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roles and pathological mechanisms. In this study, an enhanced analytical method for the separation and
quantification of acidic lipids, including phosphatidylserine (PS), phosphatidic acid (PA), cardiolipin, and
their lyso-derivatives, was developed using nanoflow ultrahigh performance liquid chromatography
—electrospray ionisation-tandem mass spectrometry. The separation and mass spectrometry detection
of acidic lipids were optimised in terms of peak tailing and time-based separation efficiencies, with

Keywords:

Adidic lipid carbamate-embedded C18 as the stationary phase, in the presence of an appropriate liquid chroma-
Lipidomics tography solvent modifier. This newly developed method was applied to analyse a lipid extract from
Nanoflow UHPLC porcine brain. A significant increase in the number of acidic lipids identified (176 vs. 134), including intact
Mass spectrometry monolysocardiolipin (17 vs. 4), was observed with the new method compared with conventional C18.
Validation The quantification of acidic lipids was validated with plasma standard (NIST SRM 1950) spiked with a
Porcine brain lipids number of LPS and PS standards, and acceptable accuracy (<15%) was obtained. The present method was
found to be reliable for the acidic lipid analysis based on qualitative results from tissue extract and

plasma samples.
© 2021 Elsevier B.V. All rights reserved.
1. Introduction up the cellular membrane structures. In addition, they play

important roles in signal transduction, cell proliferation, and

Lipids are essential molecules in biological systems that make apoptosis [1,2]. Lipids are classified into eight categories, namely

glycerophospholipids (GPs), glycerolipids, sphingolipids, sterols,

fatty acids, prenols, saccharolipids, and polyketides. GPs (or simply
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Abbreviations

BEH ethylene bridged hybrid
Cer ceramide

CL cardiolipin

CE cholesteryl ester

DG diacylglycerol

DLCL dilysocardiolipin

EIC extracted ion chromatogram
FA fatty acid

GP glycerophospholipid

GL glycerolipid

HexCer = monohexosylceramide
Hex2Cer dihexosylceramide

IPA isopropanol

LPS lysophosphatidylserine
LPA lysophosphatidic acid

LPC lysophosphatidylcholine
LPE lysophosphatidylethanolamine
LPG lysophosphatidylglycerol
LPI lysophosphatidylinositol
LSM lysosphingomyelin

LLOQ lower limit of quantitation
MLCL monolysocardiolipin

MG monoacylglycerol

MS mass spectrometry

MS/MS  tandem MS

MTBE methyl-tert-buthyl ether

MMC (MeOH, MTBE, and CHCl3)

N/t; retention time based plate number

nUHPLC nanoflow ultrahigh performance liquid
chromatography

PCA principal component analysis

PS phosphatidylserine

PA phosphatidic acid

PC phosphatidylcholine

PE phosphatidylethanolamine

PG phosphatidylglycerol

PI phosphatidylinositol

PC-P plasmenyl PC

PE-P plasmenyl PE

RPLC reversed phase LC

SP sphingolipid

SM sphingomyelin

SulfoHexCer sulfatide

TG triacylglycerol

T¢ tailing factor

structures, share a glycerol-3-phosphate backbone with two hy-
droxyl groups esterified by fatty acids and with its phosphate group
accompanied by various head groups. Depending on the type of
head group and pH conditions, some of the GPs may be classified as
anionic lipids, examples of which include phosphatidylglycerol
(PG), phosphatidylinositol (PI), phosphatidylserine (PS), phospha-
tidic acid (PA), and cardiolipin (CL). Among the anionic lipids, PS,
PA, CL, lysophosphatidylserine (LPS), lysophosphatidic acid (LPA),
monolysocardiolipin (MLCL), and dilysocardiolipin (DLCL) are
acidic because they can carry two negative charges. While PA has
two charged sites on a single phosphate group and CL has two
charged sites on two phosphate groups bridged by glycerol, PS has
one charged site in the phosphate group and another in the
carboxyl group of serine, however its charge status is not
favorably —2 at physiological pH and rather between single and
double anionic structure. Owing to their deprotonation capability,
acidic lipids are distinct compared to other anionic lipids such as PG
and PI in terms of structural characteristics, and they play impor-
tant functional roles in biological systems [3—5]. Acidic lipids can
regulate the structure and function of membrane proteins by
participating in specific lipid-protein bindings or non-specific
electrostatic interactions [6,7]. It is reported that the negative
charge of PAis —1 at pH 7.0 and it increase to —2 when it interacts
with lysine or arginine, which stabilizes protein-lipid interactions
[8]. In addition, PA can influence membrane rearrangement by
forming negative membrane curvature as well as by membrane
fusion and fission [9]. PS is enriched in the cytosolic side of the
plasma membrane under normal physiological conditions, while it
is exposed on the outer side of the membrane during apoptosis.
This is a well-known example of non-specific electrostatic in-
teractions. Thus, PS and PA are thought to be involved in binding to
specific proteins and in modulating the structural and functional
characteristics of membrane proteins [10,11].

