of carbon dioxide are 
affordability, non-flammability and limited toxicity (West, 2018). Six TG 
regioisomer pairs found in palm and canola oils have been successfully separated 
using YMC Carotenoid C30 (250 × 4.6 mm, 4 μm) column (Figure 5). 
 

 
Figure 5 MRM chromatogram of six regioisomeric TG pairs (a) TG 18:0_18:1 
sn-2_18:0, (b) TG 18:0_18:0 sn-2_18:1, (c) TG 18:0_18:1 sn-2_16:0, (d) TG 
18:0_16:0 sn-2_18:1, (e) TG 18:0_18:3 sn-2_16:0, (f) TG 18:0_16:0 sn-2_18:3, 
(g) TG 16:0_18:1 sn-2_16:0, (h) TG 16:0_16:0 sn-2_18:1, (i) TG 16:0_18:2 sn-
2_16:0, (j) TG 16:0_16:0 sn-2_18:2, (k) TG 16:0_18:3 sn-2_16:0, and (l) TG 
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16:0_16:0 sn-2_18:3 using YMC Carotenoid C30 (250 × 4.6 mm, 4 μm) column. 
Reprinted with permission from (Lee et al., 2014), copyright 2014 Elsevier. 

Two chiral phase columns CHIRALPAK IG-U (100 × 3 mm, 1.6 μm) and 
CHIRALPAK IG-U (150 × 3 mm, 1.6 μm) in series were used to separate both 
enantiomers and regioisomers of TG 16:0_18:1_18:1 for the first time using SFC 
(Masuda et al., 2021). Suitability of different organic solvent modifiers such as 
methanol, ethanol, isopropanol and acetonitrile was screened, and a mixture of 
90 % acetonitrile and 10 % methanol was selected. Near baseline separation of 
enantiomers TG 16:0/18:1/18:1 and TG 18:1/18:1/16:0 was achieved in 35 min. 
The regioisomer TG 18:1/16:0/18:1 was partially overlapping with TG 
18:1/18:1/16:0, but the resolution was sufficient for quantification purposes 
(Masuda et al., 2021). Recently, five reversed-phase columns in a series (four 
Kinetex C18 (150 × 4.6 mm, 2.6 μm) and one Accucore C18 (150 × 4.6 mm, 2.6 
μm)) were used for identification of TGs of a wide variety of vegetable fats and 
oils using SFC. While analysis of TG regioisomers was not the main objective 
of this study, several TG regioisomer pairs were resolved chromatographically 
(Gros et al., 2023). SFC for the separation of TG regioisomers remains relatively 
unused. Most existing applications primarily focus on high-throughput general 
lipidomics with MS identification. However, the rapid advancements and 
growing popularity of SFC instrumentation warrant a more in-depth exploration 
of its potential for separating TG regioisomers. 

2.1.5 Two-dimensional chromatography 

A two-dimensional chromatography system consists of two columns, typically 
with orthogonal selectivity. The peaks of interest separated in the first dimension 
can be further directed into the second dimension, which will separate the 
compounds that were co-eluting in the first dimension. Two-dimensional 
chromatography has been used for analysis of TG regioisomers, commonly 
comprising of a silver ion and a reversed phase column. There does not seem to 
be a clear preference on which technique to start with, as researchers are using 
silver ion followed by reversed phase chromatography (Arena et al., 2021; 
Mondello et al., 2005; Yang et al., 2012) and vice versa (Chen et al., 2019; Dugo 
et al., 2004; Holčapek et al., 2009).  

Depending on the complexity of the sample and the compounds of interest, 
sometimes it might be more practical to start with silver ion chromatography to 
get first dimension separation based on the number of double bonds, or 
sometimes starting with separation by ECN using reversed phase can be useful. 
Two-dimensional chromatography can be done either off-line or on-line. Off-
line two-dimensional chromatography means that the peaks of interest are 
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fractionated in the first column, collected, and then reinjected to the other column 
in a separate analysis.  

On-line two-dimensional chromatography uses a series of valves, tubing, and 
careful timing to direct the compounds from the first dimension to the second 
within the same analysis. For two-dimensional systems using silver ion and 
reversed phase chromatography for TG regioisomer separation, some are off-line 
(Chen et al., 2019; Dugo et al., 2004; Holčapek et al., 2009) and some on-line 
methods (Arena et al., 2021; Mondello et al., 2005; Yang et al., 2012). There are 
also several examples of using a reversed phase C18 column for preparative 
molecular species or regioisomer separation and fraction collection, followed by 
chiral phase chromatography for enantiomer separation (Chen et al., 2020; 
Kalpio et al., 2015, 2021; Nagai, Mizobe, et al., 2011). Methods using chiral 
chromatography for separation of TG regioisomers are listed in Table 4. 

While two-dimensional chromatography can offer enhanced separation of TG 
regioisomers compared to more conventional chromatographic applications, it 
also has some drawbacks. Off-line two-dimensional chromatography is 
cumbersome, requires precise timing for fraction collection, and is not well 
suited for high-throughput applications. On-line two-dimensional 
chromatography necessitates specialized instrumentation and generally demands 
more expertise compared to conventional chromatography, which can limit its 
widespread adoption. Furthermore, solvent compatibility between the two 
dimensions can pose some challenges. Great care should be used when selecting 
the solvent compositions and flow rates. As separation of TG regioisomers is 
rather delicate, excessive or too strong eluent from the first dimension may 
negatively impact peak shape in the second dimension, potentially decreasing 
the performance of the overall method. 
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2.1.6 Ion mobility 

Ion mobility as a separation technique for analysis of TGs has seen an increase 
in relevance over the recent years, allowing rapid separation of ions moving 
through inert gas buffer in an electric field. Separation with ion mobility is based 
on differences in the collisional cross section (CCS) of the analytes. Molecules 
with higher CCS values encounter higher resistance as they are moving through 
the gas phase. Different three-dimensional configurations of TG isomers result 
in slightly different CCS values, potentially enabling separation of the isomers. 
Current ion mobility applications capable of separating TG regioisomers are 
limited in numbers, but the potential exists. 

To our knowledge the first study to separate TG regioisomers with ion 
mobility employed differential mobility spectrometry (DMS) (Šala et al., 2016). 
This study also investigated several factors influencing the separation, such as 
adduct type, chemical modifier composition, chemical modifier flow rate, 
separation voltage and pressure of the compensation gas. No separation was 
observed for the [M+Na]+ or [M+NH4]+ adducts of regioisomers TG 18:0_18:1 
sn-2_18:1 and TG 18:1_18:0 sn-2_18:1 with the initial settings. [M+Ag]+ 
adducts, however, were possible to separate, and were selected for further 
optimization. Both chemical modifier composition and flow rate had significant 
effect on the ion mobility separation, and out of the tested methanol, ethanol, 
isopropanol, 1-propanol and 1-butanol, depending on whether resolution or 
sensitivity was prioritized, 1-Propanol was better for sensitivity while providing 
acceptable resolution, whereas 1-butanol provided better resolution at the cost of 
sensitivity. Higher separation voltages increased regioisomer resolution. While 
higher throttle gas pressure also resulted in better separation, it also significantly 
reduced sensitivity (Šala et al., 2016). In another study, DMS was used to test 
separation of various lipid isomer standards, including regioisomers TG 
16:0_18:1 sn-2_20:0 and TG 16:0_20:0 sn-2_18:1, achieving partial separation 
(Bowman et al., 2017). 

Recently, our group had the opportunity to test TG regioisomer separation of 
various standards with the Waters SELECT SERIES Cyclic ion mobility 
spectrometer (Unpublished results). The instrument has a unique feature of the 
possibility to recycle the ions in the circular path of the ion mobility system for 
improved separation. Regioisomer pairs TG 14:0_14:0 sn-2_18:1 / TG 
14:0_18:1 sn-2_14:0 and TG 16:0_16:0 sn-2_18:1 / TG 16:0_18:1 sn-2_16:0 
were nearly baseline separated, whereas pairs TG 18:1_18:2 sn-2_18:2 / TG 
18:2_18:1 sn-2_18:2 and TG 18:1_18:1 sn-2_18:3 / TG 18:1_18:3 sn-2_18:1 
were partially separated. Analyses were performed with direct infusion. 
Optimization of parameters was not attempted in these tests, and only [M+NH4]+ 
adducts were investigated (Unpublished results). An earlier study (Šala et al., 
2016) suggests that further improvements to TG regioisomer separation could 
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have been possible after thorough method optimization. So far ion mobility 
techniques for separating TG regioisomers have only been demonstrated on a 
quite narrow range of regioisomer standards. Compared to direct separation of 
TG regioisomers, there is likely a greater potential for ion mobility to be coupled 
with liquid chromatography for further separation of co-eluting isobaric TG 
molecular species before MS-based identification. 

2.2 Identification of TG regioisomers by MS 
methodologies 

As opposed to other methods purely relying on separation TG isomers, MS 
methodologies typically utilize the differential fragmentation of FAs from sn-1/3 
or sn-2 positions to determine the regioisomer ratios. The MS methodologies still 
often use chromatographic separation TGs to reduce the number of co-eluting 
TG species that might convolute the MSn identification due to isobaric fragments 
from different molecular species. Some applications use direct inlet techniques 
without separation. Electrospray ionization (ESI) in positive polarity mode with 
collision-induced dissociation (CID) is currently the most commonly used MS2 
technique for analysis of TG regioisomers.  

Atmospheric pressure chemical ionization (APCI) or chemical ionization (CI) 
are also used in some methods. Most methods rely on one fragmentation step, 
but depending on instrument capabilities, several studies also utilize sequential 
fragmentation, commonly MS3. Because APCI produces abundant structurally 
informative in-source fragments, it has been used for TG regioisomer analysis 
without a dedicated fragmentation step. Analysis of TG regioisomer ratios using 
MSn methodologies typically rely on calibration curves created with regiopure 
reference standards. Different TG species produce fragment ions at different 
abundance ratios depending on their FA composition, and if these differences are 
not accounted for, the results may be inaccurate. 

2.2.1 Collision-induced dissociation 

2.2.1.1 Mechanistic studies on fragmentation of TG regioisomers 

Different TG adducts may have distinct fragmentation patterns, some of them 
being better suited for TG regioisomer analysis than others. For example, using 
ESI–CID–MSn, different methods have used [M+NH4]+, [M+Li]+, [M+Na]+, 
[M+Ag]+ or [M+Ag+AgNO3]+ ions to produce structurally informative fragment 
ions. Examples of typical CID fragment spectra of two TG regioisomer pairs is 
displayed in Figure 6, showing the structurally relevant DG fragment ions and 
their relative differences in abundance ratios that can be used to establish 
calibration curves for regioisomer analysis. 
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Figure 6 Fragment ion spectra of two TG regioisomer pairs: TG 18:1_16:0 sn-
2_18:1 (A), TG 16:0_18:1 sn-2_18:1 (B), TG 18:1_18:0 sn-2_18:1 (C) and TG 
18:0_18:1 sn-2_18:1 (D). Reprinted with permission from (Liu & Rochfort, 
2021), copyright 2021 MDPI. 
  
Ammoniated [M+NH4]+ precursor ions is the most commonly used adduct type 
for TG regioisomer analysis, and there are several studies that have investigated 
the CID fragmentation patterns of [M+NH4]+ ions. A series of three studies 
focused on oleic acid (X. Li & Evans, 2005), palmitic acid (X. Li et al., 2006) 
and linoleic or arachidonic acid (Gakwaya et al., 2007) containing TGs. The first 
study, consisting of the series with TG 18:1/X/18:1 and TG X/18:1/X (X = 
saturated or monounsaturated FAs with varying chain lengths), discovered that 
there were linear correlations between the fractional intensities of the various DG 
fragments and the chain length of the X FA (X. Li & Evans, 2005), indicating 
that fragmentation efficiencies of various TG molecular species could be 
predicted based on the FA composition of the TG. In the second part of the study, 
a series of TG 16:0/X/16:0 and TG X/16:0/X produced similar results in terms 
of the chain length affecting the fractional abundance of DG-like fragments 
[M+NH4−RCO2H−NH3]+ with saturated or monounsaturated FAs 
accompanying the palmitic acid (X. Li et al., 2006). However, with the more 
unsaturated linoleate (TG 18:2/X/18:2 and TG X/18:2/X) and the arachidonate 
series (TG 20:4/X/20:4 and TG X/20:4/X) the effects of the chain length were 
less clear (Gakwaya et al., 2007). Predicting fragmentation patterns of TGs is 
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useful, because the amount of naturally occurring TGs is vast, and the number of 
commercially available regiopure TG standards is relatively low.  

The fragmentation efficiencies of [M+NH4]+ adducts of various TGs were also 
studied after a synthesis of a wide range of regioisomer reference standards.  
Presence of multiple unsaturated FAs decreased the slopes of the calibration lines 
closer to zero, especially for TGs containing two arachidonic or docosahexaenoic 
acids, meaning that the fragmentation is less regiospecific. This caused 
uncertainties in determining the regioisomer ratios, as the fractional abundances 
of the structurally informative DG fragments are relatively similar with both 
regioisomers (Judge et al., 2017). Negative linear correlations have been 
observed between the number of double bonds in the sn-2 FA and the slope of 
the calibration curve (Figure 7) (Tarvainen et al., 2019). The correlation was 
much stronger when TGs were grouped into four groups having the same primary 
position FAs within groups. Negative linear correlation was also discovered 
between the ACN + 2 × DB and the intercept of the calibration curve. Combining 
these two observations it could be possible to create a fragmentation model 
(Tarvainen et al., 2019). A mechanistic study on the TG fragmentation pathways 
concluded that the loss of sn-1/3 FAs have lower activation energies than sn-2 
FA. The loss of sn-2 FA is, however, entropically more favorable, and is highly 
influenced by the FA in that position (Renaud et al., 2013).  

The double bond positions in the FAs also seem to play a role in the 
fragmentation process. Double bonds positioned close to the carbonyl carbon 
along the fatty acid chain promote the formation of the DG fragment ion 
corresponding to the loss of the fatty acid. For example, synthetic standards TG 
16:0_18:1(9Z) sn-2_16:0 and TG 16:0_18:1(6Z) sn-2_16:0 have distinctly 
different fragmentation patterns (X. Li et al., 2006). This creates some additional 
challenges as natural mixtures might contain various FA double bond isomers in 
the same TG molecular species. Most current analysis methods utilizing CID and 
fragments of ammoniated [M+NH4]+ adducts cannot distinguish FA double bond 
isomers as they have the same m/z ratio. 
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Figure 7 Negative linear correlation between the DB in the sn-2 FA and the slope 
of the calibration curve (a). Negative linear correlation between the ACN + 2 × 
DB and the intercept of the calibration curve (b). Negative linear correlations 
between the DB at the sn-2 FA and the slope of the calibration curve when the 
TGs are grouped in four groups having the same primary position FAs within 
groups (c). Reprinted with permission from (Tarvainen et al., 2019), copyright 
2019 American Chemical Society. 
 

In addition to FA composition of the TG molecules, the influence of different 
TG adduct ion types on the fragmentation efficiencies has been studied. 
Positional sensitivity of CID fragments from [M+NH4]+, [M+Li]+, [M+Na]+ and 
[M+Ag]+ adduct ions was investigated in a series of two studies (Gazlay & Evans, 
2022; Makarov et al., 2018). An important observation was that despite 
[M+NH4]+ adducts being the most frequently used in many methods and the most 
thoroughly studied, they might not be the most suitable ones for analysis of TG 
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regioisomers. Fragmentation behaviors, including the relative abundances of the 
DG-like fragment ions from both [M+NH4]+ [M+Ag]+  precursor ion adduct 
types were less consistent compared with fragments of [M+Na]+ and [M+Li]+ 
adducts (Figure 8). With [M+NH4]+ ions, some of the calibration plots had 
significantly higher slopes and different intercepts (Makarov et al., 2018), and as 
also observed in an earlier study (Gakwaya et al., 2007), the TG standards 
containing two arachidonic acids produced calibration plots with nearly flat slope 
due to low positional sensitivity of the fragmentation. The [M+Ag]+ adduct series 
was even more erratic and random compared to the [M+NH4]+  series, suggesting 
that attempt to create a model for the fragmentation pattern would not be viable 
(Makarov et al., 2018). However, the calibration plots for [M+Li]+ and especially 
[M+Na]+ adducts were significantly more uniform with similar slopes and 
intercepts reasonably closely clustered together (Figure 8c-d). Another earlier 
study investigating the same four adduct types came to the same conclusion that 
[M+Na]+ adducts are the most suitable for TG regioisomer analysis  as they 
produced the most consistent level of positional sensitivity for the fragmentation 
(Ramaley et al., 2015). 

 

 
Figure 8 Calibration plots of relative abundances of DG-like fragment ions for 
twelve TG regioisomer pairs using ammonium ion (a), silver ion (b), sodium ion 
(c) or lithium ion (d) as the complexing reagent. Reprinted with permission from 
(Makarov et al., 2018), copyright 2018 John Wiley and Sons. 

 
However, according to some previous literature, fragments of [M+Na]+ 

adducts provided limited structural information (Segall et al., 2005). This might 
have been caused by differences in instrumentation or collision gas used, 
suggesting that testing different ion complexing agents could be worth trying 
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when developing a TG regioisomer analysis method for a specific laboratory 
system. While [M+Li]+ adducts also produce consistent calibration plots, the 
lithium salts used in the mobile phase are known to sometimes cause 
precipitation of lithium salt crystals in the instrumentation (Kallio et al., 2017). 
Methods studying the mechanisms of TG fragmentation patterns with reference 
standards are listed in Table 5. 
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2.2.1.2 Analysis of TG regioisomers using CID 

Composition of human milk TGs, including tentative identifications of numerous 
regioisomers, has been analyzed using a non-targeted lipidomics method 
(George et al., 2020). While the study was able to reveal detailed TG composition 
and many molecular species not previously reported in human milk, the TG 
regioisomer identifications were simply based on identifying the least abundant 
DG fragment, as that is most likely the one that has lost its sn-2 FA. As the ratios 
of DG fragments represent mixtures of TGs instead of a single isomer, the 
identifications were only given for the highest abundance regioisomer, and no 
attempt was made at determining the regioisomer ratios (George et al., 2020). 
Similarly, in certain studies, sometimes only one regioisomer is identified based 
on the relative abundances of the fragment ions, and the fact that natural TGs are 
commonly mixtures of regioisomers is omitted (Nguyen et al., 2018; Tu et al., 
2017).  

While CID strongly favors dissociation of FAs from sn-1/3 positions, only 
examining the least abundant DG fragment, which presumably has lost sn-2 FA, 
will at best provide information on the most abundant TG regioisomer, but 
should not be used as the basis for excluding the presence of other isomers as 
seen in some previously published literature. Establishing calibration curves with 
regiopure reference standards for the TG regioisomers of interest is common 
using the fractional abundances of the DG fragment ions (Leskinen, Suomela, 
Yang, et al., 2010; Liu & Rochfort, 2021; Malone & Evans, 2004). Calibration 
curves for ABC type TGs (Figure 9) were reported for the first time in addition 
to numerous AAB/ABA type TGs (Tarvainen et al., 2019). The effects of 
chromatographically overlapping isobaric fragments should be considered, as the 
abundance ratios of structurally informative fragments can be distorted by 
fragments of other coeluting TGs. Either acceptable chromatographic resolution 
between the isobaric TG molecular species (Liu & Rochfort, 2021) must be 
achieved, or an alternative method, such as algorithmic interpretation of the 
spectra (Kurvinen et al., 2001; Sazzad et al., 2022), should be employed to 
mitigate the interference of the overlapping fragments is needed. In reality, 
algorithmic interpretation is necessary for non-targeted isomeric analysis of 
natural lipids, since complete separation of isobaric TG molecular species is 
practically not yet achievable with current methodologies. Recently, our 
laboratory developed an algorithmic optimization tool called TAG Analyzer, 
which utilizes a fragmentation model derived from an extensive set of standard 
curves. This innovative tool has demonstrated its effectiveness in determining 
the detailed regioisomer profile of highly complex natural fats and oils, including 
human milk (Sazzad et al., 2022). 

Regioisomers of TGs containing vaccenic acid (FA 18:1(11Z)) and oleic acid 
(FA 18:1(9Z))  have been analyzed (ESI(+)-CID-MS2, [M+NH4]+) in sea 
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buckthorn (Hippophaë rhamnoides L.), and the calibration curves for 
regioisomers of molecular species TG 16:1(9Z)_16:1(9Z)_FA 18:1(11Z) and TG 
16:1(9Z)_16:1(9Z)_FA 18:1(9Z) were similar (Leskinen, Suomela, Yang, et al., 
2010). However, minor differences were observed due to preferential loss of FA 
18:1(9Z) acid compared to FA 18:1(11Z). As the MS technique used in this study 
was not able to distinguish the FA isomers with different double bond locations 
from overlapping peaks, chromatographic resolution of the two molecular 
species was vital (Leskinen, Suomela, Yang, et al., 2010). 

 
 

 
Figure 9 Three dimensional scatter plot of the product ion ratios of 
OSP/SOP/OPS TG mixtures at 13 different molar ratios (ratios are shown on the 
projection) (a), and negative linear correlations of product ion ratios and the 
amount of FA in the sn-2 position in OSP/SOP/OPS (b), LOLa/OLLa/LLaO (c), 
OPLa/POLa/OLaP (d), LOP/OLP/OPL (e), and OAP/AOP/OPA (f). Data series 
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marked with asterisk (*) are constructed of 100% sn-2 regioisomers. Reprinted 
with permission from (Tarvainen et al., 2019), copyright 2019 American 
Chemical Society. 

 
In their work of analyzing a wide range of TG regioisomer standards, the 

composition of olive oil was analyzed (ESI(+)-CID-MS2, [M+NH4]+) using the 
established calibration curves (Tarvainen et al., 2019). Olive oil being a 
relatively simple mixture of TGs, there were only few chromatographically 
overlapping isobaric TG molecular species with interfering fragment ions, most 
notably TG 18:1_18:1_18:3 and TG 18:1_18:2_18:2. The solution was to select 
the spectra from the leading edge of the partially resolved first peak and the 
tailing edge of the second peak to avoid isobaric interference of the fragment ion 
abundance ratios. This is not ideal solution, and the edge does not represent the 
entire peak, as there is usually at least some chromatographic separation of the 
TG regioisomers in addition to the molecular species. Regioisomers of molecular 
species TG 16:0_18:0_18:1, TG 18:0_18:0_18:1 and TG 18:0_18:1_18:1 were 
analyzed (ESI(+)-CID-MS2, [M+NH4]+) from various sources, including 
vegetable oils and meat. Calibration curves were established with reference 
standards, and the authors also noted that analysis of 18:0_18:0_18:1 was not 
possible from the selected vegetable oils due to interfering DG fragments from 
other TG molecular species with the same molecular weight (Malone & Evans, 
2004). 

