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ARTICLE INFO ABSTRACT
Keywords: The positional distribution of fatty acids in the glycerol of triacylglycerols (TGs) gives multiple regioisomeric and
Triacylglycerols enantiomeric species with different absorption, metabolism and tissue distribution. This diversity is further

Enantiomeric separation

.. : : enhanced by the positional isomers of double bonds in these fatty acids which present an analytical challenge.
Regioisomeric separation

Chiralpak IF-3 To improve the determination of this plethora of isomers, we coupled chiral liquid chromatography with

Double-bond isomers electrospray ionization high-resolution mass spectrometry. For the separation of enantiomers and regioisomers,

Stereospecific analysis we used an amylose tris(3-chloro-4-methylphenylcarbamate) stationary phase (Chiralpak IF-3) and evaluated the

Chiral LC-MS key chromatographic parameters: mobile phase composition, column temperature and flow-rate. Acetonitrile/
water (98:2, v/v) as mobile phase at 35 °C and 0.15 mL/min was selected for separation of enantiomers and
regioisomers. In addition, coupling three columns (750 mm) improved efficiency and resolution for the sepa-
ration of key enantiomers and regioisomers. In addition, our method discriminated TGs differing in double-bond
position and cis/trans configuration, which are difficult to resolve using conventional reversed-phase chro-
matographic systems. The separation method showed stable retention and reproducible determination of
enantiomeric percentages in liver matrices.

The application of the method revealed the stereochemical TG diversity in rat liver extracts that is unresolved
by conventional RP chromatography. Furthermore, it enabled detection of differences in enantiomeric distri-
bution following exposure to doxorubicin. This highlights the importance of resolving TG isomers in biological
samples.

In conclusion, this work reports a robust MS-compatible lipidomics chiral platform for stereospecific TG
analysis providing an analytical foundation for future investigation of lipid remodelling and de novo lipogenesis
at the stereochemical level.

Abbreviation (continued)
HILIC Hydrophilic Interaction Liquid Chromatography

Abbreviation Full Meaning IPA 2-propanol
ACN Acetonitrile L Linoleic Acid (18:2(A9,127)
Csp Chiral Stationary Phases LC Liquid Chromatography
Dox Doxorubicin LC-MS Liquid Chromatography- Mass Spectrometry
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(E) trans- configuration MeOH Methanol
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(continued)
RP Reversed Phase
RPLC Reversed Phase Liquid Chromatography
R Resolution
CV% Coefficient of Variation %
S Steric Acid (18:0)
sn- Stereochemical Numbering
TG Triacylglycerols
trR Retention time
A% Vaccenic Acid (18:1(A11Z))
Wos Peak Width at Half-Height
) cis- configuration
o Selectivity

1. Introduction

Triacylglycerols (TGs) are the major source of energy storage and
they constitute a reservoir of fatty acids (FAs) that can be mobilized as
bioactive lipid mediators. After intake TG intestinal absorption involves
lipase-mediated breakdown of dietary fats into FAs and monoglycerides,
their bile-salt-driven emulsification into micelles, uptake into enter-
ocytes, re-synthesis into triglycerides, and release as chylomicrons into
the lymphatic circulation [1,2]. TGs form the main component of adi-
pose tissue and are dynamically regulated in the liver, a central organ for
lipid metabolism and the de novo lipogenesis. Structurally, TGs consist of
three FAs esterified to a glycerol backbone, giving rise to extensive
molecular diversity (Fig. 1). The diversity arises not only from variations
in acyl-chain carbon number and degree of unsaturation, but also from
differences in double-bond position and geometry (cis(Z)/trans(E)),
regioisomerism (sn-1/2/3 distribution) and enantiomerism arising from
the prochiral nature of the glycerol backbone. Consequently, a single TG
molecular formula may correspond to multiple stereochemical distinct
species with potentially different physicochemical and biological
properties.

Accurate characterization of TG stereoisomers is essential for un-
derstanding lipid metabolism [3] in the context of metabolic diseases
and cancers, e.g., hepatocellular carcinoma [4-6], where de novo lipo-
genesis and lipid remodelling are regulated. For example, in the
biosynthesis of TGs, glycerol-3-phosphate acyltransferase (GPAT-1)
presents selectivity to transfer palmitic acid to sn-1 position [7]. Inter-
estingly, GPAT-1 is regulated by sterol regulatory element-binding
protein 1 (SREBP-1) mediated lipogenesis [3]. Thus, regulatory
changes in GPAT-1 can alter the regioisomeric and enantiomeric
composition of TGs, reflecting the lipogenic regulation of the cell or
tissue. Furthermore, the physicochemical properties of TGs are strongly
influenced by both the position and geometric configuration (cis/trans)
of double bonds within their fatty acyl chains. Variations in double-bond
position of FAs affects melting point, molecular packing and conse-
quently the stability and fluidity of TG assemblies. Similarly, the cis/-
trans configuration alters chain orientation, thereby modulating
membrane organization (especially for phospholipids), enzymatic
accessibility and metabolic processing [8].
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Ultimately, these changes in TG isomerism influence metabolism,
storage and signalling [9]. Thus, to better understand biological sys-
tems, there is a need for analytical methods capable of resolving TG
regio- and enantiomers. However, the diversity of TG stereoisomers
makes the separation of TGs an analytical challenge.

Current chromatographic strategies for resolution of structural iso-
mers of TGs rely primarily on chromatographic separation and/or mass
spectrometry (MS)-based structural characterization. For chromato-
graphic separation, reviews consistently report the use of reversed-phase
liquid chromatography (RPLC) or rather non-aqueous reversed-phase
and silver-ion (Ag*)-HPLC including multidimensional workflows
[10-13]. This mode of chromatography exploits reversible complexa-
tion between Ag™ and the n-electrons of carbon-carbon double bonds to
retain analytes, which allows separation by the number of unsaturations
and cis/trans geometry in some cases [14-16]. However, separation of
TG regioisomers has been proven possible on RP columns coupled to MS
without the addition of Ag™ [17-19].

The coupling of LC with MS allows the assignment of sn-positional
isomers by MS/MS fragmentation patterns [20]. However, MS by itself
cannot distinguish enantiomers. To improve the coverage of TGs by MS
approaches, chemical or enzymatic derivatization has allowed the
determination of different isomers by lipase-mediated hydrolysis [19,
211, Paterno-Biichi photochemistry [22] or Grignard's reagents [23].
These techniques provide additional structural information by gener-
ating position-specific MS fragments of the TGs. However, these ap-
proaches do not enable direct resolution of enantiomers and introduce
extra steps in sample preparation. Therefore, chromatographic separa-
tion on chiral stationary phases (CSP) remains essential when stereo-
chemical resolution is required [10-13,24,25].

