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Abstract

A hydrophilic interaction liquid chromatography (HILIC) fused-core column (150 x 2.1 mm ID,
2.7 um particle size) and a short reversed-phase liquid chromatography (RPLC) column (20
mm x 2.1 mm ID, 1.9 um) were serially coupled to perform mixed-mode chromatography
(MMC) on complex mixtures of phospholipids (PL). Mobile phase composition and gradient
elution program were, preliminarily, optimized using a mixture of phosphatidylcholines (PC),
phosphatidylethanolamines (PE), their corresponding lyso-forms (LPC and LPE), and
sphingomyelins (SM). Thus a mixture of PC extracted from soybean was characterized by
MMC coupled to electrospray ionization (ESI) high-resolution Fourier-transform mass
spectrometry (FTMS) using an orbital trap analyzer. Several previously undiscovered PC,
including positional isomers (i.e. 16:0/19:1 and 19:1/16:0) of PC 35:1 and skeletal isomers
(i.e. 18:1/18:2 and 18:0/18:3) of PC 36:3 were identified. Therefore, high-resolution MS/MS
spectra unveiled the occurrence of isomers for several overall side chain compositions. The
proposed MMC-ESI-FTMS/MS approach revealed an unprecedented capability in disclosing
complexity of an actual lipid extract, thus representing a very promising approach to

lipidomics.
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1. Introduction

Lipidomics investigation based on liquid chromatography-mass spectrometry (LC-MS) is a
rapidly growing field, which has greatly benefited from the introduction of new MS
analysers, featuring high mass resolution/accuracy [1-6], and novel LC technologies,
enabling very selective and efficient separations with reduced analysis time and solvent
consumption [7,8]. Lipidomics-related LC separations can be accomplished by (i) normal
phase LC (NPLC), which typically leads to separation of lipids on the basis of their polar
functionalities, (ii) hydrophobic interaction mode of reversed-phase LC (RPLC), that enables
the separation of lipid species as a function of their lipophilic tails, and (iii) hydrophilic
interaction liquid chromatography (HILIC), which can be a good alternative to RPLC for
separating polar compounds [2,9-11]. Interestingly, HILIC combines the features of both
NPLC and RPLC, as it employs polar stationary phases typical of NPLC, such as silica, and
mobile phases typical of RPLC, such as solvent mixtures containing more than 50-70%
acetonitrile, though with a reversed eluotropic strength [10,12].

The LC-MS coupling greatly helps to cope with several shortcomings occurring in the
direct analysis by MS. Firstly, the chromatographic separation alleviates ionization
suppression effects [13]. Secondly, the LC step could enables the separation of (intra- and/or
inter-class) isobaric or isomeric PL, which, if co-eluted, would make MS identification
ambiguous. However, some inherent limitations of each LC mode, potentially affecting MS
detection, must be also accounted for. NPLC, for instance, is certainly suitable for
phospholipids analysis, but the highly polar solvents typically employed possess low
ionization efficiency thus negatively affecting the LC-MS coupling [8]. Conversely, RPLC uses
MS compliant mobile phases, but partial or severe lipid co-elution is quite common

especially for highly complex samples. HILIC, which is particularly effective in providing class
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separation, should avoid the co-elution of isobars belonging to different lipid classes, yet
intra-class lipid competition for ionization could remain [14]. Moreover, the co-elution of
lipids, belonging to the same class, having molecular masses differing by 2 Da leads to the
unavoidable superposition of spectra referred to the M+0 isotopologue of the target lipid
and to the M+2 isotopologue related to the 2 Da lighter one, garbling the interpretation of
MS/MS spectra.

To overcome these issues, two-dimensional (2D) high-performance liquid
chromatography coupled to mass spectrometry has been suggested. Specifically, a 2D LC
approach can be performed on-line [15,16] or off-line [17] and offers the chance to analyze
complex lipid mixtures [16,18] using orthogonality in the separation mechanism operating in
the two dimensions [19,20]. Among 2D approaches, comprehensive LCxLC is certainly the
most promising, in spite of the higher instrumental complexity required [21]; note, however,
that a partial loss of orthogonality has been experienced when using RPLCxRPLC [22] or
HILICXHILIC [23]. A viable and instrumentally simpler alternative approach for analysing
highly complex samples could be represented by mixed-mode chromatography (MMC)
[24,25], potentially offering high selectivity, high sample loadings and speed [2,25,26]. MMC
is typically performed by: (i) serial connection of two columns packed with different
stationary phases (ii) use of a single column packed with two different stationary phases or
(iii) use of special stationary phases, possessing ad-hoc designed functional groups displaying
several domains (e.g. hydrophilic, hydrophobic, ionic) and then capable of combining
orthogonal separation principles [25]. Two in series (tandem) columns, with no interface
between them, is the simplest way to implement MMC, provided that mobile phase and/or
gradient elution are compatible with both columns [25]. Since PL are characterized by a

polar head (class specific) and by hydrophobic acyl chains, a suitable column combination
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would be HILIC-RPLC, potentially capable of achieving between- and within-class separation,
as demonstrated by HILIC-RPLC offline 2D-LC [17,27,28].