A reversed phase C30 column (Acclaim C30 (250 × 3 mm, 3 μm)) has been 
used to mitigate the effects of overlapping isobaric molecular species to analyze 
(HESI(+)-CID-MS2, [M+NH4]+) specific TG regioisomers in bovine milk  (Liu 
& Rochfort, 2021). In addition to separating TG 18:0_18:1_18:1 and 
18:0_18:0_18:2, also double bond isomers of TG 18:0_18:1_18:1 were 
identified. While the major molecular species were separated, also other minor 
interfering TGs were observed. However, their contribution to the abundances 
were deemed minimal, and calibration curves could be used for quantifying the 
regioisomers of the major molecular species (Liu & Rochfort, 2021). 

Sequential fragmentation with an ion trap instrument (ESI(+)-CID-MS3, 
[M+Li]+) has been applied for analysis of TG regioisomers in olive oil utilizing 
lithiated adducts. The DG-like fragment ions [M+Li–RCOOH]+ from the first 
CID step were further fragmented, and calibration curves were established using 
the resulting α,β-unsaturated FA fragments. The calibration curves were not 
linear, and it was suspected that this was mainly caused by the sequential two 
fragmentation steps instead of just one (Lin & Arcinas, 2008). Non-linear 
calibration plots were also observed in another study using two-step 
fragmentation of lithiated TG adducts (ESI(+)-CID-MS3, [M+Li]+) (Ramaley et 
al., 2013), suggesting that the non-linearity of the TG calibration curves could 
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be intrinsic, only being accentuated by the MS3 fragmentation. Most MS2 
calibration plots in the literature are using linear fitting, but this might not be 
ideal as the non-linearity, especially when using MS3, could be affected by acyl 
chain lengths and numbers of double bonds in the attached FAs (Ramaley et al., 
2013). For example, when analyzing TG regioisomers in fish oils (ESI(+)-CID-
MS3, [M+Li]+), the calibration plot for TG 16:0_16:0_22:6 and TG 
16:0_16:0_20:5 were non-linear (Cubero Herrera et al., 2013), suggesting that 
linearity or non-linearity should be experimentally verified by assessing different 
fittings to the calibration data. Later, the applicability of MS3 without 
chromatographic separation for analysis (ESI(+)-CID-MS3, [M+Li]+) of 
complex TG mixtures such as fish oil was investigated (Ramaley et al., 2015). 
In MS3, the peaks arising from the loss of a lactone were used for the calculations. 
As there is no chromatographic separation, the influence of 13C isotopes needed 
to be considered. For example, the M+2 isotope of TG 16:1_18:0_18:1 has the 
same m/z as TG 16:0_18:0_18:1, as the difference of one double bond in the 
molecular species results in the difference of 2 Da. Using MS3 removed the 
interference of isomeric TGs with one FA in common with the target analyte. In 
cases where the interfering isotopes had two FAs in common with the target 
analyte, corrections of the isotope clusters were more complicated, though 
possible (Ramaley et al., 2015). 

Major TG regioisomers in Mycobacterium smegmatis biofilm were assessed 
(ESI(+)-CID-MS3, [M+Li]+) by the notion that the fragment ions arising from 
the loss of sn-2 FA are less abundant than those of arising from loss of sn-1/3 
FAs. No attempt was made at determining the regioisomer ratios, and only the 
most abundant were reported (Purdy et al., 2013).  Trihydroxy-FA containing 
TG regioisomers in castor oil have been characterized (ESI(+)-CID-MS3, 
[M+Li]+). Despite the additional hydroxyl groups attached to the acyl chains of 
the FAs, the regioisomer ratios could be determined in a similar manner as with 
TGs containing only regular FAs (Lin & Chen, 2010). A kinetic method utilizing 
lithium as a transition metal ion to form complex ions involving both an analyte 
TG and a reference TG has been used to analyze (ESI(+)-CID-MS3, 
[M+Li+Mref]+) soya oil. The method utilizes competitive dissociation between 
the reference and the analyte TG. The ratio of the competitive fragmentation 
efficiencies, defined by the product ion branching ratio was related to the 
regioisomer composition of the investigated TGs. Linear correlation was 
discovered between composition of the mixture of each TG regioisomer and the 
logarithm of the branching ratio for competitive dissociation (Leveque et al., 
2012). 

While ESI is currently the dominant ionization technique for analysis of TG 
regioisomers, also APCI has seen some use together with CID for analysis of TG 
regioisomers. Selected regioisomers in human milk were analyzed on negative 



Review of the Literature 

 

35 

polarity with ammonia as the nebulizer gas to form deprotonated molecular ions 
(APCI(–)-CID-MS2, [M–H]–). Calculations of regioisomer ratios were based on 
the relative abundances of [M–H–100–FA]– fragment ions (Linderborg et al., 
2014). The method was first adapted from an old direct inlet negative ion 
chemical ionization method (CI(–)-CID-MS2, [M–H]–) (Kallio & Currie, 1993) 
to an LC-MS system (APCI(–)-CID-MS2, [M–H]–) (Leskinen, Suomela, & 
Kallio, 2010). TGs containing polyunsaturated FAs in tuna oil and algae oil have 
been analyzed (APCI(+)-CID-MS2, [M+H]+) and the major TG regioisomer 
within each co-eluting molecular species was reported (Baiocchi et al., 2015). 
MS methodologies used for TG regioisomer analysis are listed in Table 6.
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2.2.2 In-source fragmentation 

Some ionization techniques such as APCI produce abundant in-source 
fragmentation of TG molecular ions. This feature can be utilized for structural 
analysis of TGs without a dedicated fragmentation step. However, due to the lack 
of precursor-fragment ion relationship offered by tandem mass spectrometry, in-
source fragmentation is only suitable for simple TG mixtures or using 
chromatographic separation of the molecular species with overlapping DG 
fragments. A comparison of different mass spectrometers (APCI(+)-MS, 
[M+H]+) for investigating TG fragmentation behavior with APCI was performed 
with a total of 84 synthesized TG standards. The main conclusion was that while 
there were minor differences between the instruments, the number of double 
bonds and their position in the acyl chain had significantly larger influence on 
the DG fragment ion ratios (Holčapek et al., 2010) The results were grouped 
according to the degree of saturation (saturated, monounsaturated, diunsaturated 
and triunsaturated) of the individual FAs on the TGs, and good correlation was 
observed in the fragment ion ratios within the groups. The authors suggest that 
the data of TGs with specific unsaturation patterns could be generalized for other 
TGs with similar unsaturation pattern  (Holčapek et al., 2010). 

FA 20:4 and FA 20:5 containing TG regioisomer ratios, consisting of 
molecular species TG 16:0_16:0_20:4, TG 16:0_16:0_20:5, TG 16:0_20:4_20:4 
and TG 16:0_20:5_20:5, in Trachydiscus minutus algal oil were estimated 
(APCI(+)-MS, [M+H]+) after acceptable chromatographic separation (Řezanka 
et al., 2011). Some molecular species were only partially separated, but the 
resolution was good enough to evaluate the regioisomers based on the DG 
fragment abundances. No calibration curves were used, and the estimations 
relied on previous observations (Holčapek et al., 2010) of fragmentation 
behavior of various TG standards. A significant difference in DG fragment ion 
ratios with in-source fragmentation (APCI(+)-MS, [M+H]+) and CID (APCI(+)-
CID-MS2, [M+H]+) has been observed for TGs containing one shorter and less 
unsaturated FA together with two long chain polyunsaturated FAs (Baiocchi et 
al., 2015). However, the fragment abundance ratios were consistent for TGs 
containing FAs with similar chain lengths and numbers of double bonds, 
emphasizing the need for reference standards for TGs of interest when 
determining the regioisomer ratios, as the sn-2 FA cleavage might not always 
result in DG fragment of the lowest abundance (Baiocchi et al., 2015). Selected 
TG regioisomers from cocoa butter, palm oil and certain animal fats have been 
analyzed (APCI(+)-MS, [M+H]+), but several regioisomer ratios, especially in 
the animal fats, could not be evaluated due to lack of reference standards or 
chromatographically overlapping TGs with common structurally informative 
fragment ions (Fauconnot et al., 2004). In addition to APCI, in-source 
fragmentation with atmospheric pressure photoionization (APPI) has been 
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utilized for structural analysis of TGs. While the study was focusing on the TG 
molecular species composition, determining regioisomer ratios would follow 
similar principles as with APCI in-source fragmentation, and the fragment ions 
resulting from loss of sn-2 FA were less abundant than those from loss of sn-1/3 
FA (Abreu et al., 2021). 

2.2.3 Electron impact excitation of ions from organics 

Electron impact excitation of ions from organics (EIEIO) is a relatively unused 
technique for structural analysis of TGs, but in recent years it has shown potential 
for very in-depth characterization of TG isomers. Unlike CID, which cleaves off 
the acyl chains, EIEIO breaks the glycerol backbone (Baba et al., 2016), resulting 
in unique structurally informative fragment ions after loss of two FAs. Cleavage 
of the glycerol backbone produces two doublet ions (sn-1 and sn-3), both spaced 
2 Da apart, and one singlet ion (sn-2) as indicated in Figure 10a-c. Especially 
useful for identifying TG regioisomers is the formation of sn-2 singlets, which 
are unique to the FAs attached to sn-2 position. The remaining sn-1/3 FAs can 
be identified from the two doublet ions, but their sn-positions are 
indistinguishable. Even though CID heavily favors cleavage of FAs from sn-1/3 
positions, it always produces some fragments resulting from sn-2 FA cleavage, 
which also is influenced by the nature of the FA. However, the uniqueness of the 
sn-2 singlet from EIEIO fragmentation implies that calibration standards for 
determining TG regioisomer ratios are of less importance. An example of 
quantifying regioisomer ratios is shown in Figure 10d, consisting of two sn-2 
singlets, identified as FA 18:1 and FA 18:2. Additionally, two sn-1/3 doublets 
are observed, identified as FA 18:1 and FA 18:2. Based on this information, the 
regioisomers are identified as TG 18:2_18:1 sn-2_18:1 and TG 18:1_18:2 sn-
2_18:1, and the regioisomer ratios calculated with the fragment abundances are 
58 and 42 %, respectively (Baba et al., 2016). The method (ESI(+)-EIEIO-MS2, 
[M+Na]+) was later expanded and used for profiling TG regioisomers in addition 
to several other lipid classes in porcine brain (Baba et al., 2018). The acquisition 
time for each EIEIO spectrum was 1 min. Direct infusion in conjunction with 
DMS ion mobility separation was utilized. As multiple lipid classes might 
contain several isobaric species, the DMS separation was used for selecting the 
class-specific molecular species. Conventional chromatographic separation 
would not be viable with such spectra acquisition times (Baba et al., 2018). 
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Figure 10 EIEIO cleavage sites of the diagnostic peaks shown in sn-1 doublet 
(blue) (a), sn-2 singlet (red) (b) and sn-3 doublet (green) (c). EIEIO spectrum of 
m/z 905 precursor ions in olive oil showing an example of deconvolution of TG 
regioisomers (d). Reprinted with permission from (Baba et al., 2016), copyright 
2016 American Society for Biochemistry and Molecular Biology. 
 

2.2.4 Ozone-induced dissociation 

Sequential fragmentation with CID followed by ozone-induced dissociation 
(OzID) has been used for analysis (HESI(+)-OzID-CID-MS3, [M+Na]+) of TG 
regioisomers in Drosophila flies (Marshall et al., 2016). The used linear ion trap 
instrument had been modified to seed ozone into the helium buffer gas of the ion 
trap. After CID of the sodiated [M+Na]+ adducts, the resulting DG fragments of 
interest are trapped in the presence of ozone in the ion trap section, resulting in 
further fragmentation with higher regioselectivity. While the resulting fragment 
ion ratios are still influenced by the FAs, the method offers an interesting 
alternate approach for TG regioisomer analysis (Marshall et al., 2016). 

2.2.5 Algorithmic interpretation of MSn fragment data 

As the fragmentation data of TG regioisomers in natural samples can be complex, 
and the manual interpretation time consuming and often extremely challenging, 
several tools have been developed to address this problem. One of the main 
challenges in the analysis of TG regioisomers in natural samples is the 
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overlapping structurally informative fragment ions from multiple isobaric TG 
species. Using calibration curves alone might not be enough, as the fragment ion 
ratios are distorted by interfering fragments from other TGs. 

One of the first tools developed to tackle this issue was MSPECTRA 
(Kurvinen et al., 2001), which utilizes data obtained with a direct inlet shotgun 
method (CI(–)-CID-MS2, [M–H]–). The software first establishes the TG 
molecular species composition with the observed FA fragment ion [RCOO]– 

ratios. These fragments are not regiospecific, but instead they represent the total 
FA distribution over the fragmented TG species. By performing an optimization 
algorithm, the software uses the [RCOO]– ion intensities to find combinations of 
TGs, which result in the least amount of shortage or leftover [RCOO]– ions. The 
TG regioisomer ratios are then calculated with a similar optimization algorithm 
utilizing the regioselective [M–H–100–RCOOH]– fragments. One of the 
limitations of the software is that it effectively uses only one calibration curve 
for every TG (Kurvinen et al., 2001). The effect of using only one calibration 
curve was later demonstrated with a wide range of TG regioisomer standards. 
The calculated results for mixtures of reference standards were mostly accurate, 
however, there was an undeniable influence on the results caused by an 
increasing degree of unsaturation in the attached FAs (Fabritius et al., 2020). 
Considering this, while the accuracy of the calculations could be improved by 
implementing additional calibration curves, the MSPECTRA software is still a 
very efficient tool for evaluating relative differences in the TG regioisomer 
composition among different samples (Fabritius et al., 2020; Kalpio et al., 2021; 
Kurvinen et al., 2002; Linderborg et al., 2014). 

A similar calculation software (TAG analyzer) has been developed recently 
(Sazzad et al., 2022). In addition to the optimization algorithm, the software has 
a built-in fragmentation model established with TG reference standards. The 
model takes into account differences in the fragmentation efficiencies of 
different TG species, including the acyl chain length and the number of double 
bonds in the sn-2 FA as was observed (ESI(+)-CID-MS2, [M+NH4]+) in an earlier 
study (Tarvainen et al., 2019). The optimization algorithm looks at the fragment 
spectra and uses the fragmentation model to create a synthetic spectrum to match 
the observed one as closely as possible (Figure 11). The TG regioisomer 
abundances used to create the best matching synthetic spectra are then reported. 
The software can accurately identify the most abundant regioisomers within each 
isobaric TG species, but the accuracy decreases as the relative abundance of the 
TG molecular species decreases. When the algorithm optimizes the regioisomer 
abundances, the changes are accentuated in the low abundance TGs, likely 
resulting in proportionally larger errors (Sazzad et al., 2022). Similar behavior 
was observed with the MSPECTRA software, where the low abundance TGs 
within the species produced the highest relative deviations (Fabritius et al., 2020). 
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Figure 11 The synthetic DG spectrum of an ACN:DB 42:1 species overlaid on 
top of the measured fragment ion spectrum. Reprinted with permission from 
(Sazzad et al., 2022), copyright 2022 Elsevier. 

 
An algorithm for analyzing palmitic acid containing TG regioisomers has 

been developed by constructing calibration curves with reference standards 
(ESI(+)-CID-MS2, [M+NH4]+), and subsequently extrapolating fragmentation 
efficiencies for other TGs. As observed by other authors, the fragmentation was 
influenced by the double bond number and acyl chain length. Accuracy of the 
calculation model was demonstrated by comparing the results to manual 
calculations with the calibration curves. The results for ABC type TGs were 
more in line with the two calculation methods, with a maximum difference of 
11 %, whereas with the AAB type TGs the differences were somewhat higher 
with a maximum of 27 %. As only palmitic acid containing TGs were analyzed, 
more reference standards are needed to expand the method further for a wider 
range of TGs (Zhang et al., 2022). 

Modeling TG fragmentation patterns has been done using other published 
studies, including data obtained with various different MS instruments using 
both ESI-CID-MS2 and APCI-MS (Balgoma et al., 2019). Fragmentation 
abundances were instrument and adduct specific. Common trends for 
fragmentation in each dataset were modeled, and the established model was 
applied to quantify TG regioisomers using their own instrument (ESI(+)-CID-
MS2, [M+NH4]+). The results were mostly in agreement with previous studies, 
including several TGs that were not used in creation of the calculation model. 
However, the regioisomer ratios of TGs containing two or more highly 
unsaturated FAs such as FA 20:4, FA 20:5 or FA 22:6 were more difficult to 
predict (Balgoma et al., 2019). TG regioisomer analysis methods based on 
algorithmic interpretation of MSn fragment data are listed in Table 7. 
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2.3 Separation of PL sn-positional isomers 

2.3.1 Chromatographic separation 

In contrast to TGs, the chromatographic separation of PL sn-positional isomers 
remains largely unexplored, and only a handful of examples exist in the literature. 
Regioisomers of selected PC molecular species, such as PC 16:0_18:2, PC 
16:0_20:4 and PC 16:0_22:6, were separated with Acquity C18 BEH (150 × 1 
mm, 1.7 μm) reversed phase column (Nakanishi et al., 2010). The regioisomer 
standards were analyzed as such, and after oxidation as PC hydroxides. The 
regioisomers of PC 16:0_20:4 and PC 16:0_22:6 were separated in less than 30 
min, allowing quantification of regioisomer ratios. PC 16:0_18:2 regioisomers 
were not separated in the non-oxidized form. Oxidation enhanced the separation, 
resulting in adequate resolution of PC 16:0_18:2 regioisomers during a 10 min 
gradient. The relative peak areas of non-oxidized PC regioisomers were 
approximately the same as the oxidized compounds, suggesting that the ratio of 
regioisomers is not influenced by oxidation. Therefore, oxidation could be used 
as a tool to improve chromatographic resolution of PC regioisomers that would 
not be properly separated in their conventional forms (Nakanishi et al., 2010). 
Similarly, PC 16:0_20:4 and PC 16:0_22:6 regioisomers were successfully 
separated using the same Acquity C18 BEH (150 × 1 mm, 1.7 μm) column, but 
almost no separation was observed for PC 16:0_18:1 regioisomers (Kozlowski 
et al., 2015b). The regioisomer with a more highly unsaturated FA in the sn-1 
position always eluted earlier with the tested PC reference standards. As the 
degree of unsaturation and the relative differences in the FA acyl chains is 
reduced, the separation becomes more challenging (Kozlowski et al., 2015b; 
Nakanishi et al., 2010). Capillary columns packed with C18 BEH particles have 
been used for lipid separations, including some PC regioisomers. Larger 
differences in the FA chain lengths, such as molecular species PC 2:0_16:0, 
resulted in baseline separation of the two isomers, while regioisomers of PC 
14:0_18:0 were only partially separated (Sorensen et al., 2020).  

The examples of PL enantiomer (phosphate group in sn-1 or sn-3 position) 
separation are very limited. It is generally accepted that the phosphate head group 
in natural PLs is almost exclusively in sn-3 position. However, the experimental 
evidence supporting this assumption is lacking. Partial separation of racemic 
dipalmitoyl phosphatidylcholine (palmitic acids in sn-1/2 or sn-2/3 positions and 
phosphate group in sn-1 or sn-3 position) was achieved using a Chiralpak ID 
column (Itabashi, 2012). Later, a baseline separation of various PC enantiomers 
was achieved using a Chiralpak IE column with amylose tris(3,5-
dichlorophenylcarbamate) stationary phase (Kuksis et al., 2016). Analysis 
methods based on chromatography separation of PL regioisomers or 
stereoisomers are listed in Table 8.
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2.3.2 Ion mobility 

While ion mobility has seen some use for separation of PL regioisomers, most 
existing applications are only demonstrating the potential with specific 
compounds, and adaptation to a wider range of regioisomers and PL classes 
remains a challenge. Utilizing DMS, the effects of adduct type, chemical 
modifier and cell temperature were investigated to enhance the separation of 
molecular species PC 16:0_18:1 regioisomers (Ieritano et al., 2019). Five 
different adduct types [M+X]+ (X = H, Ag, Li, Na, or K) were tested. PLs readily 
form protonated [M+H]+ adducts in positive ESI mode, making them an obvious 
choice for further investigations. However, no regioisomer separation of [M+H]+ 
adducts was observed after seeding the DMS cell with different chemical 
modifiers such as isopropanol, dichloromethane, acetonitrile or acetone. [M+Li]+ 
adducts were partially separated, but required high gas pressures, resulting in 
significant loss of signal intensity. Best separation was achieved with [M+Ag]+ 
adducts and low DMS cell temperature without a chemical modifier in addition 
to the methanol used as a sample solvent (Ieritano et al., 2019). In another study, 
[M+Ag]+ adducts of PC 16:0_18:1 and 16:0_18:2 regioisomers were also 
successfully separated using DMS, but regioisomeric separation of the saturated 
molecular species PC 16:0_18:0 was not achieved (Maccarone et al., 2014). Like 
silver-ion chromatography, the amount of double bonds in the attached acyl 
chains seems to play a critical role in the ion mobility separation of [M+Ag]+ 
adducts (Ieritano et al., 2019; Maccarone et al., 2014). 

In a broader study for separation of various PL isomer types with drift tube 
ion mobility spectrometry (DTIMS), separation of saturated PC regioisomers 
was also attempted. The utilized adduct ion type was not specified, but only 
minor differences were observed in the drift times of PC 16:0_18:0 regioisomers, 
resulting in mostly overlapping peaks and inadequate separation (Kyle et al., 
2016). Various adduct types have also been tested with DTIMS, including 
[M+X]+ (X = H, Ag, Na, or K) (Groessl et al., 2015). The [M+Ag]+ adducts of 
PC 16:0_18:1 were again the most easily separable ones with highest differences 
in the CCS values of the two regioisomers. The method was used to quantify PC 
16:0_18:1 regioisomer ratios in porcine brain and yeast extract, while no other 
regioisomer pairs were investigated (Groessl et al., 2015). Partial separation of 
protonated [M+H]+ adducts of PC 16:0_18:1 regioisomers has been achieved 
using trapped ion mobility spectrometry (TIMS), allowing quantification of 
regioisomer ratios in human plasma (Fouque et al., 2019). Analysis methods 
based on ion mobility separation of PL regioisomers are listed in Table 9.
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2.4 Identification of PL regioisomers by MS 
methodologies 

There are multiple examples of PL regioisomers analyzed with MS 
methodologies, but most of them are limited in scope, only focusing on a handful 
of individual regioisomers. The targeted compounds often consist of PCs only, 
while other PL classes are mostly neglected. ESI is the most commonly used 
ionization technique, but also direct surface imaging techniques such as 
desorption electrospray ionization (DESI) and especially matrix-assisted laser 
desorption/ionization (MALDI) are used. Similar to TG regioisomers, when 
employing MS methodologies the PL regioisomers are typically determined by 
the fragment ion ratios, which are influenced by the nature of the attached FAs. 

2.4.1 Collision-induced dissociation 

A single stage fragmentation with CID alone when using positive ionization ESI 
is often not enough for analysis of PL regioisomers, as the structurally 
informative fragment ions in most cases are of low abundance (F.-F. Hsu & Turk, 
2009).  