Specifically, polysaccharide- and B-cyclodextrin-based CSPs have
enabled enantiomeric separation of TGs through a combination of
hydrogen bonding, n-r stacking, dipole interactions and steric recog-
nition within chiral cavities [10-12,25]. However, many reported CSP
methods rely on tandem column coupling [19,26-30] or recycling sys-
tems [31-35] in order to obtain a sufficient number of theoretical plates
(e.g, Chiralcel OD-RH). This approach includes cellulose- and
amylose-derived phases [26,31-38]. Cellulose tris (3,5-dimethylphe-
nylcarbamate) and related selectors have demonstrated enantiomeric
and regioisomeric resolution of TGs in some cases [10-13,26,31-35].
However, in addition to the need of the recycling set-up, the analysis
times are very long (>150-400 min) [31-35]. Thus, the combination of
these drawbacks warrants the development of new alternatives for the
resolution of TG isomers.

Interestingly, Nagai et al. have recently avoided recycling by using a
Chiralpak IF-3 column consisting of amylose tris(3-chloro-4-
methylphenylcarbamate) [36,37], a chiral selector first described by
Chankvetadze et al.(1995) [39]. Nagai et al.(2020) obtained a partial
enantioseparation of TGs, which enabled determination of selected
enantiomeric ratios [36]. Nevertheless, systematic evaluation of chro-
matographic parameters governing enantioseparation on Chiralpak IF-3
columns and its application to complex biological matrices has not been
performed so far. Furthermore, the retention mechanism of TGs on

Fig. 1. Structure of triacylglycerols (TG). Illustration of stereochemical numbering (sn-) of the position of fatty acids to the glycerol backbone (black). TGs present
three acyl chains in stereospecifically numbered (sn) positions of the glycerol sn-1 (red), sn-2 (green) and sn-3 (blue). The carbon in position sn-2 is highlighted with
an asterisk * because it is a stereogenic centre: TGs with different acyl chains in the sn-1 and sn-3 positions are chiral and present two enantiomers. Regioisomers
denote isomers by the position of the acyl chains in the glycerol that are not enantiomers. The structure illustrates TG 16:0/16:0/18:2, with 16:0 equivalent to
palmitate (P) and 18:2 equivalent to linoleic (L), corresponding to abbreviation of TG sn-PPL. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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polysaccharide-based CSPs is not fully understood and predictive
models for elution behaviour remain incomplete. Thus, based on sepa-
ration conditions and analyte characteristics, polysaccharide-based
CSPs may operate under RP-like or hydrophilic interaction liquid
chromatography (HILIC)-like conditions [13,40-43]. For example, the
choice of organic modifier can strongly influence these interactions by
altering both solvation environment and the accessibility of chiral sites
on the stationary phase [13,24,40]. To the best of our knowledge
Chiralpak IF-3 has not been used previously for the separation of the
isomers of TGs that arise by changes in cis/trans configuration and
double-bond position in the acyl chains.

The overall aim of our study was to improve the separation of en-
antiomers and regioisomers of TGs using Chiralpak IF-3 columns
coupled to MS. We systematically investigated the effects of mobile
phase composition, temperature, flow rate and columns coupled in se-
ries. Because of the lack of reports about the separation of double bonds
isomers by Chiralpak IF-3 columns, we also examined the system's
ability to discriminate TGs differing in double-bond position and cis-/
trans configuration. The developed method was also evaluated on rat
liver samples for the determination of enantiomeric percentage and
separation of other types of TG isomers.

2. Material and methods
2.1. Chemicals and TG nomenclature

Acetonitrile (ACN), methanol (MeOH) and 2-propanol (IPA) were all
of LC-MS grade and were purchased from Fischer Scientific (Lough-
borough, UK). Water was deionized and purified in a Milli Q-purification
system from Millipore (Bedford, MA, USA). Ammonium formate was of
LC-MS grade (LiChropur™ >99.0 %, Merck, Darmstadt, Germany).
Chloroform (CHCl3) HPLC grade >99.0 % was purchased from Honey-
well (Charlotte, NC, USA). Doxorubicin (Dox) hydrochloride was pur-
chased from Toronto Research Chemicals, Canada. Stock solutions
(100 mg/mL) were prepared by dissolving DOX hydrochloride in
dimethylsulfoxide (Sigma-Aldrich, St. Louis, MO, USA). The stock so-
lution was then diluted to 10 mg/mL in saline, which was the concen-
tration administered to the rats.

Rather than by general R/S configuration, according to IUPAC-IUB
recommendations, glycerolipids and TG stereoisomers are described
using stereospecific numbering (sn-) [44-46]. For shorthand lipid
nomenclature, this publication followed the LIPID MAPS system for: 1)
species level (e.g TG 52:3), molecular species level (e.g TG
16:0_18:1_18:2) and sn-position level (e.g TG 16:0_18:1(sn-2)_18:2)
[46]. For simplicity when standards were analysed, for full structure
level we used the traditional abbreviation using the fatty acids in order
sn-1, sn-2, sn-3 (e.g sn-POL for TG 16:0/18:1(9Z)/18:2(9Z,12Z)). In this
notation, P stands for palmitic acid, O for oleic acid, S for stearic acid, E
for elaidic acid, V for vaccenic acid, L for linoleic acid. For racemic
mixtures, the prefix rac-was employed (e.g. rac-PPO represents the
mixture of sn-PPO and sn-OPP at 50 % of enantiomeric percentage).

TG standards had a purity of >99 % and were all purchased from
Larodan (Stockholm, Sweden). All standards were diluted in CHCl3
followed by IPA and later IPA/ACN to 0.25 pg/mL. The racemic stan-
dards used were: 1,2-dilinoleoyl-3-stearoyl-rac-glycerol (rac-LLS), 1,2-
dipalmitoyl-3-linoleoyl-rac-glycerol (rac-PPL), 1,2-dioleoy-3-palmitoyl-
rac-glycerol (rac-OOP), 1,2-dipalmitoyl-3-oleoyl-rac-glycerol (rac-PPO)
and 1,2-elaidin-3-palmitoyl rac-glycerol (rac-EEP).

Standards of individual enantiomers (enantiomeric purity >99 %)
were, 1-palmitoyl-2,3-oleoyl-sn-glycerol (sn-POO), 1-palmitoyl-2,3-
linoleoyl-sn-glycerol (sn-PLL), 1,2-palmitoyl-3-linoleoyl-sn-glycerol (sn-
PPL), 1,2-palmitoyl-3-oleoyl-sn-glycerol (sn-PPO), 1-linoleoyl-2,3-
stearoyl-sn-glycerol (sn-LSS), 1-oleoyl-2,3-stearoyl-sn-glycerol (sn-OSS)
and 1-stearoyl-2,3-oleoyl-sn-glycerol (sn-SOO).