Lipid analyses have mostly been conducted using mass spec-
trometry (MS). MS-based lipid analyses are generally carried out by
the direct infusion of lipidome samples or chromatographic in-
terfaces, such as by employing liquid chromatography (LC) prior to

MS. As LC—MS-based approaches offer several advantages such as
the reduction of ion suppression effect induced by abundant ions
and the separation of regioisomers or structural isomers [12,13],
they are widely used with normal phase LC (NPLC) [14], reversed-
phase LC (RPLC) [15], and hydrophilic interaction LC (HILIC) [16].
In both NPLC and HILIC, lipid separation relies on the affinity of the
lipid to a polar stationary phase. Consequently, lipids are separated
by their polar head groups. Although some HILIC-based lipidomic
methods with complicated optimisation steps have been developed
to analyse acidic lipids [17,18], there are limitations in compre-
hensively analysing a variety of lipid molecules with various fatty
acid chains. In contrast, lipid separation by RPLC relies on the hy-
drophobic interactions between the lipid molecules and non-polar
stationary phase. This allows comprehensive separation of lipids
based on differences in the chain length, degree of unsaturation,
type of polar head groups, and isomeric lipid structures. While
sophisticated RPLC—MS methods have been developed for high-
speed and high-throughput analysis of complicated lipid mix-
tures with biological origins, the analysis of acidic lipids such as PA,
PS, CL, and their lyso-derivatives still needs to be improved due to
the poor separation of negatively charged lipids when multiple
lipid classes need to be simultaneously analysed. To overcome the
limitations in analysing acidic lipids with RPLC, a few attempts have
been made to add phosphoric acid to the mobile phase as a solvent
modifier [19,20] or directly to the lipid extract sample for supple-
mentation [21]. However, enhancing acidic lipid analysis has not
been thoroughly examined so far.

In this study, we investigated the efficiency of analysing acidic
lipids by using two different packing materials with varying the
concentration of LC solvent modifiers (NH4HCO,, NH4OH, and
H3PO4) in nanoflow ultrahigh performance LC—electrospray
ionisation-tandem mass spectrometry (nUHPLC—ESI-MS/MS). The
incorporation of a capillary column with UHPLC in the nanoflow
regime facilitated lipidomic analysis with high-resolution separa-
tion of lipids and substantial reduction in the lipid amounts
required for analysis as well as increased MS sensitivity [22,23]. In
our laboratory, nUHPLC—ESI-MS/MS has been applied to study
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lipidomic perturbations in various biological samples such as
plasma from cancer patients [24], muscle tissue from high-fat diet-
induced mice [25], and subcellular organelles with exosomes from
oxidatively stressed cell lines [26]. For optimising the acidic lipid
analysis, the performances of two variants of ethylene-bridged
hybrid C18 particles in the nUHPLC—ESI-MS/MS analysis were
evaluated by comparing the tailing factors and time-based sepa-
ration efficiencies of acidic lipid standards containing various sol-
vent modifier concentrations. In addition, the number of acidic
lipids identified in a porcine brain lipid extract were also compared
for the two hybrid C18 particles. An optimised method was vali-
dated by spiking National Institute of Standards and Technology
(NIST) Standard Reference Material (SRM) 1950 plasma samples
with 81 external lipid standards and a mixture of 24 internal lipid
standards [27].

2. Experimental
2.1. Materials and reagents

All the lipid standards were purchased from Avanti Polar Lipids
Inc. (Alabaster, AL, USA; LPS 18:1, PS 16:0/16:0, PS 18:0/18:0, LPA
18:0, PA 12:0/12:0, PA 14:0/14:0, PA 16:0/22:6, PA 16:0/18:1, PA
18:0/18:0, DLCL (18:2); (bovine heart extract), MLCL (18:2)3 (bovine
heart extract), CL (14:0)4, and CL (18:1)4). A total lipid extract of
porcine brain was purchased from Avanti Polar Lipids Inc.
(Alabaster, AL, USA) and NIST SRM 1950 plasma was purchased
from the National Institute of Standards and Technology (Maryland,
USA). For the precision and accuracy tests, an external standard
lipid mixture was prepared by mixing 25 standard lipids having
odd fatty acid chains or deuterium-labeled moieties with Ultima-
teSPLASH™ ONE from Avanti Polar Lipids Inc. The details of this
mixture are listed in Table S1. An internal standard lipid mixture
was prepared using SPLASH® LIPIDOMIX® by adding 11 additional
standards (FA 15:0, LPG 13:0, LPI1 13:0, LPS 13:0, LPA 17:1, CL (14:0)y4,
Cer d18:1-d7/24:0, LSM d17:1, HexCer d18:1-d;/15:0, Hex2Cer
d18:1-d/15:0, and SulfoHexCer d18:1-d;/13:0) in order to
compensate for the deficient lipid classes, as listed in Table S2. Since
the lipid solvent compositions can affect the lipidomic results, the
external and internal standard lipid mixtures contained only CHCl3
and methanol (MeOH), respectively, as solvents. HPLC grade sol-
vents (H20, CH3CN, CH30H, isopropanol (IPA), and methyl-tert-
butyl ether (MTBE)) were purchased from Avantor Performance
Materials (Center Valley, PA, USA). NH4HCO,, NH40H, H3POy4, and
CHCl3 were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Fused silica capillary tubes with inner and outer diameters of 100
and 360 um, respectively, were purchased from Polymicro Tech-
nology, LLC (Phoenix, AZ, USA). The packing materials used to
prepare capillary columns were ethylene-bridged hybrid (BEH) C18
(1.7 um and 130 A) and BEH Shield C18 particles (1.7 pm and 130 A),
both of which were unpacked from the ACQUITY UPLC BEH C18
column (2.1 mm x 100 mm) and ACQUITY UPLC BEH Shield RP18
column (2.1 mm x 100 mm), respectively. These were purchased
from Waters (Milford, MA, USA). The BEH Shield RP18 particles
were embedded with carbamate. Watchers ODS-P C18 particles
(3 pm and 100 A) from Isu Industry Corporation (Seoul, Korea) were
used to fabricate the self-assembled frit (~5 mm) at the tip of the
analytical columns prior to packing with 1.7 pm C18 particles.
Pierce™ LTQ Velos ESI Positive Ion Calibration Solution and
Pierce™ Negative lon Calibration Solution were purchased from
Thermo Scientific (San Jose, CA, USA).