On negative polarity, sequential CID of chlorinated PC adducts (ESI(–)-CID-
MS3) has been observed to produce high abundance deprotonated FA [RCOO]– 
and lysophospholipid-like fragments that can be used for structural assignment 
of the FA chains (Ekroos et al., 2003a). Figure 12A shows the lack of structurally 
informative fragments after the first CID step, but the sequential fragmentation 
of the demethylated [M–15]– ions (Figure 12B-C) produces fragments that have 
reversed abundance ratios for PC 16:0/18:1 and PC 18:1/16:0 regioisomers, 
allowing identification of regioisomers. Similar methodologies utilizing 
ammonium adducts have been used to examine PC regioisomers in human 
plasma (Zacek et al., 2016) and for investigation of the impact of high-fat diets 
on PC regioisomer composition in mice (Sundaram et al., 2018). Using 
ammonium formate as the mobile phase modifier, PCs are ionized as formate 
adducts [M+HCOO]– that can produce the same structurally informative 
[RCOO]– and lysophospholipid-like fragments after a single stage CID 
fragmentation as was demonstrated by the comprehensive work earlier (F.-F. 
Hsu & Turk, 2009). 
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Figure 12 MS2 spectrum of a chloride adduct of a PC 16:0/18:1 standard (A) and 
subsequent MS3 spectra of demethylated [M–15]– ions of PC 16:0/18:1 (B) and 
PC 18:1/16:0 (C). Reprinted with permission from (Ekroos et al., 2003b), 
copyright 2003 Elsevier. 
 
Several PC calibration curves, one PE and one PS calibration curve were 
established with reference standards in a recent study, allowing quantification of 
regioisomer ratios in standard mixtures (Figure 13) (Fabritius & Yang, 2021). 
The fragmentation of different PCs was influenced by the acyl chain lengths and 
the numbers of double bonds. Direct infusion of individual regioisomer standards 
yielded accurate results, but some challenges were encountered during a 
hydrophilic interaction liquid chromatography (HILIC) analysis of a mixture 
containing all studied reference compounds. As the HILIC method separated PLs 
primarily by class, many molecular species within the class are 
chromatographically overlapping. Due to inadequate precursor ion isolation 
capabilities of the instrument, regioisomers of molecular species such as PC 
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16:0_18:2 and PC 16:0_18:3 which only differ in one double bond, were difficult 
to analyze because interference by fragments from one another, distorting the 
fragment ion ratios (Fabritius & Yang, 2021). This issue could have been 
bypassed with better separation of the molecular species, for example using RP 
chromatography. For PC and PE classes, the fragments produced by cleavage of 
sn-2 FA from [M+HCOO]– or [M–H]– adducts, respectively, were more 
abundant than the fragments resulting from sn-1 FA cleavage. The fragmentation 
pattern for PS was less clear, as the abundance of FA fragments was [R1COO]– > 
[R2COO]–, but for the lysophospholipid-like fragments the abundance ratio was 
reversed [M–H–87–R2COOH]– > [M–H–87–R1COOH]–. This discrepancy 
could be explained by more complex fragmentation mechanisms as was 
theorized earlier (F.-F. Hsu & Turk, 2005; Hvattum et al., 1998). Nevertheless, 
a calibration curve was created with regiopure reference standards, and the 
fragment ion ratios were successfully used to determine regioisomers of PS 
16:0_18:1 molecular species in a standard mixture. The use of both [RCOO]– 
and the lysophospholipid-like fragments for regioisomer calculations of PC, PE 
and PS classes was demonstrated (Fabritius & Yang, 2021). Using CID on 
negative polarity, PCs are commonly analyzed as formate [M+HCOO]– adducts. 
However, utilizing ammonium bicarbonate resulted in significantly higher 
sensitivity of the precursor ions (nanoESI(–)-CID-MS2), forming [M+HCO3]– 
adducts instead (X. Zhao et al., 2019). Additionally, CID of the [M+HCO3]– 
adducts produced fragments with sn-1 FA connected to a dehydro-glycerol 
backbone with the sn-3 hydroxyl esterified by ethyl phosphate. This fragment 
was sn-1 specific, allowing analysis of PC regioisomers utilizing the sn-1 
fragment ion ratios and calibration curves with standards (Figure 14). The 
developed method was used to investigate certain PC regioisomer ratios in 
human breast cancer tissue (X. Zhao et al., 2019). 
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Figure 13 Calibration curves of various regiospecific PL reference standard pairs 
using [RCOO]– fragment ion ratios. Reprinted with permission from (Fabritius 
& Yang, 2021), copyright 2021 John Wiley and Sons.  
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This issue could have been bypassed with better separation of the molecular 
species, for example using RP chromatography. The fragmentation pattern for 
PS was less clear, as the abundance of FA fragments was [R1COO]– > [R2COO]–, 
but for the lysophospholipid-like fragments the abundance ratio was reversed 
[M–H–87–R2COOH]– > [M–H–87–R1COOH]–. This discrepancy could be 
explained by more complex fragmentation mechanisms as was theorized earlier 
(F.-F. Hsu & Turk, 2005; Hvattum et al., 1998). Nevertheless, a calibration curve 
was created with regiopure reference standards, and the fragment ion ratios were 
successfully used to determine regioisomers of PS 16:0_18:1 molecular species 
in a standard mixture. The use of both [RCOO]– and the lysophospholipid-like 
fragments for regioisomer calculations of PC, PE and PS classes was 
demonstrated (Fabritius & Yang, 2021). Using CID on negative polarity, PCs are 
commonly analyzed as formate [M+HCOO]– adducts. However, utilizing 
ammonium bicarbonate resulted in significantly higher sensitivity of the 
precursor ions (nanoESI(–)-CID-MS2), forming [M+HCO3]– adducts instead (X. 
Zhao et al., 2019). Additionally, CID of the [M+HCO3]– adducts produced 
fragments with sn-1 FA connected to a dehydro-glycerol backbone with the sn-
3 hydroxyl esterified by ethyl phosphate. This fragment was sn-1 specific, 
allowing analysis of PC regioisomers utilizing the sn-1 fragment ion ratios and 
calibration curves with standards (Figure 14). The developed method was used 
to investigate certain PC regioisomer ratios in human breast cancer tissue (X. 
Zhao et al., 2019). 

 

 
Figure 14 CID spectrum of [M+HCO3]– derived from a 2:1 mixture of PC 
16:0/18:1 and PC 18:1/16:0 (a), Correlation between sn-1 specific fragment as a 
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function of molar ratio of PC 18:1/16:0 in the reference regioisomer standard 
mixture (b), Comparisons of the purity of six PC standards measured by the sn-
1 fragment and enzymatic PL2 method (c). Reprinted with permission from (X. 
Zhao et al., 2019), copyright 2019 Royal Society of Chemists. 

 
A combination of the FA fragment [RCOO]– ion ratios and partial 

chromatographic separation has been used in calculating regioisomer ratios 
(Wozny et al., 2019). As the regioisomers such as PC 16:0_18:1 and PC 
18:1_16:0 had only very minor difference in the retention time with the used C18 
RP column, the fragment ion ratios in the leading edge, center and the tailing 
edge of the peak were also slightly different. These minor differences of 
individual regioisomer standards were used to create elution profiles that were 
used to monitor [R2COO]– > [R1COO]– fragment ion ratios at specific retention 
times. The method was used to quantify regioisomers of PC 16:0_18:1 and PC 
18:0_18:1 in bovine liver and E. coli lipid extracts (Wozny et al., 2019). 

In positive ionization mode, sequential fragmentation with CID has been used 
(nanoESI(+)-CID-MS3) to produce structurally informative fragments after 
Paterno-Buchi (PB) photochemical derivatization (Cao et al., 2020). After the 
loss of PC or PE head group in the first step, the resulting fragments were further 
fragmented, yielding sn-1 and sn-2-specific fragments. A total of seven different 
PB reagents were screened for highest abundance of sn-specific fragment ions 
and 2-acetylpyridine was selected. The regioisomer ratios within one species 
were calculated by dividing the sn-specific ion intensity of one isomer by 
intensities of all sn-specific ions within the species. The method was used for 
studying differences in PC regioisomer compositions of human lung cancer 
tissue, breast cancer cell lines and human plasma from diabetic patients (Cao et 
al., 2020). A similar method utilizing PB derivatization with 2-acetylpyridine 
and sequential CID was recently used for investigating (HESI(+)-CID-MS3) PC 
regioisomers in bovine milk. The focus was on studying fragmentation behavior 
of different PC molecular species. Accurate quantification of regioisomer ratios 
was not attempted in this study, and it was noted that calibration curves would 
be needed for such analysis (Liu & Rochfort, 2022). Utilizing electrochemical 
reactions to form [M+Co]2+ adduct ions, PC regioisomers were studied 
(nanoESI(+)-CID-MS2) after fragmentation with CID (Tang et al., 2022). The 
nanoESI ion source was fitted with metallic cobalt wire, leading to anodic 
corrosion during the analysis and formation of the doubly charged cobalt adducts. 
Other metallic complexing agents such as Cu, Ag, Au and Fe were also tested, 
but the fragmentation patterns were not informative for sn-positional analysis. 
The PC 16:0_18:1 regioisomer ratios were calculated with a calibration curve 
using [R2COO+Co]+ and [M+H–R2COOH]+ fragments. Calculating accurate 
regioisomer ratios for other molecular species would have required additional 
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calibration standards, and the method was used for monitoring relative changes 
in the PC regioisomers of mouse prostate cancer tissue (Tang et al., 2022). 

Surface imaging with three CID fragmentation steps was used (nanoDESI(+)-
CID-MS4) in analysis of silver adducts [M+Ag]+ of PCs (Lillja & Lanekoff, 
2022). The resulting fragments of PC 16:0_18:1 in MS4 were mostly sn-2 
specific, with a minor abundance of sn-1 specific fragments. The method was 
used for imaging regioisomers of molecular species such as PC 16:0_18:1, PC 
18:0_18:1 and PC 16:0_20:1 in different regions of mouse brain. In addition to 
regioisomer ratios, also quantification of the PL regioisomer abundances was 
performed with this method (Lillja & Lanekoff, 2022). MALDI with a single 
stage CID has been used with a charge inversion technique, changing the initial 
positively charged adducts to negative using sequential ESI following MALDI 
(MALDI(+)/ESI(–)-CID-MS2). The PCs are initially ionized as [M+H]+, but 
utilizing 1,4-phenylenedipropionic acid (PDPA) and negative polarity ESI, 
complex [M+PDPA–H]– and demethylated [M–CH3]– ions are formed. The [M–
CH3]– ions were further fragmented with CID, yielding [RCOO]– fragments and 
allowing regioisomer analysis of PCs utilizing calibration curves. The initial 
ionization on positive polarity allows for higher sensitivity, while the charge 
inversion to negative enables structural characterization (Randolph et al., 2020). 
MS methodologies used for PL regioisomer analysis are listed in  Table 10.
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2.4.2 Ozone-induced dissociation 

OzID is commonly used for identifying the double bond locations on the FA 
moieties, but it can also be utilized in PL regioisomer analysis, often in tandem 
with CID (CID-OzID). Chromatographic separation is rarely utilized with CID-
OzID, instead, the commonly used methods include direct infusion with ESI 
(Batarseh et al., 2018; Pham et al., 2014) or MS imaging (Claes et al., 2021; 
Kozlowski et al., 2015a; Paine et al., 2018; Young et al., 2022) on positive 
polarity with sodiated [M+Na]+ adducts. Applicability of CID-OzID for PL 
regioisomer analysis was demonstrated (ESI(+)-CID-OzID-MS3) with reference 
standards of six different classes (PA 16:0/18:1, PC16:0/18:2, PE 16:0/18:1, PG 
16:0/18:1, PI 16:0/18:2 and PS 16:0/18:1) (Pham et al., 2014). After loss of the 
head group in CID, the resulting ion was further fragmented with OzID. The 
CID-OzID fragment profiles of the six different classes (Figure 15) look 
remarkably similar (Pham et al., 2014), unlike with CID only where the PL class 
significantly influences the fragmentation pattern (Fabritius & Yang, 2021). This 
indicates that the removal of the head group in the first fragmentation step with 
CID followed by OzID could make analysis of PL classes such as PI or PS more 
approachable if the more readily available reference standards like PC or PE 
could be utilized to establish calibration curves. 
 

 
Figure 15 CID-OzID on the ions corresponding to complete phospholipid 
headgroup losses from precursors ions PA 16:0/18:1 (a), PE 16:0/18:1 (b), PG 
16:0/18:1 (c), PS 16:0/18:1 (d), PC 16:0/18:2 (e) and PI 16:0/18:2 (f). Reprinted 
with permission from (Pham et al., 2014), copyright 2014 Royal Society of 
Chemists. 
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A triple stage fragmentation (MALDI(+)-OzID-CID-OzID-MS4) has been 
used for full structural characterization of certain PCs, including regioisomers 
and double bond locations (Young et al., 2022). In the first stage, the [M+Na]+ 
precursor was subjected OzID, followed by selection of one aldehyde product 
ion of one DB position for CID fragmentation. After the loss of the head group, 
the final OzID stage produced fragments that enabled regioisomer analysis. PC 
regioisomers in prostate cancer tissue were analyzed (Young et al., 2022). 

The ozonolysis for CID-OzID fragmentations can be performed for example 
in the trapping region of an ion trap instrument (Paine et al., 2018) or in the ion 
mobility region of an IMS instrument (Claes et al., 2021). Depending on the 
instrument type, the reaction rate for the ozonolysis can be a limiting factor with 
MS imaging if high enough ozone concentrations cannot be achieved. 
Significantly faster reaction rates resulting in shorter analysis times were 
observed when OzID was implemented in the high-pressure region of an ion 
mobility instrument (Claes et al., 2021). Both methods (MALDI(+)-CID-OzID-
MS3) were used to investigate PC regioisomers in different regions of rat brain 
(Claes et al., 2021; Paine et al., 2018). In addition to MS imaging with MALDI, 
also DESI has been used in conjunction with CID-OzID fragmentation for 
analysis of select PC regioisomers in various animal tissues and chicken egg yolk 
(Kozlowski et al., 2015a). 

2.4.3 Other dissociation techniques 

In-source fragmentation with MALDI on positive polarity has been used for PL 
regioisomer analysis without a dedicated fragmentation step (H. Y. J. Wang & 
Hsu, 2022). In-source fragmentation was generated by increased laser irradiation, 
resulting in structurally informative fragments after a preferential loss of sn-2 
FA, similar to those observed with CID. While capable of resolving PL 
individual regioisomers, the method requires an efficient separation method for 
structural characterization of PLs in complex natural samples (H. Y. J. Wang & 
Hsu, 2022). 

EID, including EIEIO of PLs produce a much wider variety of structural 
fragments compared with CID, which also allows differentiation of double bond 
isomers in addition to regioisomers (MALDI(+)-EID-MS2) (Jones et al., 2015). 
A variety of different fragments obtained with EID could be used for studying 
PC 16:0_18:1 and PC 18:0_18:1 regioisomers in different rat brain regions 
utilizing calibration curves. Sn-specific fragments resulting from a cleavage 
along the glycerol backbone were also observed (MALDI(+)-EID-MS2), but the 
intensities were low, limiting their usefulness in determining regioisomer ratios 
(Born & Prentice, 2020). The sn-specific fragments were more prominent in 
another study (ESI(+)-EIEIO-MS2), where PC regioisomers were calculated 
using sn-1-specific ion ratios resulting from C1-C2 carbon bond cleavage on the 
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glycerol backbone (Campbell & Baba, 2015). When analyzing a PC 16:0/18:1 
standard, a small amount of sn-2-specific fragment resulting from loss of FA 
16:0 was observed. This was attributed to isomeric impurity of the standard, as 
the other regioisomer standard PC 18:1/16:0 produced only appropriate sn-1-
specific 18:1 and sn-2-specific 16:0 fragments (Campbell & Baba, 2015). The 
method (ESI(+)-EIEIO-MS2) was later used to analyse various other lipids, 
including regioisomers of PC, PE, PI and PS in porcine brain. The regioisomer 
ratios seem to have been calculated simply based on the sn-specific fragment 
ratios (Baba et al., 2018). 

A comparison between CID, higher-energy collisional dissociation (HCD) 
and ultraviolet photodissociation (UVPD) on the structural fragments of PC 
standards has been performed (HESI(+)-CID/HCD/UVPD-MS2) utilizing metal 
ion complexes as the precursor ions (Becher et al., 2018). A total of 11 different 
metal salts were screened for best suitability with UVPD, of which FeCl2 forming 
[M+Fe]2+ ions was selected due to the highest abundances of structurally 
informative fragments. Regardless of the higher sn-specificity of the UVPD 
fragments compared to those obtained with CID or HCD, calibration curves with 
reference standards are still required for accurate analysis of regioisomer ratios. 
UVPD fragmentation was used for analysis of PC regioisomers in mouse 
pancreas lipid extract (Becher et al., 2018). HCD has also been used in tandem 
with UVPD, resulting in loss of PL head group of the [M+Na]+ precursors in the 
first fragmentation step and formation of structurally informative fragments in 
the second step (nanoESI(+)-HCD-UVPD-MS3) (Williams et al., 2017). Similar 
to CID-OzID fragmentation of different PL classes (Pham et al., 2014), 
CID/HCD-UVPD also produced nearly identical fragment spectra for species 
with the same FA composition such as PA 16:0/18:1, PC 16:0/18:1, PE 16:0/18:1, 
PG 16:0/18:1, PI 16:0/18:1 and PS 16:0/18:1 after the initial head group loss 
(Williams et al., 2017). 

2.5 Concluding remarks 

Chromatography can offer targeted approaches for sn-positional isomers of 
specific TGs and PLs species of interest, but the methods are often very time 
consuming and not suitable for untargeted analysis of a wide spectrum of isomers. 
Various methods have been investigated for analysis of TG and PL regioisomers 
based on tandem mass spectrometry in shotgun mode or combined with liquid 
chromatography. Ion mobility for separation of regioisomers is an emerging 
technique and still quite unused, and the full potential remains likely to be 
explored. Collision-induced dissociation is the most frequently used 
fragmentation technique for regioisomeric analysis of both TGs and PLs taking 
advantage of differential dissociation energy of fatty acids from the primary and 
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secondary positions.  Collision-induced dissociation in tandem with ozone-
induced dissociation has shown potential to differentiate double bond isomers in 
addition to regioisomers. Determining the regioisomer ratios using MS methods 
usually requires calibration curves based on the structurally informative 
fragment ion ratios. Adapting the developed MS methods for use in another 
laboratories is not straightforward, as the fragment ion ratios can also be 
influenced by instrument and collision gas type. With TGs there is also the 
challenge of isobaric fragments resulting from multiple chromatographically 
overlapping molecular species distorting the fragment ion spectra. Calculating 
TG regioisomers from convoluted spectra with calibration curves alone is not 
viable, and automated optimization algorithms have been shown to offer useful 
solutions in such cases.  

Regiopure standards can be expensive and often outright not available for 
certain PL classes. While most fragmentation methods produce fragments related 
to FA cleavage at different ratios from both sn-1 and sn-2 positions of PL, certain 
methods such as EIEIO can produce unique sn-specific fragments. However, the 
structural features of fatty acids i.e. the chain lengths as well as the number and 
position of double bonds of FAs likely influence the efficiency of sn-specific 
fragmentation; therefore, it is possible that calibration curves with different FA 
combinations are necessary for accurate quantification of regioisomers. 
Establishing fragmentation models using commercially available standards can 
help in properly investigating regioisomer abundances of complex samples, 
reducing the need for a much wider variety of reference standards. This has been 
done for TGs to assist calculations, and similar approach could be utilized for PL 
regioisomers as well.  

Concluding this literature review, if no acceptable chromatographic 
separation of isobaric TG molecular species is achieved, each fragment ion 
spectrum needs careful assessment on the effects of interfering isobaric 
fragments when calculating the regioisomer ratios. Individual calibration curves 
are often not enough for complex natural samples as isobaric DG fragments 
might be product ions from multiple different TG species. Instead, using a 
general fragmentation model together with an optimization algorithm that 
recreates the observed spectrum by calculating regioisomer abundances that 
produced the original spectrum has shown potential for untargeted TG 
regioisomer analysis, mitigating the effects of isobaric fragments. With PLs the 
interference of isobaric fragment ions is of less importance, but lack of reference 
standards for various PL classes hinders development of fragmentation models. 
Future research should be directed to further development and integration of 
untargeted regioisomer analysis methods into standard lipidomics protocols to 
explore regioisomeric profiles of glycerolipids in tissues as biomarkers of health 
and diseases. 
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3 AIMS OF THE STUDY 

The main aim of this research was to develop and validate methods for analysis 
of TG and PL regioisomer compositions in complex natural samples. The work 
is divided into four studies, the first two (I, II) of which focus on TG 
regioisomers and the latter two (III, IV) on PL regioisomers. The objectives of 
each study are briefly summarized as: 
 
Transferring, testing and validation of an existing direct inlet analysis method 
for analysis of TG regioisomers (Kallio & Currie, 1993) to a new instrument, 
including a software update for a previously published MSPECTRA (Kurvinen 
et al., 2001) calculation program (I). 
 
Development and validation of a new TG regioisomer calculation software to 
complement a previously developed (Tarvainen et al., 2019) LC-MS2 method 
and the preliminary regioisomer calculation algorithm (Kallio et al., 2017) (II). 
 
Investigation of PL fragmentation patterns and establishing a framework method 
for analysis of PL regioisomers utilizing calibration curves (III). 
 
Further development of the PL regioisomer LC-MS2 method and optimization of 
reversed phase chromatography for efficient separation of PL molecular species. 
Development of a fragmentation model and a calculation program for fully 
automated, untargeted PL regioisomer characterization (IV).  
 

 
Figure 16 Overview of the thesis research and related previous work
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4 MATERIALS AND METHODS 

4.1 Materials 

4.1.1 Reference standards 

All TG reference standards (Table 11) were purchased from Larodan (Malmö, 
Sweden). The mixed acid TG standards were of high regioisomer purity (>98 %) 
according to the producer. All PL reference standards were purchased from 
Avanti Polar Lipids (Alabaster, AL, USA). For PLs (Table 12) there are two 
different purity categories: IsoPure and regular. The IsoPure product line is 
guaranteed to have >97 % regioisomer purity, whereas in the regular product line, 
while the molecular species purity is very good (>99%), the regioisomer purity 
is not specifically mentioned. 