Achiral standards for regioisomeric separations were 1,3-palmitoyl-
2-linoleoyl-sn-glycerol (sn-PLP), 1,3-oleoyl-2-palmitoyl-sn-glycerol (sn-
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OPO), 1,3-palmitoyl-2-oleoyl-sn-glycerol (sn-POP) and 1,3-cis-vaccenin-
2-palmitin-sn-glycerol (sn-VPV).

2.2. Chromatographic conditions and MS settings

For chromatographic separations, Chiralpak IF-3250 x 2.1 mm ID,
3 pm (Daicel corp., lllkirch Cedex, France) columns were used. After the
study of chromatographic conditions, the mobile phase consisted of
ACN/water (98:2, v/v) at a flow-rate of 0.15 mL/min at 35 °C, with a
total runtime of 190 min. An injection volume of 1 pL was used with a
needle wash with IPA/ACN (1:1, v/v) for 5 s after each injection. Most
analyses were performed using an Acquity UPLC I-Class chromatograph
equipped with a Flow Through Needle (FTN) coupled to a Synapt G2S Q-
ToF (Waters, Manchester, UK) with electrospray ionization in positive
mode, scanning between m/z 450 and 1200. Capillary voltage was set at
+2.0 kV and the cone voltage at +60 V. Source and desolvation tem-
peratures were set at 120 °C and 450 °C, respectively. Nitrogen was used
as desolvation gas with a flow-rate of 1000 L/h and as cone gas at 25 L/
h. For the formation of [TG + NH4]" adducts, 50 mM ammonium
formate was infused post column at a flow-rate of 3.0 pL/min with a T-
junction. For the study of mixed solvents as mobile phase, an ACQUITY-
UPLC I-Class coupled to a Xevo-TQSmicro (Waters, Manchester, UK)
mass spectrometer was used. In this study 20 mM ammonium formate
was used for post-column infusion at a flow-rate of 3.0 pL/min into a T-
junction with the LC effluent.

The coupled columns were connected using peek tubing (0.004 ID)
carefully cut into 8.5 cm each (Waters, Manchester, UK), which ensured
that the columns fit into the external column block heater (serial
1n0.10905) from Jones Chromatography (Hengoed, Wales).

2.3. Animal treatment and tissue isolation

This animal study was approved by the local ethics committee for
animal research (5.8.18-00250,/2022) in Uppsala, Sweden. Male Wistar
Han IGS rats (strain code 273) from Charles River Co. (Germany and
France) were used. All animals were allowed to acclimatize for at least
one week in the Animal Department, Biomedical Center, Uppsala Uni-
versity, prior to the start of the experiment. Housing conditions were 21-
22 °C at a 12-12 h light-dark cycle. Animals were evaluated for general
welfare twice daily by the Animal Department staff. The animals were
moved to new cages without food, but with water and environment, to
be in a fasted state 16 h before they were sacrificed [47]. This was to
minimize the impact of lipid intestinal absorption on the TG liver con-
tent of the rats.

Two animals from this study were used in this analytical method
paper. One control animal was administered saline intraperitoneally (IP)
and sacrificed after 6 h, and another animal was administered DOX at
10 mg/kg IP and sacrificed after 72 h, but at the same time of day as the
6 h group. Before sacrifice and tissue sampling, the rats were IP anaes-
thetized with inactin (10 % w/v thiobutabarbital solution at 120 mg/
kg). Liver samples were collected and immediately frozen at —80 °C
until homogenization and sample preparation.

2.4. Sample preparation

Briefly, liver samples were stored at —80 °C until sample processing.
For sample weighing, samples were kept on dry ice and approximately
10 mg of rat liver were isolated. Subsequently, samples were mixed with
80 pL of water per mg of liver in Lysing Matrix D tubes (MP Biomedicals,
Ohio, USA). The liver was homogenized at 4.0 m/s for 30 s by using a
FastPrep-24 5G homogenizer (MP Biomedicals, Solon, Ohio, USA) and
samples were stored again at —80 °C as soon as possible [48]. This
protocol kept the samples at 4 °C or lower to ensure they were biolog-
ically representative.

Isolation was performed by protein- and TG precipitation followed
by selective reconstitution of the TGs. Briefly, 100 pL of liver
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homogenate were mixed with 200 pL of ACN/MeOH (1:9, v/v, pre-
cooled —20 °C) followed by vortex mixing and storage at —20 °C for
14 h. The mixture was centrifuged for 4 min at 4 °C and 21 300 g. The
supernatant containing polar lipids and metabolites was discarded. To
the isolated pellet containing proteins and TGs, 200 pL IPA/ACN (1:1, v/
v) was added to reconstitute the TGs leaving the proteins in precipitated
form. The samples were vortexed and centrifuged for 2 min at 4 °C and
21 300 g to pelletize the proteins. The TG-rich supernatant was kept in
—20 °C until injection.

2.5. Data analysis and interpretation

2.5.1. Chromatographic parameters

Chromatographic enantioselectivity («) was calculated as the ratio of
retention factors (k) of the two enantiomeric peaks, specifically the
second eluting enantiomer (ky) divided by the first eluting enantiomer
(k1). Isomer separation was quantified by peak-to-valley (p/v) ratio and
resolution (Rs). The p/v was calculated as described in (Fig. S1). The p/v
ratio approaches 1 for fully separated enantiomers and is oo for fully
coeluting peaks. The reason for using the p/v ratio as a complement to
Rs was that it provides an intuitive description of the separation without
relying on peak width measurements which are uncertain at low reso-
lution. Resolution was calculated using peak width at half-height (wq s5)
and retention times (tg) of the first (tg;) and second eluting enantiomer
(tr2) as Rs = 1.18%((tra-tr1)/(Wo.51+Wo.5,2)). Chromatographic effi-
ciency (N) was calculated at wq 5 as 5.54 (tR/w0.5)2.

Enantiomeric percentage (%) was calculated by dividing the area of
the corresponding enantiomer by the sum of the areas for the enantio-
meric pair in percent. The isomeric percentage (%) was calculated by
dividing the area of the corresponding regioisomer by the sum of the
areas for the regioisomer and the two enantiomers in percent.

Equivalent carbon number (ECN) was calculated by the number of
acyl carbons, minus twice the number of double bonds.

2.5.2. Performance tests of the coupled column system

Robustness against mobile phase preparation was examined testing
two conditions: first, manual preparation of the mobile phase (ACN/
water, 98:2 (v/v)); and second, in-line solvent mixing by the chro-
matographic system and compared.