2.2. Lipid extraction

For the analysis of the external or internal lipid standard
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mixtures, the standard plasma samples were spiked with standard
mixtures. To measure extraction recovery, an internal standard
mixture (10 puL) was added to the NIST SRM 1950 plasma sample (10
uL), and the sample was spiked with the external standard mixture
(10 pL) before or after extraction. For two-phase lipid extraction,
1300 pL of MTBE/MeOH mixture (10:3, v/v) was added to the
sample, and mixed with a vortex shaker for 60 min at 40 °C. Sub-
sequently, 250 pL of H,0 was added to the mixture. The mixture
was then shaken with a vortex shaker for 10 min and centrifuged
for an additional 10 min at 16000g. After the upper organic layer
was removed, 400 puL of MTBE was added to the remaining lower
aqueous layer. This solution was then vortexed for 10 min at 40 °C
and centrifuged. The resulting organic layer was mixed with the
previously collected organic solution containing the lipid extract.
For one-phase lipid extraction, 1300 pL of MeOH/MTBE/CHCl3
(1.33:1:1, v/v/v) was added to the plasma sample. The mixture was
vortexed for 10 min at 40 °C, followed by centrifugation at 16000g
for 10 min. The organic supernatant was then removed. The organic
solutions collected in both the extraction protocols were dried
under N gas using an Evatros mini evaporator from Goojung En-
gineering (Seoul, Korea) and dissolved in 200 pL of MeOH/CHCl3/
H,0 (8.5:0.5:1, v/v/v). This solvent composition and volume were
used for dissolving lipid extracts from the plasma samples for all
the subsequent experiments. For the method validation experi-
ments, the one-phase lipid extraction protocol was applied.

2.3. nUHPLC—ESI-MS"

For the identification and quantification of lipids, an
nUHPLC—ESI-MS system was utilised with a Dionex Ultimate 3000
RSLCnano system equipped with a Q Exactive mass spectrometer
(Thermo Scientific, San Jose, CA, USA) via Nanospray Flex™ lon
Source for nanoflow ESI. ESI-MS system was regularly calibrated
with positive and negative ion calibration solutions. To set up the
nUHPLC system with minimised dwell time, nanoViper capillaries
(20 pm inner diameter) with customised lengths from Thermo
Scientific were used for all the connections. The capillaries were
used to connect the UHPLC pump outlet to the injection valve of an
autosampler (550 mm long) and the injection valve to a MicroTee
(850 mm long). The other two ports of the MicroTee were con-
nected to a Pt wire (for ESI voltage) as well as to an analytical
column. Since the dead volume of MicroTee was 152 nL and volume
of the sample loop was 1 puL, the resulting dead volume for the
nUHPLC system was approximately 1623 nL.

The analytical column was prepared in our laboratory with a
silica capillary (100 um inner diameter) by pulling one end with a
flame to obtain a sharp tip. The sharp tip was then cut into a self-
emitter for ESIL The tip (~5 mm) was filled with Watchers ODS-P
C18 particles as a self-assembled frit and the remaning capillary
was packed with BEH C18 or BEH Shield C18 particles using N, gas
at 1000 psi pressure. The mobile phase solutions A and B consisted
of H,O/CH3CN (9:1, v/v) and IPA/CH30H/CH3CN/H,0 (7:1.5:1:0.5, v/
v/v/v), respectively. NH4HCO,, NH4OH, and H3PO4 were used as a
solvent modifier. The UHPLC pump flow rate was set to
800 nL min~!, while the injection volume was maintained as 0.2 pL
for all the experiments, except in the case of the porcine brain
extracts, where the injection volume was 0.5 pL. Gradient elution
began with 1% of mobile phase B, which was increased to 75% for
5 min, to 90% for the next 5 min (except in the case of the porcine
brain extracts, where the mobile phase B was increased to 80%, not
90%), and to 99% for another 15 min. The mobile phase B was then
maintained at 99% for 5 min, following which it was decreased to
1% for 5 min, resulting in a total duration of 35 min for each nUHPLC
analysis. For high-resolution MS detection of lipids, the ESI voltages
for both the positive and negative ion modes were set to 3 kV and
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the ion transfer tube temperature was 350 °C. For the qualitative
analysis of lipids, full MS scan mode and subsequent data-
dependent MS/MS acquisition were utilised in the positive and
negative scan modes. The lipid molecular structures were identified
using the LipidMatch software [28] and manually confirmed by
considering the exact mass of the precursor ions (5 mDa tolerance),
retention time, and characteristic MS/MS spectra. For the quanti-
tative analysis of lipids, only the full MS scan mode was utilised for
scanning both the positive and negative ions alternately, by the
polarity switching method in a single nUHPLC run. Details of the
MS parameters are described in Table S3. The data were processed
using the Thermo Scientific Xcalibur software. The normalised peak
area was defined as the ratio of the peak area of a lipid relative to
that of its internal standard lipid. In the case of FA, the normalised
peak area ratio was corrected by subtracting the blank signal [29],
in order to avoid the influence of residues from the plastic vials.