 

Table 11 TG reference standards 

Shorthand notation Full name 

Purity (molecular 

species; regioisomer)a Study 

TG 8:0/8:0/8:0 1,2,3-tricaprylin >99 %; not applicable I 

TG 10:0/10:0/10:0 1,2,3-tricaprin >99 %; not applicable I 

TG 12:0/12:0/12:0 1,2,3-trilaurin >99 %; not applicable I 

TG 14:0/14:0/14:0 1,2,3-trimyristin >99 %; not applicable I 

TG 16:0/16:0/16:0 1,2,3-tripalmitin >99 %; not applicable I 

TG 16:1/16:1/16:1 1,2,3-tripalmitolein >99 %; not applicable I 

TG 18:0/18:0/18:0 1,2,3-tristearin >99 %; not applicable I 

TG 18:1/18:1/18:1 1,2,3-triolein >99 %; not applicable I 

TG 18:2/18:2/18:2 1,2,3-trilinolein >99 %; not applicable I 

TG 18:2_18:2 sn-2_18:3 1(3),2-dilinolein-3(1)-linolenin >98 %; >98 % I, II 

TG 18:2_18:3 sn-2_18:2 1,3-dilinolein-2-linolenin >98 %; >98 % I, II 

TG 18:1_18:1 sn-2_18:3 1(3),2-diolein-3(1)-linolenin >98 %; >98 % I, II 

TG 18:1_18:3 sn-2_18:1 1,3-diolein-2-linolenin >98 %; >98 % I, II 

TG 18:0_18:0 sn-2_18:2 1(3),2-distearin-3(1)-linolein >98 %; >98 % I, II 

TG 18:0_18:2 sn-2_18:0 1,3-distearin-2-linolein >98 %; >98 % I, II 

TG 16:0_16:0 sn-2_18:2 1(3),2-dipalmitin-3(1)-linolein >98 %; >98 % I, II 

TG 16:0_18:2 sn-2_16:0 1,3-dipalmitin-2-linolein >98 %; >98 % I, II 

TG 18:1_18:1 sn-2_18:2 1(3),2-diolein-3(1)-linolein >98 %; >98 % I, II 

TG 18:1_18:2 sn-2_18:1 1,3-diolein-2-linolein >98 %; >98 % I, II 

TG 18:1_18:1 sn-2_14:0 1(3),2-diolein-3(1)-myristin >98 %; >98 % I, II 

TG 18:1_14:0 sn-2_18:1 1,3-diolein-2-myristin >98 %; >98 % I, II 

TG 18:1_18:1 sn-2_16:0 1(3),2-diolein-3(1)-palmitin >98 %; >98 % I, II 

TG 18:1_16:0 sn-2_18:1 1,3-diolein-2-palmitin >98 %; >98 % I, II 
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Shorthand notation Full name 

Purity (molecular 

species; regioisomer)a Study 

TG 16:0_16:0 sn-2_18:0 1(3),2-dipalmitin-3(1)-stearin >98 %; >98 % I, II 

TG 16:0_18:0 sn-2_16:0 1,3-dipalmitin-2-stearin >98 %; >98 % I, II 

TG 16:0_16:0 sn-2_14:0 1(3),2-dipalmitin-3(1)-myristin >98 %; >98 % I, II 

TG 16:0_14:0 sn-2_16:0 1,3-dipalmitin-2-myristin >98 %; >98 % I, II 

TG 18:1_18:1 sn-2_12:0 1(3),2-diolein-3(1)-laurin >98 %; >98 % I, II 

TG 18:1_12:0 sn-2_18:1 1,3-diolein-2-laurin >98 %; >98 % I, II 

TG 14:0_14:0 sn-2_18:1 1(3),2-dimyristin-3(1)-olein >98 %; >98 % I, II 

TG 14:0_18:1 sn-2_14:0 1,3-dimyristin-2-olein >98 %; >98 % I, II 

TG 18:1_18:1 sn-2_18:0 1(3),2-diolein-3(1)-stearin >98 %; >98 % I, II 

TG 18:1_18:0 sn-2_18:1 1,3-diolein-2-stearin >98 %; >98 % I, II 

TG 18:0_18:0 sn-2_18:1 1(3),2-distearin-3(1)-olein >98 %; >98 % I, II 

TG 18:0_18:1 sn-2_18:0 1,3-distearin-2-olein >98 %; >98 % I, II 

TG 16:0_16:0 sn-2_18:1 1(3),2-dipalmitin-3(1)-olein >98 %; >98 % I, II 

TG 16:0_18:1 sn-2_16:0 1,3-dipalmitin-2-olein >98 %; >98 % I, II 

TG 18:2_18:2 sn-2_16:0 1(3),2-dilinolein-3(1)-palmitin >98 %; >98 % I, II 

TG 18:2_16:0 sn-2_18:2 1,3-dilinolein-2-palmitin >98 %; >98 % I, II 

TG 18:2_18:2 sn-2_18:1 1(3),2-dilinolein-3(1)-olein >98 %; >98 % I, II 

TG 18:2_18:1 sn-2_18:2 1,3-dilinolein-2-olein >98 %; >98 % I, II 

TG 18:1_16:0 sn-2_18:2 1(3)-olein-2-palmitin-3(1)-linolein >98 %; >98 % I, II 

TG 18:1_18:2 sn-2_16:0 1(3)-olein-2-linolein-3(1)-palmitin >98 %; >98 % I, II 

TG 16:0_18:1 sn-2_18:2 1(3)-palmitin-2-olein-3(1)-linolein >98 %; >98 % I, II 

TG 18:2_18:1 sn-2_12:0 1(3)-linolein-2-olein-3(1)-laurin >98 %; >98 % I, II 

TG 18:1_12:0 sn-2_18:2 1(3)-olein-2-laurin-3(1)-linolein >98 %; >98 % I, II 

TG 18:1_18:2 sn-2_12:0 1(3)-olein-2-linolein-3(1)-laurin >98 %; >98 % I, II 

TG 16:0_18:1 sn-2_12:0 1(3)-palmitin-2-olein-3(1)-laurin >98 %; >98 % I, II 

TG 18:1_12:0 sn-2_16:0 1(3)-olein-2-laurin-3(1)-palmitin >98 %; >98 % I, II 

TG 18:1_16:0 sn-2_12:0 1(3)-olein-2-palmitin-3(1)-laurin >98 %; >98 % I, II 

TG 18:1_16:0 sn-2_18:0 1(3)-olein-2-palmitin-3(1)-stearin >98 %; >98 % II 

TG 18:1_18:0 sn-2_16:0 1(3)-olein-2-stearin-3(1)-palmitin >98 %; >98 % II 

TG 16:0_18:1 sn-2_18:0 1(3)-palmitin-2-olein-3(1)-stearin >98 %; >98 % II 

TG 18:1_16:0 sn-2_20:0 1(3)-olein-2-palmitin-3(1)-arachidin >98 %; >98 % II 

TG 18:1_20:0 sn-2_16:0 1(3)-olein-2-arachidin-3(1)-palmitin >98 %; >98 % II 

TG 16:0_18:1 sn-2_20:0 1(3)-palmitin-2-olein-3(1)-arachidin >98 %; >98 % II 

TG 16:0_16:0 sn-2_8:0 1(3),2-dipalmitin-3(1)-caprylin >98 %; >98 % II 

TG 16:0_8:0 sn-2_16:0 1,3-dipalmitin-2-caprylin >98 %; >98 % II 
a According to the supplier 
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Table 12 PL reference standards 

Shorthand notation Full name 

Purity (molecular 

species; regioisomer)a Study 

PC 12:0/12:0 1,2-dilauroyl-sn-glycero-3-

phosphocholine 

>99 %; not applicable III 

PC 14:0/14:0 1,2-dimyristoyl-sn-glycero-3-

phosphocholine 

>99 %; not applicable III 

PC 14:1/14:1 1,2-dimyristoleoyl-sn-glycero-3-

phosphocholine 

>99 %; not applicable III 

PC 16:0/16:0 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine 

>99 %; not applicable III 

PC 16:1/16:1 

 

1,2-dipalmitoleoyl-sn-glycero-3-

phosphocholine 

>99 %; not applicable III 

PC 18:0/18:0 

 

1,2-distearoyl-sn-glycero-3-

phosphocholine 

>99 %; not applicable III 

PC 18:1/18:1 

 

1,2-dioleoyl-sn-glycero-3-

phosphocholine 

>99 %; not applicable III 

PC 18:2/18:2 

 

1,2-dilinoleoyl-sn-glycero-3-

phosphocholine 

>99 %; not applicable III 

PC 18:3/18:3 

 

1,2-dilinolenoyl-sn-glycero-3-

phosphocholine 

>99 %; not applicable III 

PC 20:0/20:0 

 

1,2-diarachidoyl-sn-glycero-3-

phosphocholine 

>99 %; not applicable III 

PC 22:0/22:0 

 

1,2-dibehenoyl-sn-glycero-3-

phosphocholine 

>99 %; not applicable III 

PC 14:0/16:0 

 

1-myristoyl-2-palmitoyl-sn-

glycero-3-phosphocholine 

>99 %; not specified III, IV 

PC 16:0/14:0 

 

1-palmitoyl-2-myristoyl-sn-

glycero-3-phosphocholine 

>99 %; not specified III, IV 

PC 14:0/18:0 

 

1-myristoyl-2-stearoyl-sn-glycero-

3-phosphocholine 

>99 %; not specified III, IV 

PC 18:0/14:0 

 

1-stearoyl-2-myristoyl-sn-glycero-

3-phosphocholine 

>99 %; not specified III, IV 

PC 16:0/18:0 

 

1-palmitoyl-2-stearoyl-sn-glycero-

3-phosphocholine 

>99 %; not specified III, IV 

PC 18:0/16:0 

 

1-stearoyl-2-palmitoyl-sn-glycero-

3-phosphocholine 

>99 %; not specified III, IV 

PC 18:0/18:1 

 

1-stearoyl-2-oleoyl-sn-glycero-3-

phosphocholine 

>99 %; not specified IV 

PC 18:1/18:0 

 

1-oleoyl-2-stearoyl-sn-glycero-3-

phosphocholine 

>99 %; not specified IV 
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Shorthand notation Full name 

Purity (molecular 

species; regioisomer)a Study 

PC 16:0/22:6 

 

1-palmitoyl-2-docosahexaenoyl-sn-

glycero-3-phosphocholine 

>99 %; not specified IV 

PC 18:0/18:2 

 

1-stearoyl-2-linoleoyl-sn-glycero-3-

phosphocholine 

>99 %; not specified IV 

PC 18:0/20:4 

 

1-stearoyl-2-arachidonoyl-sn-

glycero-3-phosphocholine 

>99 %; not specified IV 

PC 18:0/22:6 

 

1-stearoyl-2-docosahexaenoyl-sn-

glycero-3-phosphocholine 

>99 %; not specified IV 

PC 16:0/18:1 

 

1-palmitoyl-2-oleoyl-glycero-3-

phosphocholine 

>97 %; >97 % III, IV 

PC 18:1/16:0 

 

1-oleoyl-2-palmitoyl-sn-glycero-3-

phosphocholine 

>97 %; >97 % III, IV 

PC 16:0/18:2b 

 

1-palmitoyl-2-linoleoyl-glycero-3-

phosphocholine 

>97 %; >97 % III, IV 

PC 18:2/16:0b 

 

1-linoleoyl-2-palmitoyl-sn-glycero-

3-phosphocholine 

>97 %; >97 % III, IV 

PC 16:0/18:3b 1-palmitoyl-2-linolenoyl-glycero-3-

phosphocholine 

>97 %; >97 % III, IV 

PC 18:3/16:0b 

 

1-linolenoyl-2-palmitoyl-sn-

glycero-3-phosphocholine 

>97 %; >97 % III, IV 

PC 16:0/20:4 

 

1-palmitoyl-2-arachidonoyl-sn-

glycero-3-phosphocholine 

>97 %; >97 % III, IV 

PC 20:4/16:0 

 

1-arachidonoyl-2-palmitoyl-sn-

glycero-3-phosphocholine 

>97 %; >97 % III, IV 

PE 14:0/14:0 

 

1,2-dimyristoyl-sn-glycero-3-

phosphoethanolamine 

>99 %; not applicable III 

PE 16:0/16:0 

 

1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine 

>99 %; not applicable III 

PE 18:0/18:0 

 

1,2-distearoyl-sn-glycero-3-

phosphoethanolamine 

>99 %; not applicable III 

PE 18:1/18:1 

 

1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine 

>99 %; not applicable III 

PE 16:0/18:1 

 

1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine 

>97 %; >97 % III 

PE 18:1/16:0 

 

1-oleoyl-2-palmitoyl-sn-glycero-3-

phosphoethanolamine 

>97 %; >97 % III 

PS 14:0/14:0 

 

1,2-dimyristoyl-sn-glycero-3-

phospho-L-serine (sodium salt) 

>99 %; not applicable III 
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Shorthand notation Full name 

Purity (molecular 

species; regioisomer)a Study 

PS 16:0/16:0 

 

1,2-dipalmitoyl-sn-glycero-3-

phospho-L-serine (sodium salt) 

>99 %; not applicable III 

PS 18:0/18:0 

 

1,2-distearoyl-sn-glycero-3-

phospho-L-serine (sodium salt) 

>99 %; not applicable III 

PS 18:1/18:1 

 

1,2-dioleoyl-sn-glycero-3-phospho-

L-serine (sodium salt) 

>99 %; not applicable III 

PS 16:0/18:1 

 

1-palmitoyl-2-oleoyl-sn-glycero-3-

phospho-L-serine (sodium salt) 

>97 %; >97 % III 

PS 18:1/16:0 

 

1-oleoyl-2-palmitoyl-sn-glycero-3-

phospho-L-serine (sodium salt) 

>97 %; >97 % III 

PI extract (soybean) L-α-phosphatidylinositol (Soy) 

(sodium salt)  

>99 %; not applicable III 

SM extract (egg yolk) Sphingomyelin (Egg) >99 %; not applicable III 
a According to the supplier 
b Custom synthesis product by Avanti 
 
Standards of FA methyl esters (I), 37 component FA methyl ester mixture 
(Sigma-Aldrich, St. Louis, MO, USA), 68D and GLC-490 (both from Nu-Chek-
Prep, Elysian, MN, USA), were used as external standards for FA composition 
analysis. All mobile phase solvents and additives were of MS-grade. Other 
solvents and reagents were of HPLC or MS-grade. 

4.1.2 Sample materials 

Infant formulas (IF), consisting of 7 liquid and 4 powdered formulas (I), were 
purchased from local grocery stores in Turku, Finland (Table 13). The selected 
formulas were all intended for infants younger than 6 months, representing a 
majority of infant formulas available on the Finnish retail market. The infant 
formulas were divided into four categories based on the most abundant source of 
fat according to the product information: palm oil and rapeseed oil (IF A1-A5), 
sunflower oil (IF B1-B3), bovine milk (IF C1-C2) and modified vegetable oil (IF 
D1). Two bovine milk samples (I, IV) were provided by Valio Ltd (Helsinki, 
Finland). The olive oil sample was purchased from a local grocery store. 

The human milk sample (I, II) of Finnish origin was pooled from milk 
samples of volunteer mothers (n = 7) living in the Turku area, and the milk of 
Chinese origin was pooled from milk samples of mothers (n = 10) living in 
Beijing area. Approval for collecting and studying the Finnish and Chinese 
human milk samples was obtained from the Ethics Committee of Hospital 
District of Southwestern Finland and Medical Research Board of Peking 
University, respectively. All mothers gave written informed consent. Only 
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healthy mothers, who had given birth to a normally grown full term infant 
younger than 6 months of age, and were exclusively breastfeeding, were 
accepted. 

Table 13 Sample material analyzed in the thesis work 

Sample Form Source of fat Study 

IF A1 Liquid Vegetable oil (palm oil, rapeseed oil, soy oil, coconut 
oil), mortierella alpina oil I 

IF A2 Liquid Vegetable oil (palm oil, rapeseed oil, coconut oil, 
sunflower oil), fish oil, mortierella alpina oil I 

IF A3 Liquid Vegetable oil (palm oil, rapeseed oil, coconut oil, 
sunflower oil), fish oil, mortierella alpina oil I 

IF A4 Liquid Vegetable oil (palm oil, rapeseed oil, coconut oil, 
sunflower oil), fish oil, mortierella alpina oil I 

IF A5 Powder Vegetable oil (palm oil, rapeseed oil, coconut oil 
sunflower oil), fish oil, mortierella alpina oil I 

IF B1 Liquid Vegetable oil (sunflower oil, rapeseed oil), fish oil I 

IF B2 Powder Vegetable oil (sunflower oil, coconut oil, soy oil), fish 
oil, mortierella alpina oil I 

IF B3 Powder Vegetable oil (sunflower oil, coconut oil, rapeseed oil), 
fish oil, mortierella alpina oil I 

IF C1 Liquid Bovine milk, vegetable oil (sunflower oil, rapeseed oil, 
palm oil, coconut oil), fish oil, mortierella alpina oil I 

IF C2 Liquid Bovine milk, vegetable oil (rapeseed oil, sunflower oil), 
mortierella alpina oil I 

IF D1 Powder Vegetable oil (modified vegetable oil, rapeseed oil, 
sunflower oil), fish oil, mortierella alpina oil I 

Bovine milk Liquid Bovine milk I, IV 

Bovine milk, 

organic 

Liquid Bovine milk I 

Human milk, 

Chinese 

Liquid Human milk I 

Human milk, 

Finnish 

Liquid Human milk I, II 

Olive oil, 

Italian 

Liquid Olive oil II 
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4.2 Methods 

4.2.1 Lipid extraction 

The commercial olive oil sample (II) was analyzed as such without extraction or 
purification. 0.5 mL chloroform was added to 0.5 mL sample of infant formula 
(I), bovine milk (I, IV) or human milk (I, II), and the mixture was vortexed 
briefly. For further TG fractionation (I, II), 1 mL internal standard TG 
17:0/17:0/17:0 in chloroform (0.85 mg/mL) was added to the sample. For PL 
fractionation (IV), 100 µL of internal standard PC 19:0/19:0 (100 µg/mL) was 
used. 

1.5 mL methanol, 1.5 mL chloroform, and 0.8 mL 0.88 % potassium chloride 
were added, and the sample was vortexed briefly after each addition. The 
samples were centrifuged at 1100 g for 5 min, and the lower chloroform phase 
was collected. Lipids were further extracted from the upper phase by adding 1.5 
mL chloroform, vortexing briefly, centrifuging, and collecting the chloroform 
phase. The chloroform phase of the two extractions were combined and 
evaporated to dryness under gentle nitrogen flow at 50 °C, after which 1 mL dry 
diethyl ether (I, II) or hexane:diethyl ether (1:1, v/v) (IV) was added to dissolve 
the lipids. 

4.2.2 FA composition analysis 

FA composition analysis was done on the human milk, infant formulas, and 
bovine milk (I). 100 µg aliquot of the TG extract was taken for analysis. The 
solvent was first evaporated from the fractionated TGs. The samples were 
dissolved in 1 mL sodium-dried diethyl ether. 25 μL methyl acetate and 25 μL 1 
M sodium methoxide were added. After a brief vortexing the sample was left to 
incubate at room temperature for 5 min and mixing it occasionally during the 
incubation. The reaction was stopped by adding 6 μL of acetic acid with brief 
agitation with vortex. The mixture was centrifuged at 1100 g for 5 min. The 
supernatant was collected into an autosampler vial. Solvent was gently 
evaporated under nitrogen flow at room temperature. TGs were dissolved in 1 
mL hexane. Vials were thoroughly mixed before analysis. 

Gas chromatographic analysis of fatty acid composition of TG fraction was 
carried out using a Shimadzu GC-2010 with AOC-20i auto injector and flame 
ionization detector (Shimadzu Corporation, Kyoto, Japan). The equipment was 
controlled by GC Solution software. The column was a wall coated open tubular 
column DB-23 (60 m × 0.25 mm, liquid film 0.25 µm, Agilent Technologies, 
Santa Clara, CA, USA). Helium was used as the carrier gas. Injector temperature 
was set at 270 °C. Split/splitless injection mode was used and the split was 
opened after 1 min. The injection volume was 0.5 µL. The column temperature 
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program was as follows: initial temperature 130 °C and hold for 1 min, increase 
at 4.5 °C/min to 170 °C, increase at 10 °C/min to 220 °C and hold for 14.5 min, 
increase at 60 °C/min to 230 °C and hold for 3 min. The detector temperature 
was set at 280 °C.  

Fatty acids were identified using external fatty acid methyl ester standards 
68D, GLC-490 and 37 component FAME mix. The quantification was performed 
by comparing the peak area of each fatty acid with that of the internal standard. 
Correction factors were determined by analysis of standard mixtures and applied 
in the quantification to correct the difference in detector response between each 
fatty acid and the internal standard. The fatty acid composition was calculated as 
weight percentage of the total fatty acids. 

4.2.3 Lipid fractionation 

For isolation of neutral lipids including TGs from the total lipids (I, II), a Sep-
Pak Vac silica 6 cc (500 mg) solid phase extraction (SPE) column was 
conditioned by elution with 5 mL diethyl ether. The extracted lipid sample 
dissolved in 1 mL diethyl ether was applied to the SPE column. The sample vial 
was washed with 2 mL diethyl ether, which was transferred into the column. TG 
fraction was collected by elution with 9 mL diethyl ether. TG extract was 
evaporated to dryness under gentle nitrogen flow at 50 °C and dissolved in 1 mL 
hexane. 

For PL fractionation (IV), the neutral lipids were first collected similarly as 
above, except diethyl ether was replaced by hexane/diethyl ether (1:1, v/v). After 
collection of neutral lipids, the collection tube was replaced by a clean one. The 
sample vial was washed with 2 mL methanol/chloroform/water (5:3:2, v/v), 
which was then transferred into the SPE column. Polar lipids, mainly 
phospholipids, were eluted with 8 mL methanol/chloroform/water (5:3:2, v/v), 
and the solvent was evaporated under gentle nitrogen flow. The polar lipid 
fraction was reconstituted in 1 mL chloroform/methanol (2:1, v/v). 

 

4.2.4 TG molecular species and regioisomer analysis (Direct inlet 
MS2 method) 

The targeted direct inlet MS2 analysis method consists of three phases. First, the 
TG molecular weight distribution is screened with an MS scan. Then, the most 
abundant or otherwise interesting TG species are selected for fragmentation and 
regioisomer analysis. The regioisomer compositions are finally calculated with 
MSPECTRA software based on the fragment ion ratios. 
 



Materials and Methods 

 

72 

4.2.4.1 TG molecular weight distribution analysis 

Molecular weight analysis of TGs (I) was carried out using a Thermo Scientific 
TSQ 8000 EVO mass spectrometer (Thermo Fisher Scientific, Waltham, MA, 
USA) equipped with a direct exposure probe. The equipment was controlled by 
Xcalibur software. The system was used in negative chemical ionization mode 
with ammonia (purity 6.0) as the ionization gas. 1 µL of the TG fraction of each 
sample containing approximately 20 µg of TGs was applied onto the rhenium 
wire on the tip of the probe. The probe was placed inside the ion source via the 
vacuum interlock and after a short period of vacuum stabilization the probe tip 
was heated at a steadily increasing rate. There was no gas flow coming from the 
GC side of the instrument and the transfer line was blocked. 

Instrument parameters were optimized with regiopure TG 16:0_16:0 sn-
2_18:1, TG 16:0_18:1 sn-2_16:0, TG 18:1_18:2 sn-2_18:2, and TG 18:2_18:1 
sn-2_18:2 with the goal of having the highest obtainable intensity for 
deprotonated [M−H]− ions. The optimized instrument settings for molecular 
weight analysis were: ion source temperature 100 °C, ammonia gas flow rate 1.5 
mL/min, electron energy 70 eV, emission current 300 mA and scan time 0.1 s. 