Few attempts to use MMC in lipid (mainly triacylglycerols — TAGs) analysis have been
reported so far. Profiling of TAGs in plant oils on a mixed-mode phenyl-hexyl
chromatographic column providing hydrophobic as well as n—n interactions has been
described by Hu et al. [29]. TAGs separation could also be achieved by MMC on a single
column packed with silver ion-modified octyl and sulfonic co-bonded silica, providing
hydrophobic as well as complexation interactions [30]. Using a commercially available
octadecylsilane column (end-capped with trimethylsilane moieties) and a mobile phase
composed of methanol and isopropanol containing para-toluenesulfonic acid (as ion pairing
agent) Lima and Synovec [31] demonstrated the separation of PL based on both non-polar
fatty acid chain length and polar head group functionality. However, this approach cannot be
classified as one of the three MMC modes above described so, to the best of our knowledge,
no application of genuine MMC to phospholipidomics has been reported so far.

Starting from these considerations, an MMC approach based on the serial coupling of
HILIC and RPLC columns, not requiring additional equipments (e.g. pumps, switching valves
or T-pieces) has been developed for the separation of complex PL mixtures prior to MS
detection. Its optimization and subsequent application to the characterization of a complex

mixture of phosphatidylcholines is described here.

2. Materials and methods
2.1. Chemicals and standards
Water, methanol and acetonitrile (LC-MS grade), chloroform (HPLC grade) and ammonium

acetate were obtained from Sigma-Aldrich (Milan, Italy). The standard L-a-
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phosphatidylcholine from soybean (Sigma Aldrich) was dissolved in methanol and a solution
of 100 pg/mL was used for analysis. A standard mixture containing 10 pug/mL each of PE
18:0/22:6, PE 18:1/18:1, LPE 18:0, LPE 22:6, PC 16:0/20:4, PC 12:0/12:0, LPC 18:1 (Sigma
Aldrich) and 10 pg/mL of a SM standard mixture from chicken egg yolk was prepared. Note

that the lipid nomenclature described by Liebisch et al.[32] was adopted throughout this

paper.

2.2. LC-MS instrumentations and operating conditions
Ultra high performance (UHP) LC — high resolution MS was performed using an Ultimate
3000 UHPLC system (Thermo Scientific, Waltham, MA, USA) coupled to a Q-Exactive mass
spectrometer (Thermo Scientific, Waltham, MA, USA), including a quadrupole connected to
an Orbitrap analyzer. Sample injection (5 pL) was performed by a RS Autosampler (Thermo
Scientific, Waltham, MA, USA). The column effluent was transferred into the Q-Exactive
spectrometer through a heated electrospray ionization (HESI) interface. The main
electrospray and ion optics parameters were the following: sheath gas flow rate, 35 arbitrary
units (a.u.); auxiliary gas flow rate, 15 a.u.; spray voltage, #3.5 kV (positive/negative
polarity); capillary temperature, 320 °C; S-Lens RF Level, 60 a.u. MS spectra were acquired in
the m/z range 120-1200, at a mass resolving power of 140000 (measured at m/z 200). The
Orbitrap fill-time was set to 200 ms and the automatic gain control (AGC) level was set to 2.5
x 10°. The Q-Exactive spectrometer was calibrated using a solution containing caffeine, the
MRFA peptide and Ultramark, provided by Thermo Scientific. Mass accuracy ranged between
0.15 and 0.16 ppm in positive polarity and between 0.43 and 0.74 ppm in negative polarity.
In order to retrieve molecular information on the separated PL, additional targeted-

MS? acquisitions were performed during each chromatographic run using a resolving power
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of 70000 (at m/z 200), an Orbitrap fill-time of 100 ms and an AGC value of 5 x 10°. The
isolation window for precursor ions was 1.0 m/z unit wide, whereas the normalized collision
energy (NCE) used for the higher energy collision dissociation (HCD) cell, was stepped at 15,
25 and 35 %. A stepwise fragmentation of the precursor ions (selected from an inclusion list
of exact m/z values) was performed, then all generated fragments were collected and sent
to the Orbitrap analyzer for single scan detection. All ions fragmentation (AIF) with multiple
dissociation techniques, i.e. in source collision induced dissociation (sid) and HCD, providing
MS and MS/MS data was also employed to increase the amount of retrievable information.
AIF spectra were acquired using a NCE value of 35 % and the same resolving power, trap-fill
time and AGC value adopted for MS acquisitions. The control of LC-MS instrumentation and
the first processing of data were performed by the Xcalibur software 3.0.63 (Thermo
Scientific).