2.4. Tailing factor and time-based separation efficiency

In order to evaluate the separation efficiency of acidic lipids, the
time-based plate number (N/t;) and tailing factor (Tr) were used. N/
t; was calculated as the ratio of plate number (N) to retention time
(tr), while N was measured as the ratio of 5.55t2 to the square of the
full peak width at 50% of the peak height (W%.s)- Trwas calculated as
the ratio of half of the full peak width at 5% of the peak height
(Wgs5/2) to the front half width (f) at 5% of the peak height

(Wo.05/21).
2.5. Calibration curves and method validation

To construct the calibration curves, the NIST SRM 1950 plasma
samples were spiked before extraction with a fixed concentration
of the internal standard mixture and different concentrations of the
external standard mixture. Ten microliters of each plasma sample
and standard mixture were used. For each external standard con-
centration, five replicates of the samples were prepared and
extracted. Each sample analysis was repeated three time by
nUHPLC—ESI-MS. A calibration curve of normalised peak area ratio
vs. nominal concentration was constructed for each lipid standard.
The normalised concentration of an individual external standard
lipid was calculated using a linear regression equation, which in-
cludes the lower limit of quantification (LLOQ). LLOQ is defined as
the lowest concentration of an external standard lipid in a sample
that falls with the accepted criteria (<20%) for the coefficient of
variation (CV) of the normalised peak area ratio and accuracy [30].
Accuracy was defined as the difference in error between the
nominal concentration and normalised lipid concentration.

3. Results and discussion
3.1. Optimisation of acidic lipid separation by nUHPLC—ESI-MS

The separation of acidic lipids was evaluated using a mixture of
13 acidic lipid standards including PS, PA, CL, and their lyso-
derivatives, by varying the solvent modifier as well as the packing
materials in the nUHPLC column. Fig. 1 compares the extracted ion
chromatograms (EICs) of the standard acidic lipid mixture
(0.2 pmol of each standard) obtained by nUHPLC—ESI-MS. Runs
were achieved with BEH C18 with and without H3PO4 added to the
mobile phase as solvent modifier, as well as with carbamate-
embedded C18 column. A solvent modifier mixture consisting of
0.5 mM NH4HCO, and 7.4 mM NH4OH was typically used. In some
cases, H3PO4 was added to this mixture. The acidic lipids were
detected in the negative ion mode. As shown in Fig. 1a, most of the
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acidic lipid species except for LPA (peak 1) and LPS (peak 2) were
eluted as broad peaks with peak tailing in the nUHPLC system
packed with ethylene-bridged (BEH) C18 particles. When
8 uM H3PO4 was added to the mobile phase, as shown in Fig. 1b,
most of the peaks appeared to be sharper with increased peak in-
tensities and reduced peak tailing (especially peaks 5, 6, and 8) and
retention times. These results are consistent with previous reports
[19,20]. However, the separation of acidic lipids still needs to be
improved because of the poor resolution (e.g., resolution of peak
numbers 7 and 8) and distorted peak shapes (especially for peak 11)
observed. When carbamate-embedded BEH C18 was used as the
packing material and in the absence of H3PO4 in the mobile phase
(Fig. 1c), peak tailing was significantly reduced with increase in
peak resolution. In particular, PA 18:0/18:0 (peak number 11) can be
detected at increased peak intensity. In order to evaluate the im-
provements more systematically, the tailing factor (Ty) and time-
based separatoin efficiency (N/t;) values of the acidic lipids were
plotted in Fig. 2. When carbamate-embedded C18 was used as the
packing material, the tailing factors of most of the acidic lipids were
significantly decreased to ~1.0, supporting the peak shapes of most
of the symmetric peaks. However, the PA and PS molecules still
exhibited tailing, although the tailing was improved. In the case of
LPA 18:0 (#1), LPS 18:1 (#2), DLCL (18:2) (#4), and MLCL (18:2);
(#9), experimental Ty or N/t; values could not be calculated because
regioisomers of some species were not completely separated under
some run conditions so that the half of full peak width at 5% or 50%
of the peak height can not be calculated. The time-based separation
efficiencies, represented by the N/t; values in Fig. 2b, significantly
increased with the use of polar group embedded C18 in the col-
umns (1.16-fold for DLCL (18:2),—21.2-fold for CL(18:1)4, compared
with normal C18). In addition, compared to normal C18 and with
8 uM H3PO4 added to the mobile phases, the tailing factors and N/t;
values improved significantly, especially for PA 16:0/22:6, PA 16:0/
18:1, PA 18:0/18:0, MLCL (18:2)3, CL (14:0)4, and CL (18:1)4.
Furthermore, the N/t value of PS 16:0/16:0 (#7) was not affected by
the addition of H3PO4, but was improved with the carbamate-
embedded C18 column. Overall, employing carbamate-embedded
C18 particles was proven to be effective for acidic lipid separation
with substantial reduction in analysis time (from ~27 to ~15 min for
CL (18:1)4). This was attributed to the decrease in the hydropho-
bicity of the stationary phase by the embedded polar carbamate.