In addition, the effects of probe heating rate were investigated, but the heating 
rate did not have a significant effect on the results, so a fast heating rate of 100 
mA/s (0–800 mA) was chosen. MS scans between m/z 400-1000 were acquired 
in quadruplicate. The number of acyl carbons and double bonds (ACN:DB) were 
calculated according to the m/z values of [M−H]− ions. Relative molar 
proportions of different molecular weight species were calculated using the 
abundances of [M−H]− ions. The amount of naturally occurring 13C was taken 
into account when the proportions of TGs were calculated. The monoacid TG 
standards listed in Table 11 were used for determining whether correction 
factors for different ACN:DB species were needed. 

4.2.4.2 TG regioisomer analysis 

The initial MS scan data and molecular weight analysis was used to create a 
product ion scan method for each selected molecular [M−H]− ion (I). 
Fragmentation of molecular TG ions [M−H]− was performed using collision-
induced dissociation (CID) with argon gas, which favors dissociation of FAs 
from sn-1/3 positions. Selection of precursor ions was performed within a range 
of m/z ± 0.5 of the theoretical m/z value of the molecular TG ion.  

Product ions were scanned between m/z 100-650 to determine the primary (sn-
1/3) and secondary (sn-2) positions of FAs. Ion source temperature was set at 
340 °C, ammonia gas flow rate at 1.5 mL/min, electron energy at 70 eV, emission 
current at 300 mA, collision energy at 20 eV and 0.1 s scan time was used. The 
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results were calculated using an updated version (v.1.4) of the MSPECTRA 
software (Kurvinen et al., 2001). 

A total of 21 of the most abundant TG species, each representing at least 1 
mol% of the total ACN:DB species in the human milk samples, were selected 
for regioisomeric analysis. In infant formulas and bovine milks out of the 
selected 21 TG species, only the ones containing more than 1 mol % of the total 
TGs were quantified. Seven different ACN:DB species could be tracked and 
analyzed during a single run. Each selected ACN:DB species was analyzed in 
quadruplicate. 

4.2.4.3 MSPECTRA software 

The TG regioisomer calculation algorithms with the direct inlet MS2 method, 
including the MSPECTRA software, have been described previously (Kallio & 
Rua, 1994; Kurvinen et al., 2001). In the thesis work, the MSPECTRA calculation 
software was updated to handle data obtained with the TSQ 8000 EVO mass 
spectrometer (I). Briefly, the software uses three ion types for TG regioisomer 
analysis. The deprotonated molecular ion [M–H]– is first used for assigning the 
ACN:DB species based on the m/z ratio. The [M–H]– is fragmented with CID, 
yielding structurally informative [M–H–RCOOH–100]– and [RCOO]– ions.  

The abundances of the [RCOO]– deprotonated FA anions represent the FA 
composition of the ACN:DB species, but they are not sn-specific. MSPECTRA 
first looks at the ACN:DB value determined by the [M–H]– precursor ion and 
calculates all the possible FA combinations that fulfill the ACN:DB requirements 
of the TG precursor ion. An optimization algorithm finds a combination and 
ratios of TG molecular species that match the abundances of the observed 
[RCOO]– ions. The resulting information from this step is the molecular species 
distribution within the ACN:DB species. Correction factors for FA abundances 
were calculated using relative proportions of [RCOO]– fragments in the TG 
standards. As the [RCOO]– fragment ion ratios are not regiospecific, but instead 
they represent the general FA composition of the ACN:DB species, the 
correction factors were calculated using AAB and ABA type TGs as follows: 
 

𝐶𝐶𝐵𝐵 =
�𝐼𝐼𝐴𝐴2� ∗ 𝐶𝐶𝐴𝐴

𝐼𝐼𝐵𝐵
 

where: 
 
IA = Intensity of the [RCOO]– fragment of A fatty acid 
IB = Intensity of the [RCOO]– fragment of B fatty acid 
CA = Correction factor for A fatty acid 
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As there are two A fatty acids in the AAB and ABA type TGs, their intensity is 
divided by two. Correction factor 1.00 was assigned to 18:0 and everything else 
was adjusted in relation to that. The first calculations were done using the TG 
18:0_18:0 sn-2_X and TG 18:0_X sn-2_18:0 series, where the only unknown 
variable is the correction factor of B fatty acid. All correction factors could not 
be calculated using the FA 18:0 as a reference point. In such cases, for example 
FA 8:0, the calculations were performed using TG 16:0_8:0 sn-2_16:0 after the 
correction factor for 16:0 was established. 

The TG regioisomers within the molecular species are subsequently 
calculated using the relative abundances of [M–H–RCOOH–100]– fragment ions 
using a similar optimization algorithm, considering the already determined TG 
molecular species composition and the fragmentation efficiency differential 
between the sn-2 and sn-1/3 positions. A discrimination factor, meaning the 
probability of a FA to be cleaved off from sn-2 position instead of sn-1/3 
positions, was determined with ABA type TG standards as follows: 

 

𝐷𝐷 =
𝐼𝐼𝑀𝑀−𝐵𝐵

𝐼𝐼𝑀𝑀−𝐴𝐴 + 𝐼𝐼𝑀𝑀−𝐵𝐵
 

 
where: 
IM-A = Intensity of the [M–H–RCOOH–100]– fragment resulting from loss of A 
fatty acid 
IM-B = Intensity of the [M–H–RCOOH–100]– fragment resulting from loss of B 
fatty acid 
 

An average discrimination factor of all analyzed TGs was used in further 
regioisomer calculations. AAB and ABA type TG standards were analyzed to 
test the accuracy of the calculations. 

4.2.5 TG regioisomer analysis (UHPLC-MS2 method) 

4.2.5.1 TG regioisomer analysis 

The UHPLC-MS2 method (Tarvainen et al., 2019) for TG regioisomer analysis 
(II) utilized Acquity UHPLC coupled to Quattro Premier tandem mass 
spectrometer (Waters corp., Milford, MA, USA) with ESI source in positive 
ionization mode. A Waters Cortecs C18 column (150 mm × 2.1 mm, 1.6 μm 
particle size) with a Waters VanGuard C18 precolumn (1.6 μm particle size) was 
used for the separation of TGs. The mobile phase consisted of solvent A, which 
was methanol/water (1000:1, v/v) with ammonium acetate (10 mM), and solvent 
B, which was isopropanol/water (1000:1, v/v) with ammonium acetate (10 mM).  
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The column oven was held at 60 °C. A solvent gradient program was used 
with an initial composition of 99 % solvent A, which was changed linearly to 
70 % solvent A in 30 min, then linearly to 50 % solvent A in 7 min, followed by 
isocratic 50 % A for 1 min, and then changed linearly to 30% A in 2 min, and 
changed back to 99 % A in 4 min, and finally isocratic until 50 min. Flow rate 
was set at 0.2 mL/min until 44 min, increased to 0.3 mL/min at 46 min and held 
at 0.3 mL/min for 4 min. The total analysis time was 50 min.  

Capillary voltage was set at 4.9 kV, the cone voltage at 22 V, the extractor 
voltage at 6 V, and the RF lens voltage at 0.1 V. The source was held at 120 °C 
and the probe heater at 350 °C. Desolvation gas flow was set at 750 L/h and cone 
gas flow at 200 L/h. MS2 product ion scans after CID at 35 eV were carried out 
with argon as the collision gas at a flow rate of 0.35 mL/min. Full scans of m/z 
120-950, and MS2 product ion scans of m/z 100-700 were acquired. For studying 
the human milk sample, the same 21 most abundant TG species that were 
analyzed with the direct inlet method were selected for analysis with the 
UHPLC-MS2 method as well. 

4.2.5.2 TAG analyzer software 

The TAG analyzer calculation software used in conjunction with the UHPLC-
MS2 method was developed in the thesis work (II). A preliminary version of the 
calculation algorithm was first presented with another method utilizing lithium 
adduct [M+Li]+ precursor ions (Kallio et al., 2017). However, due to issues of 
lithium salt precipitation within the LC-MS instrument, the method was not used 
further. Utilizing ESI on positive ionization mode and ammonium acetate in the 
mobile phase, the TGs are ionized as [M+NH4]+ ammonium adducts (II), 
avoiding precipitation issues. Fragmentation with CID produces high abundance 
of structurally informative DG fragments [M+NH4–RCOOH–NH3]+ and a low 
abundance of FA ketene [RCO]+ fragments. 

The program works in two phases. The program first finds the candidate TGs 
consisting of specific fatty acid combinations that matches the ammonium adduct 
precursor ion. A TG is a candidate if corresponding DG and FA ketene fragments 
are found in the spectra. The result of the first phase is a list of candidate TGs 
that have appropriate fragments present in the spectra. In the second phase, the 
proportions of the regioisomers of the candidate TGs found in the first phase are 
calculated. The concentrations are mainly determined based on the DG 
fragments. The calculation is carried out based on recreating the DG fragment 
peaks in the spectrum based on a fragmentation model established with a wide 
range of calibration curves. 

Before the candidate TGs are determined, preprocessing is done to enable 
matching the observed with the computed spectra. The spectra are first binned to 
integers within 1 Da (n-0.1, n+0.9) value so that each peak is mapped to values 
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representing the m/z ratios of the fragments. Due to low resolution of the used 
triple quadrupole instrument, if observed peaks are spaced within the range (n-
0.1, n+0.9), they are summed up, meaning that they are considered to belong to 
the same m/z value. After the binning of the spectra, the candidate TGs can be 
found. The search space is formed by TGs containing fatty acids with even 
number (4–28) of carbon atoms and in addition fatty acids of length 15 and 17. 
The number of double bonds considered is determined by the length of the fatty 
acid in order to consider all realistic fatty acids. 

The search is performed by looking at the possible fragments for each TG in 
the search space and checking if corresponding peaks are found in the observed 
spectra. If they are found, the TG is considered a candidate that is present in the 
spectra. A TG is considered to be found if the appropriate DG fragments and the 
FA ketene fragments have peaks above a user defined threshold. A fragmentation 
model has been developed that describes the probability that a fatty acid in each 
position of TG is detached. The fragmentation depends both on the relative 
lengths of the fatty acids and the number of double bonds in the sn-2 FA of the 
TG as described previously (Tarvainen et al., 2019). 

The regioisomeric compositions of candidate TGs are determined by creating 
a synthetic fragment spectrum of the candidate TGs by adjusting the regioisomer 
abundances to produce a spectrum that matches the observed one. Only the DG 
fragments are used by default to calculate the regioisomer ratios since the DG 
fragments are produced in the most consistent and systematic manner. The 
synthetic spectra for each TG are obtained based on fragmentation model 
calibrated on a set of experiments with known concentrations of different TGs. 
All mixed FA TG standards used to establish the calibration model are listed in 
Table 11. 

In the following equation, Si denotes the spectra produced by the DG 
fragments of candidate TG i ∈ 1…n where n is the number of candidate TGs: 

 
𝑆𝑆(𝑚𝑚𝑚𝑚) = Σ𝑖𝑖∈𝐶𝐶  𝑐𝑐𝑖𝑖  𝑆𝑆𝑖𝑖,𝐷𝐷𝐷𝐷(𝑚𝑚𝑚𝑚) 

 
To find the optimal set of TG regioisomer ratios that make the synthetic 

spectra match the observed one, the following optimization problem is solved to 
obtain the concentrations c1…cn for TGs 1…n: 

 
min
𝑐𝑐1,…,𝑐𝑐𝑛𝑛

Σ𝑚𝑚𝑚𝑚�𝑆𝑆0(𝑚𝑚𝑚𝑚) − 𝑆𝑆(𝑚𝑚𝑚𝑚)�2 

 
The sum of the square error of the difference in intensity value between the 

observed spectra S0 and the calculated spectra S is minimized. This problem can 
be solved by numerical off-the-shelf optimization algorithms. The optimization 
problem above is based on the assumption that the fragmentation efficiency of a 



Materials and Methods 

 

77 

TG into different DG and FA ketene fragments is known. The set of TGs with 
two or less different fatty acids, so called AAB/ABA pairs have been handled 
separately from those that contain three different fatty acids, ABC/ACB/BAC 
triplets. Conceptually they can be handled the same way. However, since 
AAB/ABA peaks give rise to two peaks instead of three, the precision of the 
analysis is increased when having a separate model for the two cases. 

Only the above-mentioned optimization of the results was described in the 
published study (II) (Sazzad et al., 2022). Herein, also the established 
fragmentation model will be discussed in more detail. The fragmentation 
depends both on the relative lengths of the fatty acids and the double bonds in 
the different positions in the TG (Tarvainen et al., 2019). The developed 
fragmentation model describes the probability that a fatty acid in a given position 
is dissociated. To create a model the following features are derived for a TG t: 

 
𝑥𝑥𝑖𝑖,𝑗𝑗 = |𝑡𝑡𝑖𝑖| − �𝑡𝑡𝑗𝑗� for all 𝑖𝑖 ∈ 1. .3, 𝑗𝑗 ∈ 1. .3 and 𝑗𝑗 ≠ 𝑖𝑖 where |𝑡𝑡𝑖𝑖| is the length of the 
fatty acid in position i. 
 
yi,j = |di| − �dj� for all 𝑖𝑖 ∈ 1. .3, 𝑗𝑗 ∈ 1. .3 and 𝑗𝑗 ≠ 𝑖𝑖  where  |𝑑𝑑𝑖𝑖|  is the number 
of double bonds in position i. 

This gives the matrices  𝑋𝑋(𝑡𝑡) = �
𝑥𝑥11 𝑥𝑥12
𝑥𝑥21 𝑥𝑥22
𝑥𝑥31 𝑥𝑥32

�  and  𝑌𝑌(𝑡𝑡) = �
𝑦𝑦11 𝑦𝑦12
𝑦𝑦21 𝑦𝑦22
𝑦𝑦32 𝑦𝑦32

�  for the 

positions 1..3 for TG t.  
 
Fragmentation model has the form: 
 

P(t) = 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝐶𝐶𝑥𝑥𝑋𝑋 + 𝐶𝐶𝑦𝑦𝑌𝑌 + 𝐶𝐶𝑥𝑥2𝑋𝑋2 + 𝐶𝐶𝑥𝑥3𝑋𝑋3 + 𝐶𝐶𝑦𝑦2𝑌𝑌2/3, 

where 𝑃𝑃𝑖𝑖 (𝑖𝑖 ∈ 1. .3) is the probability that the FA in position i is detached, C are 
the optimized parameters from TG standard data, and exponents of X and Y are 
results of trial and error producing the most accurate fragmentation model. The 
calibration takes advantage of the fact that for fragmentation of TGs is symmetric, 
that is, the TG ABC is the same as CBA. Hence, only one of the alternatives need 
to be considered and for all 𝐶𝐶, 𝐶𝐶1𝑖𝑖 = 𝐶𝐶3𝑖𝑖.  

This gives 22 parameters that need to be optimized against the calibration data.  
The calibration dataset for AAB/ABA type TGs consists of set of pairwise 
mixtures of DGs with known concentrations and known DG fragment ratios. For 
each AAB/ABA type TG each calibration data point consists of the TG pair 𝑡𝑡𝐴𝐴𝐴𝐴𝐵𝐵, 
𝑡𝑡𝐴𝐴𝐵𝐵𝐴𝐴 , the concentrations 𝑐𝑐𝐴𝐴𝐴𝐴𝐵𝐵 , 𝑐𝑐𝐴𝐴𝐵𝐵𝐴𝐴  and the fragment ratios 𝑝𝑝𝐴𝐴𝐴𝐴 , 𝑝𝑝𝐴𝐴𝐵𝐵 . For 
ABC/ACB/BAC type TGs the calibration datasets consist of mixtures of the 
three TGs with known concentrations combined with the associated DG 
fragment ratios 𝑝𝑝𝐴𝐴𝐵𝐵, 𝑝𝑝𝐴𝐴𝐶𝐶 and 𝑝𝑝𝐵𝐵𝐶𝐶. 
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The parameters C are determined by solving an optimization problem of 
fitting the model above to a calibration dataset. For each TG mixture of 
AAB/ABA type the difference of the observed fragmentation and the 
fragmentation obtained from the model is calculated: 

𝐸𝐸𝐴𝐴𝐴𝐴 = 𝑝𝑝𝐴𝐴𝐴𝐴 − �
𝑐𝑐𝐴𝐴𝐴𝐴𝐵𝐵𝑃𝑃3(𝑡𝑡𝐴𝐴𝐴𝐴𝐵𝐵)

2
+
𝑐𝑐𝐴𝐴𝐴𝐴𝐵𝐵𝑃𝑃1(𝑡𝑡𝐵𝐵𝐴𝐴𝐴𝐴)

2
+ 𝑐𝑐𝐴𝐴𝐵𝐵𝐴𝐴𝑃𝑃2(𝑡𝑡𝐴𝐴𝐵𝐵𝐴𝐴)� 

 

𝐸𝐸𝐴𝐴𝐵𝐵 = 𝑝𝑝𝐴𝐴𝐵𝐵 −
𝑐𝑐𝐴𝐴𝐴𝐴𝐵𝐵�𝑃𝑃1(𝑡𝑡𝐴𝐴𝐴𝐴𝐵𝐵) + 𝑃𝑃2(𝑡𝑡𝐴𝐴𝐴𝐴𝐵𝐵)�

2
+
𝑐𝑐𝐴𝐴𝐴𝐴𝐵𝐵�𝑃𝑃2(𝑡𝑡𝐵𝐵𝐴𝐴𝐴𝐴) + 𝑃𝑃3(𝑡𝑡𝐵𝐵𝐴𝐴𝐴𝐴)�

2

+
𝑐𝑐𝐴𝐴𝐵𝐵𝐴𝐴�𝑃𝑃1(𝑡𝑡𝐴𝐴𝐵𝐵𝐴𝐴) + 𝑃𝑃3(𝑡𝑡𝐴𝐴𝐵𝐵𝐴𝐴)�

2
 

 
The square errors E for each AAB/ABA type TG pair in the calibration dataset 
are then summed up and the following optimization problem is obtained: 
 

min
𝐶𝐶
Σ𝑖𝑖𝐸𝐸𝑖𝑖,𝐴𝐴𝐴𝐴2 + Σ𝑖𝑖𝐸𝐸𝑖𝑖,𝐴𝐴𝐵𝐵2  

That is, the parameters C are optimized to make the fragmentation model match 
the observed fragmentation as close as possible. 

The error for ABC/ACB/BAC type TGs is calculated the same way, but in 
this case, there are three DG fragments to consider: 

𝐸𝐸𝐴𝐴𝐵𝐵 = 𝑝𝑝𝐴𝐴𝐵𝐵 −
𝑐𝑐𝐴𝐴𝐵𝐵𝐶𝐶�𝑃𝑃3(𝑡𝑡𝐴𝐴𝐵𝐵𝐶𝐶) + 𝑃𝑃1(𝑡𝑡𝐶𝐶𝐵𝐵𝐴𝐴)�

2
+
𝑐𝑐𝐴𝐴𝐶𝐶𝐵𝐵�𝑃𝑃2(𝑡𝑡𝐴𝐴𝐶𝐶𝐵𝐵) + 𝑃𝑃2(𝑡𝑡𝐵𝐵𝐶𝐶𝐴𝐴)�

2

+
𝑐𝑐𝐵𝐵𝐴𝐴𝐶𝐶�𝑃𝑃3(𝑡𝑡𝐵𝐵𝐴𝐴𝐶𝐶) + 𝑃𝑃1(𝑡𝑡𝐶𝐶𝐴𝐴𝐵𝐵)�

2
 

 

𝐸𝐸𝐴𝐴𝐶𝐶 = 𝑝𝑝𝐴𝐴𝐶𝐶 −
𝑐𝑐𝐴𝐴𝐵𝐵𝐶𝐶�𝑃𝑃2(𝑡𝑡𝐴𝐴𝐵𝐵𝐶𝐶) + 𝑃𝑃2(𝑡𝑡𝐶𝐶𝐵𝐵𝐴𝐴)�

2
+
𝑐𝑐𝐴𝐴𝐶𝐶𝐵𝐵�𝑃𝑃3(𝑡𝑡𝐴𝐴𝐶𝐶𝐵𝐵) + 𝑃𝑃1(𝑡𝑡𝐵𝐵𝐶𝐶𝐴𝐴)�

2

+
𝑐𝑐𝐵𝐵𝐴𝐴𝐶𝐶�𝑃𝑃1(𝑡𝑡𝐵𝐵𝐴𝐴𝐶𝐶) + 𝑃𝑃3(𝑡𝑡𝐶𝐶𝐴𝐴𝐵𝐵)�

2
 

 

𝐸𝐸𝐵𝐵𝐶𝐶 = 𝑝𝑝𝐵𝐵𝐶𝐶 −
𝑐𝑐𝐴𝐴𝐵𝐵𝐶𝐶�𝑃𝑃1(𝑡𝑡𝐴𝐴𝐵𝐵𝐶𝐶) + 𝑃𝑃3(𝑡𝑡𝐶𝐶𝐵𝐵𝐴𝐴)�

2
+
𝑐𝑐𝐴𝐴𝐶𝐶𝐵𝐵�𝑃𝑃1(𝑡𝑡𝐴𝐴𝐶𝐶𝐵𝐵) + 𝑃𝑃3(𝑡𝑡𝐵𝐵𝐶𝐶𝐴𝐴)�

2

+
𝑐𝑐𝐵𝐵𝐴𝐴𝐶𝐶�𝑃𝑃2(𝑡𝑡𝐵𝐵𝐴𝐴𝐶𝐶) + 𝑃𝑃2(𝑡𝑡𝐶𝐶𝐴𝐴𝐵𝐵)�

2
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The optimization problem to determine the parameters C is obtained in the same 
was as for AAB/ABA type TGs: 
 

min
𝐶𝐶
Σ𝑖𝑖(𝐸𝐸𝑖𝑖,𝐴𝐴𝐵𝐵2 + 𝐸𝐸𝑖𝑖,𝐴𝐴𝐶𝐶2 + 𝐸𝐸𝑖𝑖,𝐵𝐵𝐶𝐶2 ) 

Trust-Region Constrained Algorithm (Byrd et al., 1999) from the open-source 
Python library SciPy (Virtanen et al., 2020) has been used. 

4.2.6 PL molecular species and regioisomer analysis 

For PL regioisomer analysis, a direct infusion (III) and two different 
chromatographic methods, including a HILIC (III) and RP (IV), were employed. 
The same data-dependent MS2 acquisition method (III, IV) was used for both 
chromatographic systems, whereas targeted product ion scan method was used 
with direct infusion. 

4.2.6.1 Hydrophilic interaction liquid chromatography 

The HILIC system (III) consisted of a Cortecs UPLC HILIC column (2.1 × 150 
mm, 1.6 μm particle size; Waters Corp.) and an Elute HPG 1300 pump unit 
(Bruker Corp., Billerica, MA, USA). The binary solvent gradient consisted of 
(A): water/acetonitrile (80:20, v/v) with 5 mM ammonium formate and (B): 
acetonitrile/water (95:5, v/v) with 5 mM ammonium formate. A stock solution 
of 100 mM ammonium formate in water (pH 3.0, adjusted with formic acid) was 
used when preparing the mobile phase solvents.  