Intra- and inter-day variation in retention time and enantiomeric
percentage was analysed using a linear mixed-effects model fitted with
lmer() (package lme4 in R). When Imer() function yielded ill-
conditioned models (i.e. all variation assigned to intra-day variation),
we used penalized linear mixed-effects modelling fitted with blmer()
(package blme in R). Acceptable precision for retention time was
considered when %CV < 1.0 % for intra-day separations and %
CV < 2.0 % for inter-day separations. To detect trends in analytical
parameters (tR, enantiomeric %, N, a, p/v and Rs) when the chro-
matographic conditions were changed, we considered relative changes
as relevant when they were stronger than two times the maximum co-
efficient of variation of the parameter (values in Table 1 and Table S3).

Carry-over was assessed by both injecting 2.5 pg/mL of TG standards
or the pooled liver sample followed by a blank solvent injection of IPA/
ACN (1:1, v/v). Carry-over was quantified by the ratio of areas of the
TGs between the sample and the blank injection.

3. Results and discussion

The overall aim of this study was to improve the stereoselective
separation of TGs on Chiralpak IF-3 columns coupled to MS in complex
biological samples. To achieve this aim, we first examined the influence
of different chromatographic parameters on the regio- and enantiomeric
separation of selected standards (section 3.1). Subsequently, we applied
the method to mixed TG 18:1_.18:1_16:0 standards and successfully
resolved double bond position and cis/trans isomers (section 3.2). We
also evaluated the performance of a coupled column system on liver
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tissue samples (section 3.3). When compared with RPLC-MS, this set up
enabled the detection of stereospecific shifts in TGs in the liver of a rat
treated with a single dose of DOX (10 mg/kg) and provided an enhanced
structural resolution (section 3.4).

3.1. Separation of enantiomers and their regioisomers

To study the influence of the chromatographic conditions on the
separation of enantiomers and regioisomers, we varied the mobile phase
composition, the separation temperature, flow rate and the number of
Chiralpak IF 3 columns coupled in series (total separation distance). To
evaluate the influence of these factors, we focused on the separation of
rac-LLS, corresponding to the enantiomers sn-LLS and sn-SLL (Figs. 2-6).
We also evaluated the enantiomeric pairs: sn-PPL/sn-LPP, sn-OOP/sn-
POO and sn-PPO/sn-OPP. Together with these enantiomers, we injected
the achiral regioisomers sn-PLP, sn-OPO and sn-POP to evaluate the
separation of enantiomers from regioisomers.

Overall, the higher the ECN, the higher the retention of TGs (Fig. S2).
This general behaviour agreed with that on C18 RPLC [49]. The elution
order of the TG enantiomers followed the same pattern as described
before on this stationary phase [37].

3.1.1. Effect of mobile phase composition

The composition of the organic solvent in the mobile phase is
fundamental for TG-CSP interactions and chiral recognition. To study
this effect on enantiomeric chromatographic separation, neat ACN,
MeOH or IPA were first evaluated on a single Chiralpak IF-3 column. The
use of neat IPA completely eliminated enantioresolution and was thus
excluded from further evaluation (results not shown). The results from
the use of neat ACN and MeOH are shown in (Fig. 2 and S3), respec-
tively. Then the influence of solvent composition on retention time and
isomer separation was examined by evaluating mixtures of MeOH, ACN
and IPA (Fig. 3).

With ACN as mobile phase, the enantiomers sn-LLS and sn-SLL could
be partially separated with a p/v of 1.85, a = 1.07 and retention times of
approximately 20 min (Fig. 2A). With MeOH as the mobile phase, the
separation of these enantiomers was better with p/v of 1.19, a = 1.09
and retention times of approximately 56 min (Fig. 2A). The stronger
retention of TGs with MeOH agrees with previous results [36,37].
Similar differences in chromatographic behaviour between ACN and
MeOH was also observed for the enantiomeric pairs sn-PPL/sn-LPP,
sn-LLP/sn-PLL, sn-OOP/sn-POO and sn-OPP/sn-PPO (Fig. 2B, Fig. S3).
Overall, MeOH provided slightly higher enantiomeric discrimination
over ACN but at longer retention times. Notably, the enantiomeric pair
sn-OPP/sn-PPO was resolved with MeOH (Fig. S3), which has been re-
ported as not eluting in previous studies using the Chiralpak IF-3 column
with MeOH [37]. With these promising results, we investigated the
separation of enantiomers with mixtures of ACN and MeOH.

Remarkably, the mixtures of MeOH and ACN provided lower reten-
tion times and decreased enantiomeric separation compared to both the
neat solvents (Fig. 3). Intermediate compositions resulted in poorer or
even no-resolution (Fig. 3B). These profiles indicate that MeOH and ACN
promote different dominant enantioselective retention mechanisms for
TG interaction with the CSP, which are disrupted when the solvents are
combined. Similar behaviour has been described for other
polysaccharide-based CSPs in ACN-aqueous systems, where the mini-
mum of a corresponding U-shaped curve marks the transition between
RPLC and HILIC-like mechanisms [40,41,43,50]. In the present
non-aqueous system, MeOH may act as a protic modifier and promote
HILIC-like behaviour, thereby decreasing TG retention when combined
with high proportions of ACN [40,50,51]. At intermediate solvent
compositions, neither retention mechanism predominates, and a loss of
chiral separation is observed (Fig. 3B). Independently of the causes,
mixtures MeOH/ACN as mobile phase were excluded from further
method development.

Similarly, the addition of IPA, either as a pure mobile phase or at low
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Fig. 2. Enantiomeric and regioisomeric separation with pure organic solvents as mobile phase. Extracted ion chromatograms using two enantiomeric pairs
and one regioisomer at 0.20 mL/min flow rate at 25 °C using a Chiralpak IF-3 column (250 mm). Two different organic solvents were used, 100 % ACN (solid black)
or 100 % MeOH (dashed grey). A) sn-LLS/sn-SLL; B) sn-LPP/sn-PPL/sn-PLP (named in elution order). The asterisks * mark the enantiomers, the hash # marks that a

regioisomer completely co-elutes with one of the enantiomers.
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matographic conditions were a single Chiralpak IF-3 column at 25 °C column temperature and 0.30 mL/min flow. (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)

percentages (as little as 2 %, v/v) in MeOH or ACN, dramatically
reduced retention times and completely eliminated enantiomeric sepa-
ration (results not shown). This behaviour confirms that even minor
changes in solvent composition readily disrupt the specific solvent-CSP,
solvent-TG and/or TG-CSP interactions required for chiral
discrimination.

MeOH failed to provide regioisomeric discrimination, as the
regioisomer sn-PLP completely coeluted with the enantiomer sn-PPL
(Fig. 2B). In contrast, ACN enabled partial separation of sn-PLP from the
enantiomeric pair sn-PPL/sn-LPP (Fig. 2B). A similar behaviour was
observed for the regioisomers of POO and PPO (Fig. S3B and C). Thus,
when regioisomeric resolution was considered, ACN provided better

separations in shorter retention times. Nevertheless, since MeOH
exhibited slightly higher enantiomeric selectivity it was kept for further
evaluation.