RPLC, HILIC and MMC were tested separately. RPLC was performed at 30 °C on an
Accucore Polar Premium C18 column (150 x 2.1 mm ID, 2.6 um particle size) equipped with a
Accucore Polar Premium C18 (10 x 2.1 mm ID) security guard cartridge (Thermo Scientific,
Waltham, MA, USA), using the following elution program, based on water (solvent A) and
methanol (solvent B), both containing 2.5 mmol/L of ammonium acetate: 0 - 3 min at 60%
(v/v) solvent B, 3 = 5 min linear to 100% solvent B; 5 - 30 min isocratic, 30 — 35 min back to
the initial composition, followed by 10 min equilibration time. The flow rate was 0.2 mL/min.

HILIC separations were performed at ambient temperature on a narrow-bore fused-
core [33] Ascentis Express HILIC column (150 x 2.1 mm ID, 2.7 um particle size) equipped
with an Ascentis Express HILIC (5 x 2.1 mm ID) security guard cartridge (Supelco, Bellefonte,
PA, USA), using the following elution program: 0 — 6 min, isocratic at 90% solvent B; 6 — 15

min, linear from 90% to 60% solvent B; 15 — 25 min, isocratic at 60% solvent B; 25 — 30 min,
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linear to the initial composition, followed by 10 min equilibration time. The flow rate was 0.3
mL/min.

In the case of mixed-mode separations, performed at ambient temperature, the HILIC
column described above was serially connected to a RP Hypersil GOLD aQ column (20 mm
length, 2.1 mm i.d. and 1.9 um particle size) by a Viper™ fitting (150 mm length and 0.13
mm i.d), to ensure a low dead-volume. The elution program found to be the most effective,
among several tested (vide infra), was the following: 0 - 2 min, isocratic at 97% solvent B; 2 —
2.5 min, linear to 85% solvent B; 2.5 — 9 min, isocratic at 85% solvent B; 9 — 9.2 min, linear to
100% solvent B; 9.2 — 12 min, isocratic at 100% solvent B; 12 — 23 min, linear to 50% solvent
B; 23 — 30 min, isocratic at 50% solvent B; 30 — 30.2 min linear to 35% solvent B; 30.2 — 48
min, isocratic at 35% solvent B; 48 — 50 min, linear to 10% of solvent B and 90% of pure
acetonitrile (solvent C); 50 — 55 min isocratic (washing step) at 10% solvent B and 90% C; 55
— 57 min, return to the initial composition, followed by 10 min equilibration time. The
operating flow was 0.3 mL/min.

Raw data provided by the described LC-MS systems were imported, further
elaborated and finally converted into figures by the SigmaPlot 11.0 software (Systat
Software, Inc., London, UK). The ChemDraw Pro 8.0.3 software (CambridgeSoft Corporation,

Cambridge, MA, USA) was employed to draw chemical structures.

3. Results and discussion

3.1. Tandem column HILIC-RPLC mixed-mode chromatography.

The main aim of MMC performed by a serial coupling of HILIC and RPLC columns was to
retain, as much as possible, the HILIC class-based elution of polar lipids, meanwhile

providing intraclass lipid separation through the hydrophobic interaction between side
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acyl chains and the RP stationary phase. Typically, one of the main problems faced in
MMC of lipids is the poor retention of the most polar PL species (LPE and LPC) in the RP
column and band broadening of the most retained ones during the HILIC step. Based on
this, an appropriate evaluation of column dimensions, mobile phase composition and
gradient elution program was accomplished during this study. As a result, a fused-core
HILIC column with a conventional length (150 x 2.1 mm ID, 2.7 um particle size) [12] was
finally connected to a 20 mm long RP column, packed with sub-2-um particles to
increase both peak capacity and sensitivity. Longer RP columns, such as 50 and 100 mm
ones (having a 2.1 mm ID and packed with fused-core 2.7 um particles) were not
suitable in terms of retention times, peak broadening and symmetry, especially for the
most retained species.