The mobile phase gradient was as follows: initial solvent composition was 6 % 
A, 6 to 9 % A (0–20 min), 9 to 20 % A (20–40 min), 20 to 70 % A (40–41 min), 
held at 70 % A (41–48 min), 70 to 6 % A (48–49 min) and held at 6 % A (49–65 
min). Total solvent flow rate was 0.15 mL/min from 0 to 41 min, then changed 
to 0.3 mL/min during the column flushing and equilibration phase from 41 to 62 
min and changed back to 0.15 mL/min at 62 min before the next injection. 
Column oven temperature was maintained at 25 °C. 

4.2.6.2 Direct infusion 

Direct infusion of the PL standards (III) was performed using a Model 300 
syringe pump (New Era Pump Systems, Farmingdale, NY, USA) with a T-split 
connecting the syringe pump flow to the LC mobile phase flow. The syringe 
pump flow was set at 5 μL/min and the LC flow rate at 0.15 mL/min 15 % A and 
85 % B of the same mobile phase solvents as with the HILIC method.  
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4.2.6.3 Reversed phase chromatography 

The reversed phase system (IV) consisted of an Acquity Premier BEH C18 
(2.1 × 150 mm, 1.7 µm particle size; Waters Corp) column equipped with a 
Vanguard FIT column guard and a Bruker Elute HPG 1300 pump unit (Bruker 
Corp.). The binary solvent gradient consisted of (A) water and (B) 
isopropanol/acetonitrile/water (50:45:5, v/v), both with 10 mM ammonium 
formate and 0.1 % formic acid added.  

The mobile phase gradient was as follows: initial solvent composition was 35 % 
B, 35 to 85 % B (0–2 min), 85 to 99 % B (2–15 min), held at 99 % B (15–20 
min), 99 to 35 % B (20–21 min) and held at 35% B (21–28 min). Total solvent 
flow rate was 0.4 mL/min and the column oven temperature was maintained at 
60 °C. 

4.2.6.4 MS2 analysis 

MS2 analyses for PL regioisomer calculations (III, IV) were performed with an 
Impact II quadrupole time-of-flight (QTOF) tandem mass spectrometer (Bruker 
Corp.) using an electrospray ionization source on negative polarity. The capillary 
voltage was set at 3500 V and the end plate offset at 500 V. The nebulizer gas 
pressure was set at 2 bar, drying gas flow rate at 8 L/min and drying gas 
temperature was at 300 °C. The collision energy was set at 40 eV for all studied 
samples. 

For direct infusion analyses (III), targeted product ion scans were used for the 
selected precursor ions of the PL reference standards and the fragment data was 
recorded from a 10 s window after the syringe pump flow had stabilized. 

For the UHPLC-MS2 analyses with both HILIC (III) and RP (IV), a non-
targeted data-dependent acquisition (DDA) MS2 method was used, which selects 
precursor ions for fragmentation when the intensity exceeds a set threshold. The 
precursor ion intensity threshold for fragmentation was set at 600 counts, which 
was slightly above background noise levels. The maximum number of 
simultaneous product ion scans was set at five, meaning that the system 
prioritizes fragmentation of the five most abundant ions at any given time. MS 
scan time was 0.25 s and MS2 total cycle time for five consecutive scans was 1.4 
s. 

4.2.6.5 PL molecular weight distribution 

The monoacid PC standards consisting of PC 12:0/12:0, PC 14:0/14:0, PC 
14:1/14:1, PC 16:0/16:0, PC 16:1/16:1, PC 18:0/18:0, PC 18:1/18:1, PC 
18:2/18:2, PC 18:3/18:3 and PC 20:0/20:0 were used to determine the detector 
response between different PCs of varying FA compositions. The equimolar 
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mixture consisted of each PC compound at 20 µM concentration. The analysis 
was performed with the RP method (IV).  

 

4.2.6.6 PL regioisomer calculations with calibration curves 

Five mixtures of the PL regioisomer pairs at different ratios (100:0, 75:25, 50:50, 
25:75 and 0:100) were prepared in order to construct the calibration curves. 
Calibration curves (III) were established with PL regioisomer pairs listed in 
Table 12 using the deprotonated FA [RCOO]– fragment ion ratios. Additionally, 
another set of calibration curves (III) was established with the lysophospholipid-
like [M+HCOO–RCOOH–42]–, [M–H–RCOOH]– and [M–H–RCOOH–87]–   
fragments for PC, PE, and PS, respectively.  

To test the accuracy of the calibration curves and calculations, mixtures of PL 
regioisomers at 60/40 % ratios were analyzed (III). In order to expand the 
calibration data (IV), additional individual PC standards were analyzed in 
addition to the regioisomer pairs (Table 12). 

4.2.6.7 Algorithmic calculation of PL regioisomers 

A calculation software for PL regioisomers was developed in this work. The 
algorithms of the software are described in detail in Study IV (Fabritius et al., 
2023, unpublished manuscript). In current work, the accurate analysis of 
regioisomer ratios is optimized for PC class only, but the software can also 
qualitatively identify PE, PI and PS molecular species. Briefly, a data 
preprocessing script for exporting all DDA event information was first created 
using the Bruker Data Analysis software. The script creates .csv files of each 
DDA event containing the fragment spectra of each compound. A separate 
compound table containing the retention time, peak area, and precursor ion m/z 
of each DDA event is also created.  

The software then goes through the compound table and looks for precursor 
ions that match specific adducts of PL species. If a match is found within a 
specified m/z threshold, the software searches relevant FA [RCOO]– ions from 
the fragment spectra. Detection of matching [RCOO]– fragments leads to 
identification of the PL molecular species. For analysis of regioisomers, the 
software uses a fragmentation model influenced by the carbon chain lengths and 
numbers of double bonds in the FAs. The preliminary molecular species 
identification tells the software what parameters to use in the fragmentation 
model. The fragmentation model was calibrated with all mixed FA PC standards 
listed in Table 12. 

Using the peak area, the software can determine the PL species abundance. 
Correction factors for various PC species were determined with an equimolar 
mixture of PC standards. The current version of the software does not yet include 
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the correction factors, and they were manually applied to the results afterwards. 
The molecular species abundance within each species is calculated using the 
relative abundances of [RCOO]– fragment pair abundances. Thus, the software 
can calculate the results at three levels of depth in structural information: PL 
species, molecular species and regioisomers. 
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5 RESULTS AND DISCUSSION 

5.1.1 FA composition 

A total of 37 different FAs were identified in the human milk, bovine milk, and 
infant formula samples (I). The most abundant FAs are displayed in Figure 17. 
Considering that human milk FA composition varies depending on the mother’s 
diet (Much et al., 2013; Tian et al., 2019) as evidenced by the differences in 
Finnish and Chinese human milk samples, most studied infant formulas were 
good at mimicking the human milk FA composition. 

 
Figure 17 Identified FAs in the human milk, bovine milk, and infant formula 
samples (I)  

 
Category A (fat mainly from palm oil, rapeseed oil), C (rapeseed oil, 

sunflower oil) and D (modified vegetable oil, rapeseed oil) infant formulas were 
fairly similar, with the main difference being the varying amount of 12:0. Within 
category A, the IF A1 was slightly different compared to IF A2-A5, likely due 
to the soy oil in addition to the palm oil, rapeseed oil, and coconut oil. Amount 
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of 18:1(n-9) in category B (sunflower oil, rapeseed oil) infant formulas was 
higher than the others, especially in IF B1. Bovine milk samples were 
significantly different compared to human milk, containing more 16:0, 14:0 and 
12:0. It is worth noting that the GC-FID method was not able to resolve FAs at 
ACN 8 or below, which likely resulted in slightly distorted results, especially for 
bovine milk samples as they are known to contain short chain FAs (Yao et al., 
2016; Zou et al., 2013). 

5.1.2 TG molecular weight distribution 

The molecular weight distribution of TGs (I) was analyzed with different 
ionization parameters compared to the regioisomer analysis. In the initial method 
development, low ion source temperature (100 °C) produced the highest 
abundance of [M–H]– ions used in calculating the corresponding ACN:DB 
abundances. However, the low temperature combined with high sample 
concentrations caused rapid contamination of the ion source. Ultimately, the low 
temperature was only used for the molecular weight distribution analysis, while 
the following regioisomer analyses were performed with much higher ion source 
temperature (340 °C) to significantly reduce ion source contamination and 
improve reproducibility. 

Using Tukey test and Levene’s test with Origin 2016 software (OriginLab, 
Northampton, MA, USA), analysis of the equimolar mixture of eight TGs 
ranging between ACN 30-54 (I) resulted in no statistically significant differences 
between the abundances of [M–H]– ions (Figure 18a). This was surprising, 
because with the older generation direct inlet method (Kallio & Rua, 1994; 
Kurvinen et al., 2002) and other methods (Linderborg et al., 2014) it has been 
reported that the ionization is affected by the ACN:DB value. However, in 
addition to the eight TGs with similar ionization, there was one outlier, TG 
8:0/8:0/8:0 (TG 24:0), which had higher intensity compared to the others. The 
possibility of a dilution error was checked, but the higher intensity remained. 
Ultimately, the TG 24:0 was treated as an outlier and not included in the study, 
as this molecular weight range was not relevant for the studied sample material. 
No correction factors were used for molecular weight distribution analysis (I). 
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Figure 18 Measured molar proportions of two equimolar TG standard mixtures 
with the low-temperature (100°C) (a) and high-temperature (340 °C) (b) 
ionization methods. 

 
An example of the molecular weight distribution analysis with 21 most 

abundant TG species in human milk is displayed in Table 14 along with 
comparisons to the same TG species found in bovine milk and infant formulas.  
It is evident that the molecular weight distribution of human milk samples is 
different compared to bovine milk and infant formulas, highlighting the fact that
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while total FA compositions (Figure 17) might be similar, the TG compositions 
can be notably different. For example, ACN 54 species are the most abundant 
ones in infant formulas. In contrast, ACN 52 species are the most abundant in 
human milk samples, and overall, the TGs are more evenly distributed between 
ACN 44-54. The molecular weight distribution of bovine milk was significantly 
different with low abundances of TG between ACN 50-54, while most were 
concentrated in the lower range of ACN 30-40. 

As the low-temperature ionization was not ideal for frequent, high-throughput 
analyses due to the contamination issues, additional validation was later 
performed (not included in the published studies of this thesis) to investigate 
suitability of higher ionization temperature for the molecular weight analysis. In 
contrast to the low temperature method, with a high temperature of 340 °C there 
were immediately noticeable differences between the various TG standards of an 
equimolar mixture (Figure 18b). Two distinct factors influencing the molecular 
ion abundances were observed: TGs with lower ACN were overrepresented and 
TGs with high DB number were underrepresented. Based on this experimental 
information, correction factors for various ACN:DB species were extrapolated 
(Figure 19). Correction factor 1.00 was set for TG 36:0, and everything else was 
adjusted in relation to this. 

The experimentally measured correction factors in Figure 19 are shown next 
to the extrapolated values. Based on this selection of 16 TG standards, the 
correction factors increased as the DB number increased, and decreased as the 
ACN decreased. Out of the 16 analyzed standards, there were only a few 
exceptions that did not follow the same pattern as well as the others, for example 
50:1 and 54:4. Overall, the pattern was clear enough to justify using the 
extrapolated correction factors. Subsequently, molar proportions of the TG 
mixture were recalculated using the extrapolated correction factors. As an 
equimolar mixture, the molar proportion of each of the 16 TGs should be 6.25 
mol%. Figure 20 shows that after correction the calculated molar ratios are much 
closer to actual ratios than before correction. 
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Figure 20 Calculated molar proportions of the equimolar TG standard mixture 
using extrapolated correction factors. The dotted line indicates the actual molar 
proportion (6.25 mol%) 

 
The drastic differences in ionization efficiencies between the two 

temperatures could be explained by the amount of in-source fragmentation. 
Ideally, equimolar compounds with perfect ionization and no in-source 
fragmentation would produce similar signal response. With the lower 100 °C ion 
source temperature, there does not seem to be significant in-source fragmentation 
or thermal decomposition, resulting in similar detector response. With the high 
340 °C ion source temperature, however, the TGs with longer acyl chains and 
more double bonds likely decompose easier due to the harsh ionization 
conditions, resulting in different detector response for each compound. 

To test the influence of the new correction factors with a real sample using the 
high-temperature method, the Chinese human milk sample was reanalyzed. 
Figure 21 shows a comparison of both the response-corrected and uncorrected 
results using the high-temperature method (unpublished) as well as the 
uncorrected results from the low temperature method (I) 
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While the overall profile of the molecular weight distribution in each case 

looks comparable, there are some noticeable differences. In the uncorrected high-
temperature method the lower-mass TGs are proportionally more abundant 
compared to the other two methods, whereas the higher-mass TGs are less 
abundant. The results of the low-temperature method and corrected high-
temperature method are fairly similar in most cases. Going further, only the high-
temperature method with correction factors should be used in later studies due to 
the practicalities related to instrument performance and frequency of cleaning. 
Hundreds of samples can be analyzed with the high-temperature method without 
any meaningful degradation of signal intensity, whereas with the low-
temperature method daily cleaning of the ion source was required. 

5.1.3 TG regioisomer calculations 

5.1.3.1 MSPECTRA software 

Utilizing the deprotonated FA fragment ions [RCOO]–, the initial determination 
of the TG molecular species composition within the selected ACN:DB is useful 
for setting boundaries for the subsequent regioisomer calculations. When the FA 
combinations of the molecular species and their abundances are known, there are 
less options for the regioisomer optimization algorithm to consider, possibly 
resulting in more accurate results than without initial molecular species 
composition analysis.  

For accurate analysis of the preliminary molecular species composition, 
correction factors for the fragmentation efficiencies of the deprotonated FA 
fragment [RCOO]– ions are required. The relative abundance of the [RCOO]– 
fragments decreased as the length of the acyl chain decreased and number of 
double bonds increased, requiring higher correction factors (Table 15). 
Correction factors for 10:0 and 16:1 were extrapolated. 

For regioisomer analyses utilizing the [M–H–RCOOH–100]– fragment ions, 
the average discrimination factor of 10 ABA type TGs was 13.9 %, meaning that 
on average, roughly 14 % of the observed [M–H–RCOOH–100]– fragments are 
resulting from a loss of FA from sn-2 position. MSPECTRA software takes this 
into account when optimizing the regioisomer abundances. Discrimination 
factors for individual TG standards varied between 9-17 %. Using a single, 
universal discrimination factor for all TGs is likely not ideal, as the 
fragmentation is known to be affected by the nature of the attached FAs 
(Gakwaya et al., 2007; Judge et al., 2017; X. Li & Evans, 2005; Tarvainen et al., 
2019). 
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Table 15 FA correction factors for the initial TG molecular species composition 
determination with MSPECTRA software (I) 
Fatty acid Correction factor 
8:0 4.16 
10:0 3.50a 
12:0 2.78 
14:0 2.38 
16:0 1.44 
16:1 1.70a 
18:0 1.00 
18:1 1.33 
18:2 1.56 
18:3 1.80 

a Extrapolated 

Results for mixtures of 16 AAB/ABA type TG regioisomer pairs are shown 
in Table 16, showing the accuracy of the MSPECTRA calculation software. 
Despite the software using only a single discrimination factor for all TGs, the 
results were mostly accurate. However, higher deviations from the actual 
concentrations were observed with polyunsaturated TGs containing 18:3 or more 
than one 18:2 FAs, suggesting that establishing additional discrimination factors 
for TG species with higher degree of unsaturation might be useful to increase the 
accuracy of the calculations. Other than that, no clear trends affecting the results 
were observed. Overall, while the results for TGs with polyunsaturated FAs are 
more skewed than the others, the software is still useful for comparing their 
differences between samples.  
 

Table 16 Analysis of TG standards at various regioisomer ratios using the 
MSPECTRA software (I) 

 
TG 1 abundance in pair (%) 

TG regioisomer 1 100 75 50 25 0 

TG 14:0_14:0 sn-2_18:1 99.6 ± 0.8 76.2 ± 6.4 47.9 ± 7.6 25.0 ± 5.1 1.1 ± 2.2 
TG 16:0_16:0 sn-2_14:0 97.6 ± 4.9 77.5 ± 10.3 41.3 ± 3.9 24.0 ± 4.7 0.6 ± 1.2 
TG 16:0_16:0 sn-2_18:0 94.3 ± 3.5 77.6 ± 5.7 43.3 ± 4.4 22.5 ± 13.1 1.5 ± 3.1 
TG 16:0_16:0 sn-2_18:1 91.7 ± 3.3 65.8 ± 3.8 40.7 ± 8.5 17.5 ± 4.0 0.0 ± 0.0 
TG 16:0_16:0 sn-2_18:2  100.0 ± 0.0 85.2 ± 13.8 56.3 ± 6.5 35.3 ± 6.5 6.8 ± 4.6 
TG 18:0_18:0 sn-2_18:1 95.0 ± 5.7 67.8 ± 5.2 46.4 ± 4.7 19.1 ± 3.3 1.2 ± 1.2 
TG 18:0_18:0 sn-2_18:2  99.7 ± 0.6 90.1 ± 5.3 62.4 ± 5.5 36.4 ± 3.2 9.2 ± 2.6 
TG 18:1_18:1 sn-2_12:0 99.1 ± 1.9 76.5 ± 6.8 45.6 ± 5.2 25.8 ± 4.9 0.0 ± 0.0 
TG 18:1_18:1 sn-2_14:0 99.8 ± 0.3 80.4 ± 7.6 67.4 ± 7.7 28.0 ± 6.7 1.2 ± 1.7 
TG 18:1_18:1 sn-2_16:0 100.0 ± 0.0 80.0 ± 11.7 60.9 ± 1.2 38.7 ± 6.7 9.0 ± 9.3 
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TG 1 abundance in pair (%) 

TG regioisomer 1 100 75 50 25 0 
TG 18:1_18:1 sn-2_18:0 99.3 ± 1.3 76.0 ± 4.5 39.1 ± 5.1 19.8 ± 3.8 0.0 ± 0.0 
TG 18:1_18:1 sn-2_18:2 100.0 ± 0.0 80.6 ± 9.2 47.8 ± 4.5 29.3 ± 7.4 6.0 ± 3.8 
TG 18:1_18:1 sn-2_18:3  100.0 ± 0.0 99.1 ± 1.8 76.4 ± 4.8 50.0 ± 3.5 28.2 ± 1.4 
TG 18:2_18:2 sn-2_16:0 83.6 ± 9.9 62.7 ± 4.4 39.2 ± 7.6 19.5 ± 1.3 0.0 ± 0.0 
TG 18:2_18:2 sn-2_18:1 82.4 ± 5.0 53.6 ± 9.0 23.8 ± 4.7 5.3 ± 5.8 0.1 ± 0.2 
TG 18:2_18:2 sn-2_18:3 100.0 ± 0.0 100.0 ± 0.0 87.2 ± 2.9 54.9 ± 4.7 18.7 ± 4.2 

 
One of the limitations of the direct inlet chemical ionization MS method is 

that in the lower ACN:DB range, starting from ACN 40 and below, sometimes 
the [RCOO]– and [M–H–RCOOH–100]– fragments overlap in the product ion 
spectra. This means that neither the preliminary molecular species nor 
regioisomer abundances can be calculated when one of the fragment ion peaks 
consists of both fragment types. The problem is illustrated in Figure 22, 
displaying the fragment spectrum of TG 10:0_10:0 sn-2_18:1 (ACN:DB 38:1). 
In this case, the observed m/z 281.33 fragment ion is a product of two different 
fragment types, making it impossible to calculate the regioisomer ratios. 
 
 

 
Figure 22 Example of overlapping [RCOO]– and [M–H–RCOOH–100]– 
fragments of TG 10:0_10:0 sn-2_18:1 (AAB type), preventing regioisomer 
calculations (I). 
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For analysis of human milk regioisomer composition (I), this problem was not 
significant as the TGs are mostly above ACN 40. However, the opposite is true 
for bovine milk, as the TGs are mainly concentrated at below ACN 40. For the 
purposes of the first study (I), the method was suitable, because the ACN:DB 
species of interest (Table 14) were selected based on high abundance in human 
milk, and no overlapping issues were encountered in ACN 44-54 range. 
Selection of precursor ions was performed within a range of m/z ±0.5 of the 
theoretical m/z value of the molecular TG ion. For our triple quadrupole mass 
spectrometer this range was broad enough to allow acceptable sensitivity but 
narrow enough not to select adjacent monoisotopic TGs spaced 2 Da apart from 
one another. As a direct inlet method without chromatographic separation, the 
M+2 isotopes of a TG species with one more double bond always cause minor 
interference in the fragment pattern. In most cases of high abundance TGs, the 
interference is relatively low. However, when the ACN:DB species selected for 
analysis is of low abundance, and the adjacent species with one more double 
bond is of high abundance, the interference can be noticeable. For example, 
ACN:DB 54:2 results being interfered by M+2 isotopes of ACN:DB 54:3 in 
many of the infant formula samples as the ACN:DB 54:3 is significantly more 
abundant (Table 14). 

An example of the effect of M+2 isotope interference with reference standards 
TG 16:0_16:0 sn-2_18:1 and TG 16:0_16:0 sn-2_18:0 is shown in Figure 23. 
As TG 16:0_16:0 sn-2_18:1 (m/z 831.8) has one more double bond, the M+2 
isotope overlaps with the monoisotopic ion of TG 16:0_16:0 sn-2_18:0 (m/z 
833.8). With a mixture of TG 16:0_16:0 sn-2_18:1 and TG 16:0_16:0 sn-2_18:0 
(1:1), the M+2 isotope represents 16.2 % of the observed m/z 833.8 peak (Figure 
23a) in MS scan. With another mixture of 9:1 ratios, respectively, the M+2 
isotope represents 66.1 % of the observed m/z 833.8 peak, showing very 
significant isotopic overlap (Figure 23b). MSPECTRA software corrects the 
isotopic abundances when calculating the molecular weight distribution.  

MS2 product ion scans, however, are more susceptible to the isotope 
interference, as the software has no way of knowing if the observed fragments 
are coming from the targeted monoisotopic molecular ion, or M+2 isotope of the 
adjacent TG. Figure 23c-d show the product ion scans of the same 1:1 and 9:1 
mixtures, respectively, both targeting the TG 16:0_16:0 sn-2_18:0 precursor ion 
m/z 833.8. In both mixtures, fragments m/z 281.3 and 451.5 are observed, related 
to loss of FA 18:1 from the TG. The intensities are fairly minor in the 1:1 mixture, 
but much more noticeable in the 9:1 mixture. Furthermore, what cannot be seen 
are the abundances of FA 16:0 [RCOO]– and [M–H–16:0–100]– ions fragmented 
from the M+2 isotope of TG 16:0_16:0 sn-2_18:1, as they are overlapping with 
the same fragments of TG 16:0_16:0 sn-2_18:0. This can distort the results of 
regioisomer calculations. 
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Figure 23 Analysis of TG 16:0_16:0 sn-2_18:1 (m/z 831.8) and TG 16:0_16:0 
sn-2_18:0 (m/z 833.8) mixtures: MS scan of 1/1 mixture (a), MS scan of 9/1 
mixture (b), 1/1 mixture MS2 product ion scan of m/z 833.8 (c), and 9/1 mixture 
MS2 product ion scan of m/z 833.8 (d).  