3.1.2. Effect of column temperature

Temperature strongly influences chiral separation by altering the
thermodynamics and kinetics of the TG-CSP interactions, making the
evaluation of this parameter useful for balancing resolution, efficiency
and analysis time [52]. The effect of temperature on enantiomeric TG
separation was investigated on the Chiralpak IF-3 column under iso-
cratic conditions using rac-LLS and rac-PPL/sn-PLP as model com-
pounds. Separations were performed with neat MeOH or ACN as mobile
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7 ® sn-SLL /.
A sn-LLS _A 3- 2_ P :‘?_
o ,_.—f ,
B s o | o . N
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Fig. 4. Effect of the column temperature in the enantiomeric separation of sn-SLL and sn-LLS. Temperature effect on efficiency (N), selectivity (a), peak-to-
valley ratio (p/v) and resolution (R;) using either MeOH or ACN at 0.2 mL/min at the temperatures 25 °C, 30 °C and 35 °C. There was no visible difference between
MeOH (red) and ACN (blue) in the selectivity («) graph. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version

of this article.)
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phases at a flow rate of 0.20 mL/min and column temperatures of 25, 30
and 35 °C (Fig. 4, Fig. 54).

The behaviour of the enantiomers at different temperatures depen-
ded on the mobile phase composition. With MeOH as mobile phase (red
in Fig. 4), column temperature increased the number of theoretical
plates but did not sensibly change enantioselectivity, p/v ratios and
resolution. In contrast, with neat ACN as mobile phase, the enantiomeric
separation performance decreased (higher p/v) with increasing tem-
perature (Fig. 4., Fig. S4 shows the chromatograms). Overall, MeOH
consistently provided better enantiomeric separation (lower p/v) than
ACN at different temperatures. However, MeOH failed to resolve the
regioisomer sn-PLP from sn-PPL (Fig. S4). Only at 30 °C a partial sepa-
ration with a front shoulder could be achieved.

The interaction between mobile phase solvent and temperature on
enantiomeric separation also supports the idea of different separation
mechanisms for ACN and MeOH. In these stationary phases, selectivity is
often enthalpy-controlled and strongly modulated by the mobile phase
solvent composition. On the one hand, a higher column temperature
decreases viscosity and improves mass transfer. This effect increased
column efficiency (N in Fig. 4). On the other hand, temperature reduced
the interaction strength and worsened enantiomeric separation (p/v in
Fig. 4). Such temperature trade-offs between improved efficiency and
weakened analyte-CSP interactions are well documented for
polysaccharide-based chiral stationary phases [52-54]. Similar
solvent-dependent temperature behaviour has also been reported for TG
enantiomer separation [26] and regioisomeric separation [14,55].

In conclusion, a lower temperature improved the separation of en-
antiomers and regioisomers with both ACN and MeOH as mobile phases.
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This effect was stronger for ACN. However, the reduction in column
temperature did not yield enough resolution for the analysis of complex
samples. Thus, we investigated the effect of mobile phase flow rate on
the TG enantiomeric separation with ACN at 25 °C and MeOH at 35 °C as
mobile phases.

3.1.3. Effect of flow rate

The impact of flow rate on the enantiomeric and regioisomeric res-
olution was investigated in the ranges 0.08 to 0.30 mL/min for ACN and
0.08 to 0.25 mL/min for MeOH. Flow rates higher than 0.25 mL/min for
MeOH was excluded due to the increased back-pressure. The resulting
retention times, column efficiencies, selectivity factors and separation
parameters (p/v and resolution) are presented in (Fig. 5).

Regarding the separation of enantiomers, both ACN and MeOH
presented a remarkable increase in efficiency at lower flow rates (N in
Fig. 5E). As expected, the selectivity remained nearly constant (« in
Fig. 5E). Thus, the observed improvement in enantiomeric resolution
(Rs, Fig. 5E) was a result of higher chromatographic efficiency at lower
flow rates owing to a smaller contribution of mass transfer resistance,
which agree with earlier reports [13,24,56].

With MeOH as mobile phase, lowering the flow rate initiated partial
separation of the regioisomer sn-PLP from sn-PPL (Fig. 5B, orange).
However, even at 0.08 mL/min and retention times exceeding 90 min,
the resolution remained insufficient for the separation of the
regioisomers. In contrast, ACN provided faster separation but lower
enantioresolution than MeOH (lower p/v for MeOH in Fig. 5E). Conse-
quently, the separation by MeOH was limited by the combination of
limited regioisomeric selectivity and longer runtimes. Because of the
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Fig. 5. Effect of flow rate on the separation of enantiomers and regioisomers. Extracted ion chromatograms (EIC) of m/z 900.8010 [rac-LLS + NH,4]" and m/z
848.7702 [rac-LPP + NH,4]" at varying flow-rates using MeOH (panels A&B) or ACN (panels C&D). Panel E shows the effect of the flow rate in the enantiomeric
separation of sn-SLL and sn-LLS: efficiency (N), selectivity (a), peak-to-valley ratio (p/v) and resolution (R) using either MeOH 35 °C (red) or ACN 25 °C (blue). There
was no visible difference between MeOH (red) and ACN (blue) in the selectivity («) graph. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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lower regioisomeric separation, MeOH was thereby excluded from
further evaluation.

3.1.4. Effect of water content in the ACN mobile phase

The effect of adding small amounts of water (1-5 %, v/v) was
investigated to determine whether regio- and enantiomeric resolution
could be further improved [40-42]. The effect was assessed and exem-
plified with the enatiomeric pair sn-LLS/sn-SLL using the same chro-
matographic performance parameters described in the previous sections
(Fig. 6A).

Up to 2 % (v/v) water provoked a slight increase in enantiomeric
resolution even though the effect was minor (Fig. 6B). In contrast, the
selectivity did not change (Fig. 6B). With percentages above 2 % (v/v),
the retention times increased steeply, but no further improvement in p/v
ratio or resolution was observed (Fig. 6B). This increase in retention
time indicated stronger overall TG-CSP interactions but compromised
practical analysis time. Consequently, the modification of ACN with 2 %,
(v/v) water was selected as mobile phase for the subsequent analyses.

Overall, the systematic evaluation of the effect of solvent composi-
tion, temperature and flow rate on the regio- and enantiomeric separa-
tions lead to the selection of ACN containing 2 %, (v/v) water operated
under moderate temperature (25 °C) and a flow rate of 0.15 mL/min as a
compromise between resolution and analysis time. However, despite the
described improvements, the enantioselectivity («) remained low and
baseline separation of all regio- and enantiomeric TG pairs was not
achieved, motivating evaluation of increased separation distance by
coupling columns in series, in order to enhance efficiency further.