For further optimising the nUHPLC—ESI-MS analysis of acidic
lipids with a carbamate-embedded C18 column, the NH40OH con-
centration was varied, while the NH4HCO, concentration was fixed
at 0.5 mM, as shown in Fig. S1. When the NH4OH concentration was
decreased from 7.4 (Figs. 1c) to 5 mM (Fig. S1b), the peak intensities
increased with no significant increase in retention time. Further
decrease in the NH40H concentration did not induce a significant
change in separation up to 0.5 mM (Fig. S1c). Moreover, the addi-
tion of a small amount (8 uM) of H3PO4 to the mobile phases was
completely ineffective for the separation of acidic lipids with the
carbamate-embedded C18 column, as shown in the two chro-
matograms shown in Figure S1d~e. Therefore, a mixture of 5 mM
NH4O0H and 0.5 mM NH4HCO, was used as the solvent modifier for
the carbamate-embedded C18 column.

3.2. Identification of acidic lipids in porcine brain extracts

The optimised method was applied for the analysis of acidic
lipids in a total lipid extract of porcine brain by nUHPLC—ESI-MS/
MS. C18 particles with or without carbamate were used for packing
the columns. The brain lipid extract was dissolved in MeOH/CHCls/
H,0 (8.5:1.25:0.25, v/v/v) at a concentration of 10 mg/mL. The
number of identified lipids in each acidic lipid class obtained using
the two columns were compared using the pie charts shown in
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Fig. 1. Extracted ion chromatograms (EICs) of the standard acidic lipids obtained in the negative ion mode of nUHPLC—ESI-MS with columns consisting of a) ethylene-bridged C18
particles, b) ethylene-bridged C18 particles with 8 uM H3PO, added as LC solvent modifier, and c) ethylene-bridged C18 particles embedded with carbamate. In all the cases, a
mixture of 0.5 mM NH4HCO, and 7.4 mM NH4OH were used as the solvent modifier. m/z value of each standard lipid was as follows; 1. LPA 18:0 (437.267), 2. LPS 18:1 (522.284), 3.
PA 12:0/12:0 (535.341), 4. DLCL (18:2), (461.249), 5. PA 14:0/14:0 (591.403), 6. PA 16:0/22:6 (719.466), 7. PS 16:0/16:0 (734.498), 8. PA 16:0/18:1 (673.481), 9. MLCL (18:2); (592.364),

10. PS 18:0/18:0 (790.560), 11. PA 18:0/18:0 (703.528), 12. CL (14:0)4 (619.416), 13. CL (18:1)4 (727.510).

a. b. T
[ Cqg (H3PO4 added to MP)
—c 18,000 R S
18 I Cg embedded with carbamate
5] ==C g (H;PO, added to MP) icoi0d
I Cg embedded with carbamate 1 ’
14,0004
44 il
12,0004
g i
-~
S 34 T 10,000
(] o—
iy E
.%D T = 8,000 |
= 2 x
& Z 6,000
=
4,000
14 . RENAE AN N RN B
2,000
07 H— 4 = ——T— [ = -
§ S OD v D N v D D » A S N D VoD DS N v N D ' (3
S & AD A D D S geS S Y NI R eI AR LIPS Y CUSPN
SNSRI SIS SRS
xd '\»& VO.VOV v}wv} & .v}b. %& v'& o \s‘} »\.& v-o.x»o) v}wv}b.%w v}b. %& v& &
2 g < G ¥ g g W
AR oY S AT q.“@\w \J s SRR ile {q.‘ys 0.@ Rl

Fig. 2. a) Tailing factor (Ty) and b) time-based separation efficiency (N/t;) of acidic lipid standards from the nUHPLC—ESI-MS results (n = 3).

Fig. 3. A total of 176 and 134 acidic lipids were identified using the
method developed in this study and conventional ethylene bridged

C18, respectively. Molecular structures of the identified acidic lipids
between the two columns are compared in Table S4. More acidic
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Fig. 3. Comparison of the number of acidic lipids identified from a porcine brain extract, using the two columns.