 
The calculated average results of four replicates for TG 16:0_16:0_18:0 

regioisomers are: 93.2 % TG 16:0_16:0 sn-2_18:0 in the 1:1 mixture and 80.9 % 
in the 9:1 mixture. With the 1:1 mixture, the results are quite close to the actual 
100 % value, and while the results using the 9:1 mixture are more skewed, the 
results are still in the right direction. No other TG molecular species were 
detected in either case. When MSPECTRA calculates the results, it first identifies 
the precursor ion m/z 833.8 as TG 50:0. Because this ACN:DB does not have 
double bonds, any TGs containing FA 18:1 are left out of consideration. This 
helps in reducing false identifications, but nevertheless cannot correct the 
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distortions caused by shared fragments of both TG 16:0_16:0 sn-2_18:1 M+2 
isotope and TG 16:0_16:0 sn-2_18:0. Overall, the effect of the M+2 isotopes is 
estimated as acceptable in study I. 

5.1.3.2 TAG analyzer software 

Utilizing the UHPLC-MS2 method with ammoniated [M+NH4]+ precursor ion 
(II) the resulting fragment types are different compared to the direct inlet 
chemical ionization method (I). The TAG analyzer software mainly uses DG 
fragments [M+NH4–RCOOH–NH3]+ for regioisomer calculations, but there is 
also an option to use FA ketene [RCO]+ fragments, albeit they typically have low 
abundance, and are less reproducible. Furthermore, using only one fragment type 
means that similar preliminary TG molecular species abundances as with the 
MSPECTRA software is not obtained from the fragment ions. Only qualitative 
FA identifications are made using the corresponding [RCO]+ fragments, and 
subsequently the possible TG molecular species combinations are determined. 

Comparison of experimental calibration curves and the fragmentation model 
of TAG analyzer are shown in Figure 24. The MMP/MPM (TG 14:0_14:0_16:0) 
and PPBu/PBuP (TG 16:0_16:0_4:0) calibration plots only consist of one data 
point, because their regioisomer pair was not available. Regardless, having only 
one data point is still useful for creating the fragmentation model. The 
established model in most cases was very close to the actual, measured 
calibration curve. Largest deviations between the fragmentation model and the 
experimental calibration curves were observed with two 18:2 FA containing TG 
pairs LLO/LOL (TG 18:2_18:2_18:1) and LLP/LPL (TG 18:2_18:2_16:0). 
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Figure 24 Comparison of original calibration plots and the TAG analyzer 
fragmentation model established with the calibration plots (II). For visual clarity, 
the TGs and their DG fragment ratios are labeled using the AAB/ABA shorthand 
notations. 

 
TAG analyzer optimizes the TG regioisomer abundances within the ACN:DB 

species using the fragmentation model established with the TG regioisomer 
standards. A total of 18 regiospecific pairs of AAB/ABA type TGs were 
analyzed at five different molar ratios; 0/100, 25/75, 50/50, 75/25 and 100/0. In 
case of the ABC/ACB/BAC type TGs, the analysis for each regioisomer triplet 
was performed at 13 different ratios: 100/0/0, 0/100/0, 0/0/100, 80/10/10, 
10/80/10, 10/10/80, 70/15/15/, 15/70/ 15, 15/15/70, 50/25/25, 25/50/25, 25/25/50 
and 33.3/33.3/33.3. A comparison of the AAB/ABA (Figure 25) and 
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ABC/BAC/CAB (Figure 26) type TG standards calculated with original 
calibration curves and the TAG analyzer fragmentation model shows the 
similarity of the results between the two calculation methods. 

 
Figure 25 Calculated concentrations of AAB/ABA type regioisomer pairs (II). 
The labels below the bars represent the actual ABA concentrations of the 
mixtures and Y axis represents the calculated proportions of ABA type 
regioisomers using TAG analyzer or manual calculations. 



Results and Discussion 

 

99 

 
Figure 26 Calculated concentrations of ABC/ACB/BAC type regioisomer 
triplets (II). The labels below the bars represent the actual concentrations of the 
mixtures and Y axis represents the calculated proportions of the regioisomers 
using TAG analyzer or manual calculations. 

 

All manual calculations of the regiospecific TG standards were performed using 
the calibration curves established in our previous study (Tarvainen et al., 2019). 
At all molar fractions, the ratios of most AAB/ABA type regioisomers calculated 
with the TAG analyzer fragmentation model were close to the values calculated 
manually. Some noticeable differences were also observed, most notably the 
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regioisomers of TG 16:0_16:0_18:2, TG 16:0_16:0_18:1, and TG 
18:2_18:2_18:3 molecular species for the AAB/ABA type pairs. For 
ABC/BAC/CBA type TGs, the results of TG 16:0_18:1_18:2 deviated slightly 
more compared to other triplets. Some deviation is to be expected, as the 
software uses a general fragmentation model for all TGs. The accuracy of the 
fragmentation model could still be further increased by analyzing additional 
regioisomer pairs and triplets with varying relative FA chain lengths and degree 
of saturation. An output window of the TAG analyzer software is shown in 
Figure 27, offering a visual reference on the accuracy of the DG fragment 
optimizations. In this case, the analyzed regioisomers consist of TG 52:3 species 
in the Finnish human milk sample. The software has identified and optimized the 
abundances of four DG fragments, and the synthetic spectrum matches the 
observed spectrum very well. High deviations between the observed and 
synthetic spectra would mean that the software has challenges to find an optimal 
solution, leading to more inaccurate results. 

 
Figure 27 The synthetic DG spectrum of TG 52:3 species in Finnish human milk 
overlaid on top of the actual fragment spectra (II) 

 
A further examination and a visualization of the synthetic spectrum is 

displayed in Figure 28, showing the optimized abundances of DG fragments. 
Each isobaric DG fragment can be a product of one or more TGs. For example, 
based on the initial qualitative molecular species identification, m/z 575.50 
fragment is a mixture of DG 16:0_18:2 and DG 16:1_18:1, fragmented from TG 
16:0_18:1_18:2 and TG 18:1_18:1_16:0, respectively. Furthermore, fragments 
m/z 577.52 (DG 16:0_18:1) and m/z 601.52 (DG 18:1_18:2) result from TG 
16:0_18:1_18:2, and m/z 603.54 (DG 18:1_18:1) from TG 18:1_18:1_16:0. 
Based on the optimized DG fragment abundances, the calculated regioisomers 
within the TG 52:3 species are TG 18:1_16:0 sn-2_18:2 (66 %), TG 18:2_18:1 
sn-2_16:0 (10 %), TG 18:1_18:2 sn-2_16:0 (4 %), TG 18:1_16:1 sn-2_18:1 
(14 %), and TG 18:1_18:1 sn-2_16:1 (5 %). 
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Figure 28 Visualization of the abundance optimization showing identified DG 
fragments belonging to each TG regioisomer in ACN:DB 52:3 species in Finnish 
human milk using the TAG analyzer software. The [RCO]+ fragments are used 
for qualitative molecular species identification (II). 

 
Without optimization algorithms, TG regioisomers would be difficult to 

resolve from spectra like this. With increasing sample complexity, more FA 
combinations and overlapping isobaric DG fragments from multiple sources, 
manual calculations using calibration curves become practically impossible.  

5.1.3.3  Comparison of the TG regioisomer calculation methods 

The results obtained with manual calculations using calibration curves, TAG 
analyzer and MSPECTRA are compared where applicable. First, most abundant 
TG regioisomers in olive oil (Figure 29) calculated with the TAG analyzer are 
compared with manual calculations (Tarvainen et al., 2019). Due to olive oil 
having a relatively simple TG composition, manual calculations with calibration 
curves are possible as the interference of isobaric TG fragments is mostly low. 
One major exception is the chromatographic overlap of isobaric TG 
18:1_18:2_18:2 and TG 18:1_18:1_18:3 molecular species, both producing 
isobaric DG 36:4 fragments. 
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In the previous publication (Tarvainen et al., 2019), the results for these TG 
regioisomers were calculated by taking the spectra from the partially resolved 
peak using the rising edge of the TG 18:1_18:2_18:2 and the descending tail of 
the TG 18:1_18:1_18:3. This is not the ideal way of calculating the results, as 
there is likely some isobaric overlap that is difficult to quantify. Using only the 
front and back of the partially resolved peaks subjects the calculations to 
inaccuracies due to low number of data points. In addition to partial molecular 
species separation, there is also minor separation of the TG regioisomers 
themselves, likely leading to further distorted fragment ion spectra in the front 
and tail of the peak. 

 
Figure 29 Comparison of olive oil TG regioisomer results using two different 
calculation methods: TAG analyzer (II) and manual calculations with calibration 
curves (Tarvainen et al., 2019) 
 

Comparing the results, the TG 18:2_18:1 sn-2_18:2 ratios were reasonably 
close to one another using the manual calculations (7 %) and TAG analyzer 
(20 %). Higher differences were observed between the TG 18:1_18:3 sn-2_18:1 
results (81 % and 44 %, respectively). As the TG 18:1_18:1_18:3 molecular 
species elutes slightly after TG 18:1_18:2_18:2, and it is evident that there is 
noticeable peak tailing (Tarvainen et al., 2019), the isobaric interference is 
significantly higher in the tail of the partially resolved peak compared to the front, 
subsequently leading to possibly inaccurate results using the manual calculation 
method. For the other studied abundant TGs in olive oil, the results between the 
two calculation methods were very similar (Figure 29). 

As the human milk TG regioisomer composition has not been 
comprehensively resolved with methodologies other than the algorithmic 
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optimization of fragment spectra described in this thesis (MSPECTRA and TAG 
analyzer), results of the two calculation programs are mainly compared with one 
another, including the results from the preliminary algorithm development 
publication (Kallio et al., 2017) utilizing lithium adducts (Table 17). The 
comparison includes ten most abundant ACN:DB species in Finnish human milk, 
and two most abundant regioisomer pairs or triplets within each ACN:DB. The 
results obtained with the three different methods are mostly similar, especially 
for the most abundant TGs within each ACN:DB species. Larger differences 
between the methods are observed in some of the less abundant molecular 
species, such as TG 16:1_18:1 sn-2_18:1 within the TG 52:3 species, where the 
results calculated with MSPECTRA (I) are noticeably different compared to the 
other two methods. This could be explained by the differences in the 
fragmentation models. As MSPECTRA only uses the universal discrimination 
factor for all TGs, and TAG analyzer (II) and its predecessor algorithm (Kallio 
et al., 2017) use a more sophisticated fragmentation model for different TGs, 
some differences are to be expected. 
 

Table 17 Comparison of human milk TG regioisomer results calculated with 
three different methodologies: MSPECTRA software with direct inlet CI(–)-MS2 
method using [M–H]– precursor ions (Study I), TAG analyzer software with RP 
chromatographic separation and ESI(+)-MS2 method using [M+NH4]+ precursor 
ions (Study II), and the initial TG abundance optimization algorithm with RP 
chromatographic separation and ESI(+)-MS2 method using [M+Li]+ precursor 
ions (Kallio et al., 2017). Two most abundant TG regioisomer pairs or triplets 
within each ACN:DB are shown. 
    Regioisomer ratios (Mol%) 

ACN:DB Mol% TG regioisomer 

Abundance 
within ACN:DB 
(Mol%), Study I 

 
Study  

I 
Study  

II 

Kallio 
et al., 
(2017) 

54:4 3.3 

TG 18:1_18:2 sn-2_18:1 
89.5 64 69 57 

TG 18:1_18:1 sn-2_18:2 36 31 43 
TG 18:2_18:0 sn-2_18:2 

6.7 63 n.d. n.d. 
TG 18:0_18:2 sn-2_18:2 37 n.d. n.d. 

54:3 4.1 

TG 18:1_18:1 sn-2_18:1 76.2 100 100 100 
TG 18:1_18:0 sn-2_18:2 

23.2 
23 25 25 

TG 18:0_18:1 sn-2_18:2 37 5 40 
TG 18:0_18:2 sn-2_18:1 40 75 35 

52:3 6.7 

TG 16:0_18:1 sn-2_18:2 
76.4 

7 13 0 
TG 18:1_18:2 sn-2_16:0 1 2 2 
TG 18:1_16:0 sn-2_18:2 93 85 98 
TG 18:1_16:1 sn-2_18:1 

19.6 35 78 85 
TG 16:1_18:1 sn-2_18:1 65 22 15 
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    Regioisomer ratios (Mol%) 

ACN:DB Mol% TG regioisomer 

Abundance 
within ACN:DB 
(Mol%), Study I 

 
Study  

I 
Study  

II 

Kallio 
et al., 
(2017) 

52:2 12.2 

TG 18:1_16:0 sn-2_18:1 
89.3 81 100 100 

TG 16:0_18:1 sn-2_18:1 19 0 0 
TG 16:0_18:0 sn-2_18:2 

5.2 
25 n.d. 4 

TG 18:0_18:2 sn-2_16:0 8 n.d. 4 
TG 18:0_16:0 sn-2_18:2 67 n.d. 92 

52:1 3.8 

TG 16:0_18:0 sn-2_18:1 
97.6 

7 2 4 
TG 16:0_18:1 sn-2_18:0 1 9 2 
TG 18:1_16:0 sn-2_18:0 92 89 93 
TG 18:0_16:1 sn-2_18:0 

2.4 79 n.d. 100 
TG 16:1_18:0 sn-2_18:0 21 n.d. 0 

50:2 4.7 

TG 18:1_14:0 sn-2_18:1 
55.6 81 94 99 

TG 14:0_18:1 sn-2_18:1 19 6 1 
TG 16:0_18:2 sn-2_16:0 

15.7 0 2 7 
TG 16:0_16:0 sn-2_18:2 100 98 93 

50:1 4.3 

TG 16:0_18:1 sn-2_16:0 
70.3 6 0 0 

TG 16:0_16:0 sn-2_18:1 94 100 100 
TG 14:0_18:1 sn-2_18:0 

23.6 
14 20 0 

TG 18:0_14:0 sn-2_18:1 85 72 90 
TG 14:0_18:0 sn-2_18:1 0 8 10 

48:2 3.4 

TG 18:1_12:0 sn-2_18:1 
59 61 95 96 

TG 12:0_18:1 sn-2_18:1 39 5 4 
TG 16:0_14:0 sn-2_18:2 

21.8 
61 55 32 

TG 14:0_16:0 sn-2_18:2 39 35 38 
TG 16:0_18:2 sn-2_14:0 0 0 30 

48:1 3.4 

TG 14:0_18:1 sn-2_16:0 
74.1 

8 0 0 
TG 16:0_14:0 sn-2_18:1 25 45 44 
TG 14:0_16:0 sn-2_18:1 67 55 56 
TG 18:0_18:1 sn-2_12:0 

18.8 
22 n.d. 7 

TG 18:1_18:0 sn-2_12:0 10 n.d. 31 
TG 18:1_12:0 sn-2_18:0 68 n.d. 61 

46:1 3.4 

TG 16:0_18:1 sn-2_12:0 
69 

5 3 1 
TG 18:1_16:0 sn-2_12:0 93 74 76 
TG 18:1_12:0 sn-2_16:0 2 23 24 
TG 14:0_18:1 sn-2_14:0 

18.7 9 15 1 
TG 14:0_14:0 sn-2_18:1 91 85 99 

n.d. = not determined 

 
Another factor contributing to the differences is the fact that when the algorithms 
are finding the optimal abundances of TG regioisomers, the changes are 
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proportionally higher in the lower-abundance TGs. This can result in larger 
inaccuracies for the low abundance TG compared to the more abundant ones. 

Both calculation programs MSPECTRA and TAG analyzer have a 
configurable threshold for peak detection. Some TGs such as molecular species 
TG 18:0_18:2_18:2, TG 16:0_18:0_18:2, TG 16:1_18:0_18:0 and TG 
12:0_18:0_18:1 identified with MSPECTRA in human milk were not identified 
using the TAG analyzer when analyzing the same sample. This might be caused 
by the intensity threshold being set too high. Great care should be used when 
assessing the proper intensity threshold for detection, as both too low and too 
high values have their own problems. If the value is set too low, the software 
might find additional peaks matching the structurally informative fragments, 
when in reality they are just background noise, resulting in convoluted and 
inaccurate results. Conversely, setting the threshold too high may discard valid 
low abundance TG regioisomers. More importantly, discarding some of the TGs 
from consideration will also distort the results of other, high abundance TGs if 
there is isobaric overlap of the fragments, as the software is trying to find an 
optimal solution without all the potential TG combinations in consideration. 

Despite the differences of some individual results, the overall TG regioisomer 
profile calculated with the three methods is quite similar. The results of Finnish 
human milk clearly show that when paired with unsaturated FAs, the saturated 
FAs are heavily concentrated in sn-2 position, while unsaturated FAs seem to 
preferentially be located in sn-1/3 positions. When accompanied by FA 18:0, 
shorter saturated FAs such as 16:0, 14:0 and 12:0 are more concentrated in sn-2 
position. When both FA 16:0 and 14:0 are present, no clear preference is 
observed between the two, as both are roughly equally found in sn-2 position. 

One of the limitations of this comparison is that all three methods are 
published by our group, based on similar principles using optimization of the 
fragment ion spectra, and there are no other studies that have comprehensively 
investigated TG regioisomers in human milk. The results for certain abundant 
molecular species such as TG 16:0_18:1_18:1, TG 16:0_18:1_18:2 and TG 
16:0_16:0_18:1 are well in agreement with previous literature (Chen et al., 2020; 
Zhang et al., 2022) that have analyzed specific regioisomers, showing that TG 
regioisomers in human milk containing FA 16:0 in sn-2 position are much more 
abundant compared to regioisomers with FA 16:0 in sn-1/3 positions (Table 18). 
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Table 18 Comparison of different methodologies for analysis of specific TG 
regioisomers in human milk 

   
Regioisomer ratios 

(Mol%) 

ACN:DB TG regioisomer 
Study  

I 
Study  

II 

Kallio 
et al., 
(2017) 

Chen et 
al., 

(2020) 

Zhang 
et al., 
(2022) 

48:2 
TG 18:1_12:0 sn-2_18:1 61 95 96 73 n.d. 
TG 12:0_18:1 sn-2_18:1 39 5 4 27 n.d. 

50:1 
TG 16:0_18:1 sn-2_16:0 6 0 0 6 11 
TG 16:0_16:0 sn-2_18:1 94 100 100 94 89 

52:2 
TG 18:1_16:0 sn-2_18:1 81 100 100 88 83 
TG 16:0_18:1 sn-2_18:1 19 0 0 12 17 

52:3 
TG 16:0_18:1 sn-2_18:2 7 13 0 4 0 
TG 18:1_18:2 sn-2_16:0 1 2 2 5 9 
TG 18:1_16:0 sn-2_18:2 93 85 98 91 91 

     n.d. = not determined 
 
Some of the differences could be explained by sample variation between 

studies. Mother’s diet (Much et al., 2013; Tian et al., 2019) and other external 
factors such as age (Kim et al., 2017) and BMI (Mäkelä et al., 2013) have been 
shown to affect the overall FA composition and subsequently TG species 
composition (Linderborg et al., 2014) in human milk. While there were minor 
statistical differences between the human milk regioisomers of mothers in three 
different regions of China (Chen et al., 2020), in other studies background factors 
have not been shown to cause significant differences in human milk TG 
regioisomer ratios (Linderborg et al., 2014).  

The other two studies listed in Table 18 were based on chromatographic 
separation of the regioisomers (Chen et al., 2020) or calibration curves using 
fragment ion ratios (Zhang et al., 2022). While the results reported by (Zhang et 
al., 2022) are well in agreement with the other four studies, the authors did not 
specify whether isobaric interference of the fragment ions was considered, and 
based on the chromatographic method used, it could have a significant influence 
on the results. 

Even though the accuracy of the developed programs MSPECTRA and TAG 
analyzer was tested with a wide range of mixtures of pure reference standards, 
additional mixtures with TG standards containing isobaric fragments, for 
example regioisomers of both TG 18:1_18:1_18:3 and TG 18:1_18:2_18:2 
species in the same sample, should have been analyzed. In hindsight, this would 
have greatly benefited the credibility of the validation, as analyzing TGs with 
isobaric fragments is a core feature of both calculation programs. Additionally, 
with the fragmentation model of the TAG analyzer program, a cross-validation 
of the TG reference standard mixtures would have been useful, meaning that with 
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each TG standard pair or triplet, the accuracy of the model would have been 
tested by dropping out the fragmentation data obtained from that specific TG 
species. 

While external references are limited on TG regioisomer composition of 
complex samples such as human milk, there is a strong basis to conclude that the 
three methods published by our group (Study I (Fabritius et al., 2020), Study II 
(Sazzad et al., 2022) and (Kallio et al., 2017)) can be validated against one 
another. The methods use different instrumentation, ionization mode, adduct 
type, fragment type, fragmentation model and optimization algorithm. Despite 
these fundamental differences, the methods still produce comparable results, 
showing that using optimization algorithms to determine the TG regioisomers 
from complex data with overlapping isobaric fragments is a viable solution. 

5.1.4 Correction factors for PL molecular weight distribution 

Determination of the PL molecular weight correction factors resulting from 
differences in the detector response is described in more detail in Study IV 
(Fabritius et al., 2023, unpublished manuscript). Briefly, the correction factors 
are influenced by the attached FAs and the numbers of acyl carbons and double 
bonds. Increased FA chain length resulted in lower detector response, and 
increased double bond number resulted in higher detector response. PC 24:0 was 
used as a baseline (1.00) for the correction factors. 

5.1.5 PL regioisomer calculations 

5.1.5.1 Manual calculation of PL standards using the calibration curves 

All investigated PL classes produced abundant deprotonated FA fragments at 
varying ratios. Additionally, different PL classes produced lysophospholipid-like 
fragment ions, structural differences in these fragments arising from the polar 
head group. Two types of calibration curves were established for manual 
calculations of the PL regioisomer ratios: one using the FA fragments and the 
other using the lysophospholipid-like fragments.  

The first set of calibration curves used for manual calculations was initially 
established by determining the FA fragment ion [RCOO]– ratio in PL A_B 
molecular species by dividing the intensity of [RACOO]– by the intensity of 
[RBCOO]–. Similarly, the other set of calibration curves was established by 
dividing the intensities of the lysophospholipid-like fragments. This resulted in 
non-linear calibration curves (III) with best fitting obtained using exponential 
functions. 

 The calibration curves of various PL standards using the FA fragment ion 
ratios are shown in Figure 30. The coefficient of determination for each 
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calibration curve was very good (R2 > 0.99), showing that the FA fragment ion 
ratios predictably represent the regioisomer ratios in each of the tested PL 
regioisomer pairs. While the general trend for the changing fragment ion ratios 
as different concentrations was similar, there were minor differences that could 
be explained by the nature of the PL molecular species. For example, with PCs 
the fragment ion ratios seem to be dependent on the lengths of the FAs and their 
numbers of double bonds. The calibration curves of various PL standards using 
the lysophospholipid-like fragment ion ratios are shown in Figure 31. 