3.1.5. Effect of separation length

To avoid recycling systems but obtaining good isomeric separation,
we studied the effect of coupling two or three Chiralpak IF-3 columns in
series (total separation length of 500 and 750 mm, respectively)
compared to one column (total length 250 mm). We expected that an
increase in the separation distance would enhance the chromatographic
efficiency (number of theoretical plates (N)) and thereby improve the
resolution, since the selectivity was low. When coupling the columns,
the optimal condition at 25 °C (see Section 3.1.2) nearly surpassed the
pressure specifications of the columns. Thus, to evaluate the effect of
column coupling, we chose 35 °C as column temperature.

Coupling of two columns increased resolution for all investigated
chiral pairs (Fig. 7, Table S1). Three columns in series further increased
the efficiency and the resolution (Fig. 7, Table S2). Thus, the increase in
plate number obtained by coupling three columns in series compensated
for the lower selectivity between enantio- and regioisomers of TGs
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(Table S2).

To the best of our knowledge, this separation with Rs values > 1.5
has not been reported before with a Chiralpak IF-3 column [36-38].
Despite runtimes of 180 min were needed to elute all the standards, this
excellent stereoselective separation justified the use of three columns in
series.

TGs with only unsaturated FAs (e.g. rac-LLO/LOL) two columns in
series could not separate their respective regioisomer from the enan-
tiomers (results not shown). However, coupling of three columns yiel-
ded a partial separation of the regioisomers for TGs with only
unsaturated FAs such as rac-LLO/LOL.

In this section, we studied the influence of the chromatographic
parameters and chose ACN/water 98:2 (v/v) at 0.15 mL/min and 35 °C
of column temperature with 750 mm of separation length (three col-
umns). When compared with previous studies [31-33,35], this setup
improved the separation of enantiomers and regioisomers (Fig. 7). To
further evaluate the coverage of the lipidome with this method, we
investigated the separation of TG isomers by the position and configu-
ration of their double bonds.

3.2. Separation of TGs with different double-bond position and cis/trans
configuration

To evaluate the separation of TGs by the position of their double
bonds, sn-OPO (oleic acid (A9Z)) and sn-VPV (vaccenic acid, A11Z) were
injected. To evaluate the separation of TGs by cis/trans isomers rac-OOP
(oleic acid, A9Z) and rac-EEP (elaidic acid, A9E) were injected (Fig. 8).

First, a remarkable difference in retention of approximately 10 min
was observed for the double bond positional isomers sn-OPO and sn-VPV
(Fig. 8A). The isomer with the double bonds located closer to the ester
group of the acyl chain presented lower retention, which agrees with
previous studies of TG and fatty acids on polysaccharide columns [26,
57]. However, this is not a general rule that can be used as prediction,
due to the complexity in the interactions between TGs, mobile phase
solvent and CSP [26]. This behaviour is commonly attributed to subtle
differences in polarity and conformational flexibility, which influence
the interaction between the TGs and Chiralpak IF-3 stationary phase.

Second, a pronounced separation was also observed for cis/trans
isomers as demonstrated by the resolution of rac-OOP (oleic acid (A9Z))
and rac-EEP (elaidic acid (A9E)) (Fig. 8B). Specifically, the trans isomer
showed stronger retention. While the cis configuration bends acyl
chains, the angle of the trans configuration resembles the angle of
saturated acyl chains [8]. Thus, the higher retention of trans double
bonds in rac-EEP is consistent with enhanced dispersive interactions
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Fig. 6. Effect of water addition to acetonitrile on the enantiomeric separation. A) Extracted ion chromatogram of sn-LLS/sn-SLL using a Chiralpak IF-3 column
at 0.20 mL/min and 25 °C of column temperature using ACN with different concentrations of water, ranging from 0 to 5 %, added to the mobile phase. B)
Quantification of the effect of water percentage in the enantiomeric separation of sn-SLL and sn-LLS: efficiency (N), selectivity (a), peak-to-valley ratio (p/v) and

resolution (Rg).
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Fig. 8. Separation of TGs with different configuration of double bonds. Extracted ion chromatogram (EIC) of m/z 876.8010 [TG 52:2 + NH4]". A) Chro-
matographic separation of two TGs with different double bond position: sn-OPO (A9Z) and sn-VPV (A11Z). B) Chromatographic separation of two TGs with different
cis/trans configuration: rac-OOP (A9Z) and rac-EEP (A9E). C) Mix of all isomers: sn-OPO, sn-VPV, rac-OOP and rac- EEP.

with the stationary phase. This order of elution between cis and trans is
consistent with those in studies of free fatty acids on RPLC [58], whereas
opposite for TGs in normal phase with cellulose carbamate as stationary
phase [26].

Finally, despite the observed discrimination based on double bond
position and cis/trans isomerism, sn-POO and sn-VPV coeluted when all
isomers were injected (Fig. 8C). Nevertheless, vaccenic acid is of low
abundance in liver samples. Thus, a TG with two vaccenic acids such as
sn-VPV is expected to be present in very low abundance. Consequently,
this peak may safely be identified as sn-POO.

Overall, the ability of the presented method to resolve double-bond
positions and cis/trans isomers also provides an important analytical
foundation to extend the analytical value of Chiralpak IF-3 columns in
order to obtain a better characterization of the lipidome.

3.3. Performance tests of the coupled column system

We studied the presence of carry-over and the robustness of mixing
the mobile phase, as well as intra- and inter-day variation in the reten-
tion times and in the enantiomeric percentage of a pooled liver sample.

Specifically, the method was applied to liver samples with the
extracted TG-rich phase. To further assess the behaviour of a more
complex lipid matrix, we also injected a sample prepared using the
commonly used Bligh & Dyer extraction [59], which contains multiple

lipid classes. This showed that not all lipid families and species eluted
within the applied isocratic timeframe. Therefore, although the isocratic
method was suitable for the TG-rich lipid fraction investigated here, a
gradient method and an additional IPA would be required for elution of
the full liver lipidome.

No carry over after the injection of standards and real samples was
detected. As the separation was strongly dependent on the % of water in
the mobile phase (Fig. 6), we compared two ways of preparing the
mobile phase; 1) by manual mixing, and 2) by mixing neat ACN and
water with the chromatograph mixer. In-line mixing showed improved
inter-day retention stability (data not shown). Accordingly, in-line
mixing is recommended to ensure optimal reproducibility between
analytical batches.