lipids were identified with the carbamate-embedded C18 column
compared to the C18 column, implying that the newly developed
method is effective for the acidic lipid analysis. Specifically, 8 LPS
species, 18 PS, 3 LPA, 19 PA, and 13 MLCL were additionally found
with the carbamate-embedded C18 column, as listed in Table S4.
However, the number of CL identified decreased from 78 to 59,
while those of MLCL or DLCL increased or remained the same. The
reason for the poor results with CL is not clearly understood yet, but
we speculate that it could be due to the increased spectral
congestion caused by the fast elution of CL molecules, which are not
abundant. The enhanced detection capability was illustrated in the
EICs of PA 32:1 (m/z 645.450, from PA 14:0_18:1 and PA 16:0_16:1),
FA 18:1 (m/z 281.249), and PI 38:4 (m/z 885.550, from PI 16:0_22:4
and PI 18:0_20:4), as shown in Fig. 4. The peak intensities of FA 18:1
and PI 38:4 were increased by two orders of magnitude with the
carbamate-embedded C18 column. In general, the peak of a lipid
species is likely to be broader for extracts from biological samples
compared to standards. This phenomenon was more prominent for
PA 32:1 analysed with the C18 column compared to that with the
carbamate-embedded C18 column. In contrast, the FA and PI spe-
cies were not significantly influenced. The magnified EIC showed
other peaks at ~19 min (Fig. 4a) and ~15.5 min (Fig. 4b), which were
determined to be PA 32:1 produced by the in-source fragmentation
of PC 32:1 (m/z 645.450) during ESI. While PA 32:1 can be detected
in Fig. 4a in the 13—14 min time interval, its peak intensity in Fig. 4a
was about two orders of magnitude lower than that of the sharp
peak in Fig. 4b. Another advantage of this method was the
improved detection of the MLCL species (17 vs. 4). To the best of our
knowledge, this is the largest number of MLCL species identified
from raw lipid extracts without methylation of the phosphate
group, which is known to enhance the ionisation efficiency of
polyglycerophospholipids [31]. The MS spectra (Fig. 5a) exhibit
peaks corresponding to MLCL species of 52:3, 54:5, 56:7, and 58:9
detected at t, = 11.44 min along with their fragment ion spectra
obtained from data-dependent MS/MS experiments (Fig. 5b and c).
All the MS/MS spectra exhibited peaks that are characteristic of the
diacylglycerol-3-phosphate fragment ion, [DGPs]", produced by the
dissociation of a central glycerol and phosphate linked to a diac-
ylglycerol unit of MLCL (see cleavage pattern in Fig. 5). Peaks cor-
responding to a characteristic fragment ion at m/z 152.995,
[C3H505P[, representing the neutral loss (NL) of H,0 from glycerol-
3-phosphate was also observed. The MS/MS spectra of MLCL 56:7 in
Fig. 5b represent the higher-energy collision dissociation (HCD)

a. C18

EIC at m/z 645.450
PA 32:1

1ES8-
2.5ES,

FA 18:1

5E7-
PI 38:4

A\

2E6+

10 12 14 16 1820
1E6+

8§ 10 12 14 16 18 20

b. C,sembedded with carbamate

FA 18:1
6E9-
PI38:4 EIC at m/z 645.450
4E9 2.1E7, PA 32:1 )
in-source

2E9] P fragment of

Z J PC 32:1

,l
2E8: / '
, 0L, A
1E8] 10 12 14 16 18 2
0 Ll

8§ 10 12 14 16 18 20
Time (min.)

Fig. 4. Extracted ion chromatograms (EICs) of PA 32:1 (m/z 645.450), FA 18:1 (m/z
281.249), and PI 38:4 (m/z 885.550) from porcine brain extracts with a) conventional
method using normal C18 column and b) newly developed method using carbamate-
embedded C18 column. In both the panels, enlarged EICs of m/z 645.450 for PA 32:1 are
attached.
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a. MS spectra at t =11.44 min
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Fig. 5. a) MS spectra of a porcine brain extract at t, = 11.44 min representing the detection of four MLCLs and MS? spectra of b) MLCL 56:7 and c) MLCL 58:9.

spectra of the three structural isomers of MLCL 56:7,
18:1_(18:2_20:4), 18:2_(18:1_20:4), and 20:4_(18:1_18:2) (where
the parentheses represent the acyl chains attached to the same
glycerol backbone of CL). Three [DGP¢|™ ions originating from the
three structural isomers were observed at m/z 697.482 (|DGPs¢
36:3]"), m/z 719.465 ([DGPs 38:6]°), and m/z 721.484 (|[DGPs 38:5]").

Specific fatty acyl chains were identified with free carboxylate
ions at m/z 279.232, 281.249, and 303.233 as [RCOO]" produced from
the acyl chains of 18:2, 18:1, and 20:4, respectively. Moreover, the NL
of the fatty acyl chain from [DGP¢]” in the form of carboxyl acid
[DGP¢-RCOOH]™ and ketene [DGP-R'CH=C=0] are shown with five
fragment ions in the m/z range of 415.226—457.237. Similar fragment
ion spectra were observed from MLCL 58:9. Fig. 5¢ shows a combi-
nation of fragment ion spectra of the four structural isomers,
18:1.(18:2_22:6), 18:1.(20:4_20:4), 20:4_(18:1_20:4), and
22:6_(18:1_18:2). Although this method was proven to be effective
for acidic lipid analysis, accurate lipidomic quantification from cells,
tissues, and urine can be very limited due to a lack of certified
reference materials for each type of biological sample except plasma.
For the accurate quantification of lipids from biological samples, the
quantification method needs to be validated by adding the corre-
sponding lipid standards to a representative biological matrix.
However, there are few standard reference materials available for
lipidomic analysis, except for the NIST SRM 1950 plasma. Therefore,
the developed method was validated using this SRM.

3.3. Effectiveness of one-phase lipid extraction from plasma
samples

For the effective extraction of acidic lipids, an one-phase
extraction method employing a mixture of MeOH, MTBE, and