 

 
Figure 30 Calibration curves of the PL A_B reference standard pairs calculated 
using the deprotonated FA fragment [RCOO]– ion ratios (III) 
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Figure 31 Calibration curves of the PL A_B reference standard pairs calculated 
using the lysophospholipid-like fragment ion ratios of [M+HCOO–RCOOH–
42]–, [M–H–RCOOH]– and [M–H–RCOOH–87]– for PC, PE and PS, 
respectively (III). 

Utilizing both sets of calibration curves, mixtures of PL reference standard 
pairs at 60:40 % ratios were analyzed with both direct infusion and the HILIC 
method. For direct infusion, individual pairs were analyzed separately, whereas 
with the HILIC method a mixture containing all pairs was analyzed. The results 
for each method and calibration curve type are shown in Table 19. The results 
show that the calculations are accurate using direct infusion method and either 
fragment type. In addition to good accuracy, the results were also highly 
reproducible, indicating that the fragmentation occurs reliably. 

However, some challenges were encountered with the HILIC method. As 
HILIC separates the PLs primarily based on the polar head group of the class, 
the molecular species within a class typically elute in clusters and many are 
partially overlapping with each other. Normally this would only cause minor 
M+2 isotope interference similar to what was discussed in the direct inlet TG 
analysis section, but in this case the precursor ion isolation capabilities of the 
instrument used are limited. Many of the overlapping peaks only differ by one 
double bond, for example PC 16:0_18:2 and PC 16:0_18:3, resulting in a 2 Da 
mass difference. The quadrupole responsible for precursor ion isolation is not 
capable of resolving these ions within ±2 m/z, and when selecting PC 16:0_18:3 
for fragmentation, also the chromatographically overlapping part of PC 
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16:0_18:2 is fragmented, heavily distorting the product ion spectra. As FA 16:0 
is a shared FA in both of these molecular species, the structurally informative 
fragment ion ratios are influenced by one another, resulting in inaccurate 
calculations (Table 19). This issue was solved by changing the chromatography 
from HILIC to RP (IV), which primarily separates the molecular species based 
on the FA composition, not class. Even if molecular species from different 
classes have the same FA composition and are chromatographically overlapping, 
they can be differentiated by the precursor ion m/z, because the m/z differences 
of most head groups of the PL classes are high enough for acceptable precursor 
ion isolation. Two exceptions are PC and PS, where the difference is less than 2 
Da for the intact molecules. However, as PCs are ionized and detected as 
[M+HCOO]– formate adducts and PSs as deprotonated [M–H]– ions, this creates 
a 44 Da difference. 
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All established PC calibration curves are overlaid in Figure 32, showing the 
effects of different FA combinations. When comparing the [RCOO]– fragment 
ion calibration curves of PC 16:0_18:0, PC 16:0_18:1, PC 16:0_18:2 and PC 
16:0_18:3, where the only difference is the degree of saturation in one FA, the 
presence of more unsaturated FAs seems to cause stronger differentiation in 
fragmentation of FAs between the sn-1 and sn-2 positions. Similarly, stronger 
differentiation seems to be caused by increasing ACN of the attached FAs. These 
observations were utilized in the development of the fragmentation model in the 
following study (IV). Calibration curves established with the lysophospholipid-
like [M+HCOO–RCOOH–42]– fragment ions did not follow the same pattern, 
and were seemingly more random, the differences between individual calibration 
curves being higher. All things considered, including significantly higher 
sensitivity, the use of [RCOO]– fragments for PC regioisomer calculations was 
deemed more applicable. 

 
Figure 32 Calibration curves of PC standards overlaid in the same graph (III). 
 
Investigating the PC calibration data further with a different approach, Figure 
33 shows the proportion of [RACOO]– or [M+HCOO–RACOOH–42]– of all 
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fragments of the same type. Using a linear regression model, the new calibration 
curves calculated with the [RCOO]– fragments are highly linear (R2 > 0.995), 
meaning that as the proportions of the regioisomers change, the changes to 
[RCOO]– fragment ions are also linear. Because the change is linear, multiple 
mixtures of regioisomers at different ratios are not required, and similar 
calibration curves can be obtained with just the end points of the curves, i.e., pure 
PC A/B and PC B/A. However, using the [M+HCOO–RCOOH–42]– fragment 
calibration data, the situation is somewhat different. While most PC mixtures fit 
the linear regression model well, there is some observable curvature, especially 
with PC 16:0_20:4 (Figure 33). While this can be corrected by using non-linear 
calibration curves, as was done in Study III, it will be more difficult to create a 
universal fragmentation model if different molecular species need different 
regression models to fit the data. This again supports the use of [RCOO]– 
fragments in further fragmentation model development. 
 

 
Figure 33 Proportions of [RACOO]– or [M+HCOO–RACOOH–42]– of all 
fragments of the same type. 

 



Results and Discussion 

 

114 

Furthermore, another interesting observation can be made from the [RCOO]– 
calibration data. With all PC standards the [RACOO]– fragment ion proportions 
are very similar at 100 % PC A/B ratios (0.231-0.245) (Figure 33). A common 
factor for all the investigated PC A_B standards is that in PC A/B configuration 
the FAs in sn-1 position are of similar length and degree of saturation (FA 14:0 
or 16:0). Even though the FAs in sn-2 position range from ACN 14 to 20, with 
DB number between 0-4, the fragment ion proportions are remarkably similar. 
As the ratio of PC B/A increases, the calibration curves start to diverge, resulting 
in proportionally higher differences at 100 % PC B/A (0.678-0.762). This 
suggests that the identity of FA in sn-1 position could be more responsible for 
causing the differences between the fragmentation efficiencies of various PC 
molecular species compared to sn-2 FA. 

5.1.5.2 Calculation software 

Detailed software validation is described in Study IV (Fabritius et al., 2023, 
unpublished manuscript). Briefly, the fragmentation stability was good over a 
wide concentration range (0.1-100 µg/mL) for PC, PE, PI and PS. No significant 
changes in the fragment ion ratios were detected, as both high and low 
concentrations produced mostly similar results. The limiting factor for the 
analysis became the triggering threshold of the DDA. This shows that the 
fragmentation is not influenced by the concentration, and the software can be 
used to accurately analyze PL regioisomers in samples of different 
concentrations. 

The software has adjustable m/z thresholds for precursor and fragment ion 
detection. Without appropriate thresholds, the software incorrectly finds 
additional PL compounds that in reality are something else. For example, 
background noise can sometimes be interpreted as PL compounds if the m/z 
threshold is too wide, producing very convoluted and inaccurate results. More 
importantly, sometimes isotopes of other PLs can be incorrectly identified as 
other PLs. Adequate m/z threshold for removing the isotope misidentifications 
was set at m/z 0.002. This also removes the misidentifications resulting from 
background noise. In addition to the m/z threshold, there is also a sensitivity 
threshold that can be used to filter out background noise. 1 % relative sensitivity 
threshold was used for FA detection and identification, meaning that within each 
DDA event, fragments with less than 1 % intensity of the highest fragment peak 
were filtered out. 

Different fragmentation models were tested. Briefly, the fragmentation 
models were calibrated with all mixed acid PC standards listed in Table 12. The 
first type of fragmentation model consisting of the average parameters obtained 
with all standards was used as a baseline. This is equivalent to using a single, 
average calibration curve for all PC compounds. Another, a more sophisticated 
fragmentation model that takes into account the differences of individual 
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molecular species produced more accurate results than the model with average 
parameters, and thus it was used in the subsequent analysis of PC regioisomers 
in bovine milk. 

5.1.5.3 Analysis of bovine milk PC regioisomers 

Most abundant PC species, molecular species and regioisomers found in bovine 
milk are described in detail in the Study IV (Fabritius et al., 2023, unpublished 
manuscript). Overall, three different calculation protocols were tested. The first 
method consisted of fully manual peak identification, integration and calculation 
with calibration curves. As we do not have calibration curves for all identified 
PC molecular species, a curve with similar FA composition was used instead. 
For example, regioisomers of PC 16:1_18:0 were calculated using the PC 
16:0_18:1 calibration curve. 

The second calculation protocol consisted of manual peak integrations, but 
automated calculation with the software. Finally, the third protocol consisted of 
fully automated peak integration and identification with the software. 
Comparison of these two methods shows that while there are some differences 
in the results of low-abundance PLs, most results are fairly well in line with each 
other. This shows that the fully automated peak integration script can be used for 
PL regioisomers analysis. Overall, the regioisomer results calculated with 
calibration curves and fragmentation model are also in agreement with each other. 

Some general observations can be made from the bovine milk PC results 
Study IV (Fabritius et al., 2023, unpublished manuscript). In most cases, when 
an unsaturated FA is paired with a saturated FA, the unsaturated FA seems to be 
preferentially located in sn-2 position. When both FAs are unsaturated, there 
does not seem to be a clear preference between the sn-positions, as they are 
nearly equally distributed in sn-1 and sn-2 positions in each observed case. When 
both FAs are saturated, the preference was somewhat more unclear, but it seems 
that the shorter FA might have a preference for the sn-2 position. 

There is limited information in the literature about the accurate PL 
regioisomer ratios in bovine milk, but some recent studies (Liu et al., 2020; Zhao 
et al., 2022) have investigated the PL fragment ion ratios and determined the 
most abundant regioisomers in each pair. Both methods for PL regioisomer 
analysis were relatively similar to our setup, consisting of single stage 
fragmentation with CID, ammonium formate as the mobile phase modifier, and 
PL regioisomer identifications performed on negative ionization mode. While 
regioisomer ratios were not accurately determined in these two studies, a 
comparison (Table 20) shows that most of the results are in agreement between 
the studies when looking at the major regioisomer in each pair. 
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Table 20 Comparison of the major bovine milk PC regioisomer (IV) with two 
lipidomics studies investigating bovine milk. Bolded text shows the major 
regioisomer identified in each study. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
n.d. Not determined. 
 
In the most abundant PCs in bovine milk, there were only a few exceptions 

where the regioisomer ratios were not in the same direction. For example, with 
our method in PC 12:0_16:0 molecular species, the regioisomer PC 12:0/16:0 
was the most abundant with roughly 75 % abundance. However, the deviation 
between the replicates in this case was very significant. Liu et al., (2020) reported 
that PC 16:0/12:0 was the major regioisomer in their study. Another discrepancy 
was with PC 18:1_18:2, where both FAs are unsaturated and our method showed 
that the ratios are close to equal with PC 18:2/18:1 being slightly more abundant, 
whereas the other two methods reported that the PC 18:1/18:2 was the major 
regioisomer. Especially in the high abundance cases where one FA was 
unsaturated and the other was saturated, all three methods were consistently in 
agreement with one another. Overall, this shows that our method with the 
calculation software (IV) can be a powerful tool in characterizing accurate 
regioisomer profiles in complex natural samples. 

Species 
Study IV (Fabritius et al., 

2023, unpublished) Zhao et al., 2022 Liu et al., 2020 
PC 28:0 PC 12:0/16:0 76.9 ± 25.7 n.d. PC 12:0/16:0 

 PC 16:0/12:0 23.1 ± 25.7 n.d. PC 16:0/12:0 
PC 30:0 PC 14:0/16:0 42.7 ± 4.2 PC 14:0/16:0 PC 14:0/16:0 

 PC 16:0/14:0 57.3 ± 4.2 PC 16:0/14:0 PC 16:0/14:0 
PC 32:0 PC 14:0/18:0 23.4 ± 1.3 n.d. PC 14:0/18:0 

 PC 18:0/14:0 76.6 ± 1.3 n.d. PC 18:0/14:0 
PC 34:0 PC 16:0/18:0 24.6 ± 2.6 PC 16:0/18:0 PC 16:0/18:0 

 PC 18:0/16:0 75.4 ± 2.6 PC 18:0/16:0 PC 18:0/16:0 
PC 34:1 PC 16:0/18:1 71.1 ± 1.8 PC 16:0/18:1 PC 16:0/18:1 

 PC 18:1/16:0 28.9 ± 1.8 PC 18:1/16:0 PC 18:1/16:0 
PC 34:2 PC 16:0/18:2 85.5 ± 1.7 PC 16:0/18:2 PC 16:0/18:2 

 PC 18:2/16:0 14.5 ± 1.7 PC 18:2/16:0 PC 18:2/16:0 
PC 34:3 PC 16:0/18:3 72.7 ± 6.1 PC 16:0/18:3 PC 16:0/18:3 

 PC 18:3/16:0 27.3 ± 6.1 PC 18:3/16:0 PC 18:3/16:0 
PC 36:1 PC 18:0/18:1 96.2 ± 1.9 PC 18:0/18:1 PC 18:0/18:1 

 PC 18:1/18:0 3.8 ± 1.9 PC 18:1/18:0 PC 18:1/18:0 
PC 36:2 PC 18:0/18:2 67.6 ± 10.1 PC 18:0/18:2 PC 18:0/18:2 

 PC 18:2/18:0 32.4 ± 10.1 PC 18:2/18:0 PC 18:2/18:0 
PC 36:3 PC 18:1/18:2 44.2 ± 3.2 PC 18:1/18:2 PC 18:1/18:2 

 PC 18:2/18:1 55.8 ± 3.2 PC 18:2/18:1 PC 18:2/18:1 
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5.1.6 General discussion 

5.1.6.1 TG regioisomer analysis methods 

For both of the TG regioisomer analysis methods used in the thesis work, there 
are some advantages and limitations that might favor the use of one over the 
other method. The direct inlet MS2 method with MSPECTRA software (I) is a 
separate platform dedicated to TG regioisomers and molecular species only. The 
method is very simple, requires little preparation and the analysis itself is fast, 
taking roughly 3 minutes per sample. One of the main disadvantages of the direct 
inlet methodology is the lack of an autosampler, requiring constant user 
involvement. Additionally, depending on the complexity of the sample, not all 
TG regioisomers can be analyzed during the same run. As the vaporization of the 
sample on the probe filament is quite rapid, we can only track a limited number 
of simultaneous product ion scans. Currently, the highest number of 
simultaneous product ion scans used with complex samples has been seven. 
Consequently, the lack of autosampler somewhat limits the usage of this method 
in large-scale analyses with a high number of samples. The method is, however, 
very useful for characterizing TG regioisomer profiles of a limited number of 
samples. MSPECTRA software is simple to use and can rapidly process the data 
to calculate the TG regioisomers. 

The UHPLC-MS2 method utilizing the TAG analyzer software (II) has the 
advantage of a more accurate fragmentation model for various TG species. 
Additionally, the chromatographic separation of the TG species mitigates the 
effects of adjacent M+2 isotopes affecting the fragment ion ratios. The 
chromatographic separation of the TG species is currently quite long (50 min), 
and further method development might be useful in the future to increase the 
throughput of the method. In the current state, the TAG analyzer software is still 
in quite early stage of development. While it can calculate the TG regioisomers 
of interest, processing the results requires a lot of user effort as the software can 
only process one ACN:DB species at a time.  

Going further, the UHPLC-MS2 method has potential to be developed into a 
truly untargeted, accurate, and high-throughput analysis method for TG 
regioisomers. The currently used triple quadrupole MS2 platform is perfectly fine 
for targeted work, but the instrument is lacking in capabilities for untargeted 
analyses. Therefore, the method should be transferred to the QTOF platform, 
enabling DDA with high mass-accuracy. Additionally, the data processing and 
calculations need to be streamlined and automated. There are still some factors 
that might be useful to explore in method development, such as using different 
adduct types for fragmentation. For example, [M+Na]+ sodium adducts fragment 
more predictably (Makarov et al., 2018) compared to [M+NH4]+ ammonium 
adducts used in this work. Changing the adduct type could result in more accurate 
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fragmentation model. One advantage of the direct inlet MS2 method is that the 
deprotonated FA fragments [RCOO]– can be used to calculate the initial 
molecular species distribution within the fragmented TG species, as the 
abundances of the [RCOO]– fragments represent the overall FA composition. 
This information can be used to construct the possible molecular species 
compositions, setting boundaries for the regioisomer optimizations. This 
possibly results in more accurate regioisomer abundances. The UHPLC-MS2 
method with [M+NH4]+ adducts does not have this feature. Testing other adduct 
types might be useful in this regard as well. 

Combining the observations from both methodologies, a realistic ideal 
method would have the following features: chromatographic separation of TG 
species; untargeted data-dependent fragmentation with high mass accuracy; 
initial molecular species composition calculated with FA fragments; 
fragmentation model accounting for differences in TGs; an optimization 
algorithm accounting for the isobaric overlap of fragments from different TGs; 
an automated calculation software to identify and calculate the regioisomers 
from the vast amounts of untargeted data. 

5.1.6.2 PL regioisomer analysis methods 

Even though the existing PL regioisomer analysis methods are less established 
compared to TG regioisomer methods, the process seems more straightforward. 
One significant factor for this is the lack of interfering isobaric fragments from 
multiple PL molecular species. Because PLs have only two FAs, the resulting 
FA pairs are unique within the species. This allows the use of simple calibration 
curves even in complex samples to quantify PL regioisomers of interest. 
However, one major obstacle for PL regioisomer analysis has traditionally been 
the lack of reference standards, especially for classes other than PC. This 
limitation could be mitigated by developing a fragmentation model, as was done 
for PC class in the thesis work (IV). This does require a certain number of 
reference standards, however. Having more standards will likely result in a more 
accurate model. Preliminary work for developing fragmentation models for PE 
and PS classes was done, but the low number of available standards resulted in 
inadequate models.  

As the PL classes have very different fragmentation patterns and efficiencies 
with ESI on negative ionization mode, establishing the fragment ion ratios of 
various compounds is essential for the fragmentation model development. One 
potential way of reducing the reliance on expensive regiopure reference 
standards could be chromatographic separation of non-regiopure standards or 
other samples that contain both regioisomers at varying ratios. While the 
chromatographic method would not be applicable for high-throughput routine 
analyses, it could be used for establishing fragment ion ratios of the separated 
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regioisomers. Our aim is to further develop the method and calculation software 
to cover the other PL classes in addition to PC. 

Overall, there is a strong need for a comprehensive and untargeted PL 
regioisomer analysis method. Lipidomics methods are mostly limited on 
molecular species level, incapable of resolving accurate regioisomer ratios 
(Heiles, 2021; Züllig & Köfeler, 2021). Current chromatographic (Kozlowski et 
al., 2015b; Sorensen et al., 2020) or ion mobility (Fouque et al., 2019; Ieritano 
et al., 2019; Kyle et al., 2016) methods are only capable of separating specific 
regioisomer pairs and have not yet proven to be effective in simultaneous 
separation of a wide range of PL regioisomers. Using MS based methodologies, 
there are several examples of untargeted identification of the major regioisomers 
within each pair using the relative fragment ion abundances without calibration 
curves (Liu et al., 2020; L. Zhao et al., 2022). This approach does not give 
accurate information on the regioisomer ratios within the pairs as it only attempts 
to identify the most abundant regioisomer. Additionally, identifying the major 
regioisomer using the fragment ion abundances alone is not always 
straightforward as the ratios are influenced by the attached FAs, and natural PL 
mixtures can contain regioisomers that have almost equal abundances. 

Some methods use a dual stage fragmentation consisting of CID-OzID with 
an ion trap instrument (Batarseh et al., 2018; Pham et al., 2014) for PL 
regioisomer analysis. Using positive ionization mode, the polar head group can 
be dissociated in the first fragmentation step with CID. One benefit from this 
approach is that the resulting fragments of different PL classes behave in a 
relatively similar manner in the following OzID fragmentation step (Pham et al., 
2014), potentially reducing the need for multiple regioisomer standards within 
each class. Certain dissociation techniques can produce sn-specific fragments, 
for example EIEIO (Baba et al., 2018; Campbell & Baba, 2015), multi-stage CID 
(Lillja & Lanekoff, 2022) or UVPD (Becher et al., 2018). This means that the 
origin of the fragments can be traced to either sn-1 or sn-2 positions. While the 
fragments are sn-specific, calibration curves are still required to determine the 
accurate regioisomer ratios, because the dissociation efficiencies and the 
observed fragment ion ratios can still be influenced by a multitude of factors such 
as FA chain lengths and double bond numbers. 

One of the advantages of our approach is that it uses fragmentation with CID 
only, making it usable with virtually any MS2 instrument. This would allow for 
the method to be incorporated in standard lipidomics methods utilizing DDA 
with ESI(–)-CID-MS2. While the fragmentation model could also be adapted for 
usage with low-resolution instruments such as triple quadrupole MS, untargeted 
analysis and data processing with the software require a high-resolution 
instrument. 
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6 SUMMARY AND CONCLUSION 

Comprehensive analysis of TG and PL regioisomers in natural samples is very 
challenging, and no perfect methods exist. Traditionally, chromatographic 
separation has been common in targeted TG regioisomer analysis methods, but 
they are often time consuming and tailored for specific regioisomers of interest. 
Mass spectrometric analysis methods utilizing structurally informative fragment 
ion ratios have been used by many researchers to study TG regioisomers. 
However, untargeted high-throughput methods have not seen wide adaptation 
mainly due to interfering isobaric fragment ions from multiple co-eluting TG 
species. Additionally, the fragmentation efficiencies of various TG and PL 
species vary significantly based on the identities of the attached FAs, and in case 
of PLs, the polar head group of the class is a very significant contributor to the 
differences in fragmentation patterns. For PL regioisomers, one of the main 
obstacles has been the lack of available reference standards. 

In the thesis work, several major steps were taken forward towards the goal 
of developing comprehensive, untargeted TG and PL regioisomer analysis 
methods. In studies I and II, unique optimization algorithms were used for 
determining TG regioisomer abundances in complex natural samples. Both 
MSPECTRA (I) and TAG analyzer (II) calculation programs can mitigate the 
effects of interfering isobaric fragment ions by looking at the measured spectra 
and finding TG regioisomer concentrations that produce the observed spectra. 
TAG analyzer also has built-in fragmentation model calibrated with reference 
standards. The use of optimization algorithms is critical when analyzing TG 
regioisomer in complex samples, and even a comprehensive set of calibration 
curves or a perfect fragmentation model would not yield accurate results if the 
effects of overlapping fragment ions are not taken into consideration. The 
UHPLC-MS2 method in combination with the TAG analyzer software (II) has 
potential to be further refined into an untargeted comprehensive method and used 
in lipidomics applications, while the direct inlet MS2 method (I) primarily 
remains a simple and rapid method for specific targeted analyses. 

The PL analysis method and the developed calculation software (IV) already 
provide an untargeted platform for analysis of PC regioisomers. With further 
method development, the software and the fragmentation model can be updated 
to process other PL classes as well, which we are focusing on in the future work. 
Analysis of TG and PL regioisomers has not been covered by current existing 
lipidomics applications. Overall, the methods, fragmentation models and 
optimization algorithms developed in this thesis work act as a proof of concept, 
potentially allowing standard lipidomics methods to be taken one step further 
into the structural analysis of regioisomers. 
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