By mixing with the chromatograph mixer, intra- and inter-day var-
iations in the retention times when injecting a pooled liver sample, were
similar and below a %CV of 0.5 % for sn-OPO, sn-OOP and sn-POO
(Table 1, Fig. S5). These similar and low values indicated that intra-day
and inter-day variation contribute similarly to analytical variation and
are both below a %CV of 1 %. In addition, for the most abundant
enantiomer sn-POO, the inter-day %CV in enantiomeric ratio was
slightly higher than the intra-day coefficient. Nevertheless, it remained
below 0.5 %, indicating good inter-day reproducibility for this param-
eter as well. As expected, slightly higher variability was observed for the
low-abundance enantiomer (sn-OOP). However, the obtained values
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Table 1
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Intra- and inter-day analytical variation of retention time (tg) precision and enantiomeric percentage for sn-OOP/sn-POO in a pooled liver sample. The intra
an inter-day variation was quantified by the coefficient of variation in percentage (%CV) by using a linear mixed-effects model. The pooled liver sample was run on
three coupled Chiralpak IF-3 columns with mobile phase ACN/water 98:2 (v/v), flow 0.15 mL/min and column temperature 35 °C.

lipid tR Enantiomeric %
Global average Intra-day Inter-day Global average Intra-day Inter-day
%CV %CV %CV %CV
sn-OPO 108.7 0.21 0.17 - - -
sn-OOP 112.6 0.17 0.17 5.63 2.28 4.05
sn-POO 117.8 0.16 0.24 94.4 0.14 0.24

were considered to be well within what could be considered as accept-
able for studies of lipid alterations where intra-individual differences

usually are high.

In summary, our method showed: 1) inter-day stable retention times
with %CV < 0.5 %, 2) inter-day stable enantiomeric composition with %
CV < 0.5 % for the major enantiomer, and 3) absence of carry-over. In
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combination with the enantiomeric and regioisomeric separation as well
as separation based on double bond position and cis/trans isomerism
presented above, our method was assessed to be fit for its intended

purpose.
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Fig. 9. Comparison between RPLC and CSP for isomeric separation of triacylglycerols (TG) in rat liver. Enhanced chromatographic separation and detect-
ability of TG isomers and enantiomers in control-saline injected rat liver, between a reversed phase system (RPLC) and our chiral stationary phase (CSP) system using
three coupled Chiralpak IF-3 columns. Extracted ion chromatograms (EICs) of A) m/z 876.8015 [TG 52:2+NH4]"; B) m/z 900.8009 [TG 54:4+NH,]"; C) m/z
848.7702 [TG 50:2-+NH,4]"; and D) m/z 850.7853 [TG 50:1+NH,]. TG identifications that were confirmed by standards are marked with their corresponding FA

sn-positions.
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3.4. Stereoselective analysis of liver samples

Conventional RPLC methods used in lipidomics studies are limited in
their ability to resolve TG isomeric compositions and cannot separate
enantiomers [10-13,24,25]. As a consequence, structurally distinct TG
species are typically detected as a single chromatographic feature,
potentially obscuring isomer-specific differences. Consequently, we
compared the analysis of the same samples by the method reported in
Section 3.4.1 and a C18 RPLC separation [48]. First, we compared the
structural resolution of TG isomers. Second, we compared the biological
information obtained from both methods.

3.4.1. Enhanced structural resolution

Four representative TG species were selected for comparison: TG
52:2 (P_O_O, m/z 876.8015), TG 54:4 (S_L_L, m/z 900.8009), TG 50:2
(P_L_L, m/z 848.7702) and TG 50:1 (P_P_O, m/z 850.7853), (Fig. 9A-D).
Under RPLC conditions, these species appeared as one or two broad
peaks, consistent with co-elution of multiple structural forms, masking
their true structural diversity. In contrast, the CSP method resolved
several distinct peaks for each m/z, corresponding to structural isomers
confirmed by MS/MS analysis [12,14,20,27]. The relative abundances
of fragment ions (e.g., [OP]T 4+ [00]") reflects the stereospecific dis-
tribution of fatty acids, as cleavage of the sn-2 position is energetically
disfavoured compared to sn-1/3 (Fig. S6). The relative abundance of
[0O]" where P is located in sn-2 position is therefore lower (Fig. S6A)
than of those which are located in sn-1/3 position (Fig. S6B-C).

For the species TG 52:2 (Fig. 9A), RPLC produced a single dominant
peak, whereas the CSP system separated 10 chromatographic peaks. The
enantiomers sn-OOP and sn-POO were distinguished, with sn-POO pre-
dominating in rat liver tissue. In addition, the sn-OOP/sn-POO region
was separated from later eluting peaks corresponding to additional po-
sitional isomers, as supported by fragment ion patterns (Fig. S6). Partial
co-elution between structurally similar species was observed, such as for
different double-bond positions. As described above (section 3.2) stan-
dards of sn-POO and the stereoisomer sn-VPV co-eluted. Nevertheless,
based on relative intensities of product ions, the predominance of sn-
POO in rat liver was confirmed by MS/MS fragmentation (which differs
from that of sn-VPV). However, it was not possible to determine if low
amounts of sn-VPV were present. Between 120 and 135 min, other iso-
mers of TG 16:0_18:1_18:1 were separated from OOP/OPO, clearly
demonstrating the presence of double bond positional isomers. The
method further separated other TG 52:2 structural isomers, dis-
tinguishing between the POO/OPO region and a later-eluting group,
corresponding to TG 16:0.18:0.18:2 isomers as well as TG
16:0_16:0_20:2. Based on the MS/MS fragment ion ratios, TG 16:0_20:2
(sn-2)_16:0, TG 16:0_18:0(sn-2)_18:2 and two TG 16:0_18:2(sn-2)_18:0
(partially separated) could be assigned. Still, definite discrimination
between linoleic acid and alternative 18:2 positional variants were not
possible due to the lack of reference standards. Under the presented
conditions, no chromatographic evidence was observed for EEP (trans)
in the liver samples.

For the species TG 54:4 (Fig. 9B), RPLC produced two peaks, whereas
the CSP system separated 11 chromatographic peaks within a broad
retention time window. Combinations of acyl chains with different
length and double bonds contributed to increased peak multiplicity. In
our liver sample, the enantiomer sn-SLL was predominant over sn-LLS.
However, both enantiomers coeluted with other stereoisomers identified
through MS/MS of TG 54:4. In addition, TG 18:1_18:1(sn-2)_18:2 and TG
18:1_18:2(sn-2)_18:1, were confirmed with standards to correspond to
OOL and OLO, respectively. No enantiomeric separation of rac-OOL
could be detected, however rac-OOL was partially separated from its
regioisomer sn-OLO in the time region 70-75 min.

For the species TG 50:2 (Fig. 9C), RPLC yielded a single unresolved
peak, whereas the CSP method gave rise to nine chromatographic peaks.
Remarkably, the enantiomers and the corresponding regioisomer sn-
PPL, sn-LPP and sn-PLP were completely separated and they could be
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individually assessed. Notably, the isomers of TG 16:0_16:1_18:1 were
baseline-separated from PPL/PLP isomers by more than 10 min,
demonstrating the efficient discrimination of acyl positional distribu-
tions. The five peaks corresponded to the isomers of the species TG
16:0_16:1_18:1, suggesting the presence of double bond positional iso-
mers present in the rat liver.