CHCl3 (referred to as MMC) was utilised. This method has been
found to be not only effective for extracting lipids but also advan-
tageous from the perspective of simplicity and reproducibility
[32,33]. A slightly modified MMC method was carried out because
the sample amount should not exceed the organic solvent capacity
per recommendations in the literature [34]. Ten microliters of hu-
man plasma sample was used, and the procedure took only 20 min.
Details of the extraction procedures have been described in section
2.2. Extraction recovery was measured by comparing the normal-
ised peak area ratio of the NIST SRM 1950 plasma samples spiked
with the external standard lipids before and after extraction. For
comparison of the one-phase MMC method and the typical two-
phase extraction method using MTBE/MeOH/H,0, which is
conventionally employed in our laboratory, five replicates of the
plasma samples were prepared by spiking with the external stan-
dard lipid mixture before and after extraction. Table 1 shows the
average values (n = 3) of extraction recovery of 25 lipid standards
for the two extraction methods by nUHPLC—ESI-MS. Although
some lipid classes including PE-P, PC-P, PE, DG, FA, and few SPs
exhibited better recovery with the two-phase extraction method,
the one-phase extraction method appeared to be more efficient
overall. In particular, the extraction efficiencies of the acidic lipids
were outstanding with the MMC method (97.3% for LPS 17:1, 97.2
for PS 17:0/17:0, 116.1 for LPA 17:0, 94.2 for PA 17:0/17:0, and 82.6
for CL-ds5 (18:4)4). Moreover, the MMC method can be performed in
merely 20 min. Based on this result, the one-phase MMC extraction
method was found to be effective for retrieving lipids and was
applied for the subsequent experiments. On the one hand, this
extraction method should be used with much careful consider-
ations. There is a possible contamination in MS instrument origi-
nated from impurities such as residual ionic salts that were not
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Table 1
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Comparison of one-phase (MMC) and two-phase (MTBE/MeOH/H,0) method for lipid extraction. Extraction recovery was analysed using nUHPLC—ESI-MS by comparing the
normalised peak area ratio of the standard lipids spiked to the NIST SRM 1950 plasma standard before and after extraction.

Lipid species One-phase Two-phases Lipid species One-phase Two-phases
FA 19:0 84.8 +9.7 107.1 + 16.2 PC P-18:1/18:1-dg 85.6 + 12.9 96.5 + 4.7
LPC 17:1 96.9 + 6.6 87.6 +3.4 PE P-18:1/18:1-dg 88.4 + 14.6 97.2 +133
PC 17:0/17:0 971+ 7.6 99.4 + 4.7 CL-ds5 (18:2),4 82.6 + 10.7 60.8 + 4.4
LPE 17:1 100 + 9.5 832+79 Cer d18:1-d;/24:1 97 + 8.1 98.6+5

PE 17:0/17:0 802 +7.1 104.6 + 11.8 LSM d18:1-d; 975+ 7.7 75.8 + 5.1
LPG 17:1 94.6 + 5.4 765+ 79 SM d18:1/17:0 939 +9.1 100.7 + 9.8
PG 17:0/17:0 956 +7.9 932+9 HexCer d18:1/17:0 892 +7.1 984 +5.1
LPI 17:1 94.2 +12.2 46.6 + 4.8 Hex2Cer d18:1/17:0 826 +11.3 944 +93
PI 16:0-d3/18:1 96.5 + 7.9 99.8 + 5.6 SulfoHexCer d18:1/17:0 87.5 +10.1 99.6 + 214
LPS 17:1 97.3 £ 135 56 + 6.7 DG-ds5 18:0_18:0 892 +94 101.5 + 11.1
PS 17:0/17:0 97.2 +10.1 1141+ 16 TG-d5 17:0/17:1/17:0 955 +9.9 90 + 8.8
LPA 17:0 116.1 + 14.2 115.7 £ 204 CE 17:0 108 + 14.6 99.7 + 7.8
PA 17:0/17:0 94.2 +13.7 84.6 +10.8

completely removed. To avoid this issue, it would be desirable to
use a minimum amount of biological sample in order to assure not
only simplicity but also extraction efficiency. In contrast, the two-
phase method may experience possible contamination during the
retrieval of organic solvents at the liquid—liquid interface. Since the
present work was focused on the enhancement of acidic lipid
analysis, a thorough examination of the two extraction methods

Table 2

needs to be followed in a future study including the possibility of
the formation of oxidative products during the extraction.

3.4. Method validation for the quantification of plasma acidic lipids

In order to evaluate the quantification efficiency of the devel-
oped method, precision and accuracy were calculated using the

Precision and accuracy of LPS and PS standards calculated from the calibration curve. Precision was calculated as the coefficient of variance (CV) of the normalised peak area
ratio for five replicate sample (n = 5) at each concentration. The normalised concentration was calculated from the linear regression of the calibration curve and accuracy was

the error between the nominal and normalised concentrations.

LPS and PS standard Nominal concentration (pmol pL~!) Normalised peak area ratio (vs. IS) Precision (CV, %) Normalised concentration (pmol uL~') Accuracy (error, %)

LPS-ds5 15:0 0.05 0.01 + 0.00
0.10 0.02 + 0.00
0.20 0.03 + 0.00
0.24 0.05 + 0.00
4.90 0.85 + 0.08
7.35 1.28 + 0.10
14.70 2.66 + 0.36
LPS-d5 17:0 0.19 0.04 + 0.00
0.46 0.1 +0.01
0.93 0.22 + 0.01
1.86 0.38 + 0.02
LPS-ds 19:0 0.18 0.03 + 0.00
0.22 0.04 + 0.01
0.88 0.14 + 0.01
441 0.62 + 0.07
PS-ds 17:0/14:1 0.17 0.05 + 0.00
0.67 0.18 + 0.01
335 0.77 + 0.03
5.02 1.12 + 0.04
10.05 239+ 0.13
PS-ds 17:0/16:1 0.26 0.06 + 0.00
0.32 0.09 + 0.00
1.29 0.29 + 0.02
6.46 1.29 + 0.03
9.68 1.78 £ 0.06
PS-ds5 17:0/18:1 0.47 0.16 + 0.01
0.93 0.29 + 0.02
1.87 0.52 +0.03
9.35 2.03 +0.07
PS-ds 17:0/20:3 0.24 0.05 + 0.00
0.30 0.07 + 0.00
1.21 0.27 + 0.02
6.05 1.25 + 0.07
9.07 1.77 £ 0.08
18.15 3.53+0.24
PS-ds 17:0/22:4 0.06 0.03 + 0.00
0.15 0.05 + 0.00
0.29 0.08 + 0.01
0.59 0.15 +0.01
2.93 0.6 + 0.03

4.40 0.83 + 0.05

18.8 0.05 1.8
6.4 0.10 3.0
4.4 0.19 5.5
6.0 0.27 9.8
9.2 4.90 0.1
8.0 7.37 0.3
134 15.31 4.2
0.6 0.19 0.0
8.4 0.45 3.8
59 1.02 10.0
4.6 1.79 35
49 0.17 13
14.2 0.24 109
54 0.91 3.1
10.6 4.05 8.2
34 0.17 0.7
5.8 0.72 7.0
35 333 0.6
3.7 4.89 2.7
5.6 10.50 4.5
35 0.24 8.8
35 0.37 13.2
74 1.42 10.2
2.0 6.55 1.5
34 9.12 58
5.6 043 7.8
6.9 1.04 11.6
6.0 2.12 135
3.6 9.06 3.1
4.1 0.22 9.1
3.1 0.33 8.2
7.8 1.29 6.7
5.7 6.17 2.1
44 8.79 32
6.9 17.53 34
1.7 0.06 13
5.8 0.16 6.7
7.0 0.33 11.7
4.5 0.64 9.2
4.4 2.86 2.6
6.2 3.98 9.4
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calibration curves. The external lipid standard mixture in Table S1
consists of 25 lipid standards added to UltimateSPLASH™ ONE, a
mixture of lipid standards from 15 different classes containing
various fatty acyl chains. The concentration ranges of the 25 stan-
dards in Table S1a were determined such that they are represen-
tative of the actual lipid concentrations in the human plasma,
taking into account the lipid concentrations reported in inter-lab
studies [35,36]. The lipid standards in Table S1b were utilised to
evaluate the precision and accuracy of the various acyl chains in
each lipid class. Fig. S2 shows the calibration curves established for
three LPS and five PS species. Based on the curves, a good linear
relationship between the normalised peak area ratio and nominal
concentration of the species was observed, regardless of the dif-
ference in fatty acyl chains, although some of lipids have only four
concentration levels for calibration. Table 2 presents the precision
and accuracy for the SRM plasma samples spiked with LPS and PS
species. As an example, with LPS-ds 15:0, the normalised concen-
tration for each nominal concentration was calculated from the
linear regression equation of the calibration curve, y = 0.1733x +
0.00144, as shown in Fig. S2. Accuracy was then calculated as the
error difference (%) between the normalised concentration and
corresponding nominal concentration. An accuracy of 4.16% was
obtained with nominal concentration of 14.70 pmol pL~! and
normalised concentration of 15.31 pmol pL~". Overall, the precision
and accuracy for the three LPS and five PS species were below the
acceptable criteria (15%) [30]. Unfortunately, although it is impos-
sible to validate the precision and accuracy for all the acidic lipid
classes due to the limited availability of standard lipids, quantita-
tive analysis could be successfully validated for the representative
acidic lipid classes, LPS and PS. Moreover, most lipid species that do
not belong to acidic lipid classes including LPC, PC, LPE, PE, LPG, PG,
LPI, PI, Cer, SM, DG, and TG, exhibited good precision and accuracy
(<20% required for LLOQ), as shown in Table S5. Therefore, the
present method developed to improve the analysis of acidic lipids
was applied for the global quantification of plasma lipids.

4. Conclusion

In the present study, the efficiency of separation of acidic lipids
by nUHPLC and detection with ESI-MS was enhanced by utilising
carbamate-embedded C18 packing materials as the stationary
phase under optimised solvent modifier conditions (0.5 mM
NH4HCO; + 5 mM NH40H). Overall, the peak tailing observed with
most of the acidic lipids analysed with conventional C18 column
significantly reduced and the time-based plate number values
increased significantly, especially for PA 16:0/22:6, PA 16:0/18:1, PA
18:0/18:0, MLCL (18:2)3, CL (14:0)4, and CL (18:1)4. When the
method developed in this study was applied to a lipid extract from
porcine brain, the capability of identifying acidic lipids was largely
increased with a carbamate-embedded C18 column. Further, the
present method was used to validate the quantification of NIST SRM
1950 plasma spiked with acidic lipid standards. The precision and
accuracy for the quantification of various LPS and PS standards,
including other lipid classes, were proven to be within the accepted
criteria. The results obtained in the present study demonstrate that
acidic lipid analysis in reversed-phase nUHPLC—ESI-MS/MS can be
improved with the use of functionalised C18 packing material, and
the peak tailing and time-based separation efficiency can be opti-
mised. Further, the quantification process can be validated using a
certified reference plasma as the matrix. Since the developed
method is suitable for analysing acidic lipids as well as other lipid
classes, it can be utilised for the global and targeted analysis of
lipidome from biological origins with improved speed and detec-
tion capability.
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