For the species TG 50:1 (Fig. 9D), RPLC yielded a single unresolved
peak, whereas the CSP method gave rise to four distinct peaks. This
enabled differentiation of sn-PPO and sn-POP as the predominant iso-
mers, with an additional peak eluting after 165 min, suggesting a
double-bond positional shift in TG P_18:1_P. In this liver sample sn-OPP
was separately detected at lower intensity than that of its optical an-
tipode, which highlighted the stereoselective enzymatic regulation in
the liver for these two enantiomers.

An observation was that when two fatty acyl chains in a TG carried
one or more unsaturations, their interaction with the CSP column was
lower compared with TGs consisting of two or more unsaturations on
one of the fatty acyl chains. This is consistent with our observations for
TG 52:2, TG 54:4 and 50:2 in the rat liver. The findings described in this
section demonstrate that the presented CSP-based separation method
could reveal a stereochemical diversity of TGs that remained concealed
under conventional RPLC conditions. To finish our study, we evaluated
the enantiomeric shift of TGs in a DOX-treated rat.

3.4.2. Enantiomeric shifts in a DOX-treated rat

Liver extracts from representative saline-treated and DOX-treated
rats were compared to evaluate TG stereochemical shifts. The enantio-
meric pairs sn-PPL/sn-LPP (TG 50:2) and sn-OOP/sn-POO (TG 52:2) and
their corresponding regioisomers were analysed and the enantiomeric
percentages were compared (Fig. 10, Table 2). Although the presented
comparison was limited to one control and one treated animal and is
therefore exploratory in nature, it illustrates the applicability of the
method to biologically relevant samples. Enantiomerically pure and
regioisomeric TG standards in combination with MS/MS fragmentation,
enabled assignment of individual enantiomers. Nevertheless, co-elution
of low-abundance double-bond positional isomers could not be entirely
excluded.

For the species TG 50:2, sn-PLP was the predominant regioisomer in
both samples. However, a marked increase in the enantiomeric contri-
bution of the sn-LPP signal was observed in the doxorubicin-treated rat
(21.6 %) compared to the control (7.55 %) (Fig. 10A-Table 2). This
corresponded to a 186 % relative increase. The measured differences
substantially exceeded the inter-day variability of the method for
enantiomeric percentage (4.07 % CV, Table 1), indicating that the
observed shift is unlikely to arise from analytical variation (Table S3).

In contrast, for the species TG 52:2, the enantiomeric percentage for
sn-OOP remained essentially unchanged between the control (6.56 %)
and the doxorubicin-treated rat (6.63 %), with sn-POO remaining the
dominant enantiomer in both rats (Fig. 10B-Table 2).

When taking the regioisomers into account (Isomeric % in Table 2), a
modest reduction in sn-PLP and a slight increase in sn-PPL were observed
following DOX treatment. However, sn-LPP and sn-OPO showed a rela-
tive increase of 295 % and 62 %, respectively. This suggests that the
enzymatic preference for palmitic (P), oleic (O) and linoleic (L) acids in
TG biosynthesis may differ between the two samples. However, these
results should be interpreted with caution from a biological perspective,
since only one treated animal and one negative control were tested.
Nevertheless, these results show that the coupled CSP system could
detect enantiomeric and regioisomeric differences in complex liver ex-
tracts that would remain obscured under conventional RPLC conditions.
The developed workflow provides an analytical platform for future
studies aimed at systematically investigating stereochemical alterations
in hepatic lipidomes.



J.M. Nilsson et al.

2x106+
] sn-PLP

S 1.5%x106
s

> 1

®  1x10°
2

£ 1

5x105+

0_.

110 120 130
time (min)

140

Talanta 311 (2027) 130202

sn-POO

= Dox 72h
= Saline

intensity (a.u)

110 120

time (min)

130

Fig. 10. Chromatographic comparison between isomeric shifts induced by doxorubicin. Extracted ion chromatogram (EIC) of A) m/z 848.7702 [TG
50:2+NH,4]" and B) m/z 876.8015 [TG 52:2+NH,4]™ for control rat-saline injected (Saline, green) and 72h doxorubicin treated rat (Dox 72h, purple) on the three
coupled column system. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 2

Enantiomeric and regioisomeric percentage shifts induced by doxorubicin.
Enantiomeric and isomeric percentage in a control (saline injected) and a 72h
doxorubicin treated rat (Dox 72h). TG 50:2 corresponding to sn-LPP, sn-PPL and
sn-PLP and TG 52:2 corresponding to sn-OPO, sn-OOP and sn-POO.

lipid Enantiomeric % Isomeric %
Control Dox 72h Control Dox 72h

sn-PPL 92.4 78.4 17.0 19.9
sn-LPP 7.55 21.6 1.39 5.50
sn-PLP - - 81.6 74.6
sn-POO 93.4 93.4 90.8 89.1
sn-OOP 6.56 6.63 6.37 6.33
sn-OPO - - 2.83 4.60

4. Conclusion

This study systematically investigated chromatographic parameters
influencing the regio- and enantiomeric resolution of TGs on an amylose
tris(3-chloro-4-methylphenylcarbamate) stationary phase (Chiralpak IF-
3), providing a detailed evaluation of solvent composition, temperature
and flow-rate effects.

The results demonstrated that the low enantioselectivities obtained
at all evaluated chromatographic conditions, made it necessary to in-
crease the number of theoretical plates by prolonging the separation
path in order to obtain sufficient enantioresolution for the TGs. In
addition, the approach enabled discrimination of TGs differing in
double-bond position and cis/trans configuration, expanding the pre-
viously reported level of structural resolution achievable in TG lip-
idomics analysis. Overall, the method demonstrated excellent inter-day
retention time repeatability (CV < 0.3 %) and stable determination of
enantiomeric percentage in biological matrices.

By improving the resolution of TG isomers in complex liver extracts,
our method allows the investigation of stereochemical alterations in
complex lipidomes, such as the liver. The presented approach enabled
differentiation of a broad range of TG stereoisomers without the need for
recycle chromatography. Nevertheless, complete structural assignment
of closely related positional isomers still requires enantiomerically pure
standards or complementary double-bond localization strategies.

Despite multiplying the number of detected isomers, still many iso-
mers remained unresolved (e.g. sn-SLL, TG 16:0_18:0_20:4 and TG
16:0_16:0_22:4 in Fig. 9B). This underlines the limitations in TG ster-
eoseparation on this stationary phase. We speculate that supercritical
fluid chromatography may offer an advantage over HPLC by enhancing
mass transfer and potentially reducing analysis time. Thus, further
research to further improve the separation of TGs by using Chiralpak IF-
3 columns is warranted.
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