Therefore, the PL and SM mixture described in section 2.1 was used to adjust the
MMC separation conditions in terms of mobile phase composition and gradient elution
program. First, XIC (eXtracted lon Current) chromatograms were retrieved from MS
experiments performed in AIF mode, using the following extraction windows: 196.0380
+ 0.0020, for PE and LPE; 224.0693 + 0.0022, for PC and LPC, and 168.0431 + 0.0017, for
PC, LPC and SM. The latter intervals were centered on m/z values related to specific
product ions of the different PL classes, under HCD-MS/MS conditions [11]. Besides the
HCD fragmentation at 35% of normalized collision energy (NCE), a preliminary in source
dissociation (sid), at 40 eV collision energy, was performed to enhance the generation of
class-diagnostic ions during AIF acquisitions.

Several gradient elution programs were evaluated to attain the most effective
class separation of PE, LPE, PC, LPC and SM (for some examples see Figures S1-S3 and

Tables S1-S3 in the Supplementary Material). The elution program already described in
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section 2.2 was finally chosen as the one ensuring the best separation between the five
PL classes. Moreover, three concentrations of ammonium acetate (1, 2.5, 5 mM) were
evaluated attempting to improve chromatographic peak shape. Although peak
symmetry increased on increasing the buffer concentration, the retention of PC was
significantly decreased at 5 mM of ammonium acetate, thus 2.5 mM was chosen as a
good compromise.

For the sake of comparison, XIC traces obtained by RPLC-ESI(-)FTMS (plots A, C and E)
and MMC-ESI(-)FTMS (plots B, D and F) are reported in Figure 1. As previously found [8,34],
RPLC led to a significant overlap of peaks related to PE, LPE, PC, LPC and SM classes, which
are squeezed into a retention-time window between 10 and 20 min. Conversely, MMC led to
a significant improvement in PL classes separation, thus contributing to reduce ionization
suppression effects in the ESI source. Indeed, as shown in Figure 1, injecting the same
sample a remarkable increase (one or even two orders of magnitude) in the signal intensity
was observed passing from RPLC to MMC. An excellent repeatability (five consecutive runs)
was also found for MMC with between-run retention time fluctuations never exceeding 15-
20 s for e.g. PC 16:1/18:2, PC 16:0/18:1 and PC 18:0/18:1, eluting at 26.0, 35.7 and 47.0 min,
respectively. These results are a tangible effect of gradient optimization that maintain the PL
class retention order typical of HILIC almost unchanged, the only exception being the elution

of LPC before SM, as inferred from plots D and F in Figure 1.

3.2. HILIC, RPLC and MMC of phosphatidylcholines.
The performance of the developed HILIC-RPLC MMC method (compared to pure HILIC
and RPLC) in terms of number of detected species in a single PL class was evaluated by

analyzing a commercially available L-a-phosphocholine standard from soybean. As an

10
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example, the XIC chromatograms obtained, summing the extracted ion currents of PC
34:3, 36:3 and 36:4, are shown in Figure 2. The HILIC separation of these three species,
each potentially encompassing several isomeric compounds, was limited and occurred
in a very narrow retention-time window, as expected for lipids belonging to the same PL
class [11,35]. Not surprisingly, PC 36:4 and 36:3 were slightly less retained than PC 34:3
(see panel A in Figure 2) due to the presence of longer acyl chains slightly increasing
hydrophobicity. Plot B in the same figure shows the elution order observed in RPLC. In
this case PC 36:3 was more retained than PC 36:4, due to the lower number of C=C
bonds along the side chains, implying a slight increase in molecular hydrophobicity.
Conversely, PC 34:3 was almost co-eluted with PC 36:3. As apparent from panel C in
Figure 2, the best separation was achieved using MMC, since also PC 36:3 and 34:3
could be distinctly recognized, in spite of their skewed peaks and limited resolution.

The unexpected presence of a lysophosphatidylcholine with an 18:2 residual acyl
chain in the analyzed sample, enabled a comparison between HILIC, RPLC and MMC also
for the LPC class, as shown in Figure 3. Both regioisomers of LPC 18:2 were well resolved
using HILIC (Figure 3A) in agreement with previous investigations [11,36]. MS/MS data
[11] clarified that the sni regioisomer (i.e., LPC 0:0/18:2 missing the acyl chain on the
sni1 position of glycerol) was less retained than the sn; one (LPC 18:2/0:0). Resolution
was kept nearly unchanged switching from HILIC to MMC (see Figure 3C), whereas it was

definitely poor under RPLC conditions (see Figure 3B).

3.3. MMC-ESI-FTMS/MS of phosphatidylcholines
The examination of PC occurring in the standard mixture of soybean and separated

using MMC was based on the synergy between their accurate m/z ratios and the

11
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relevant HCD-FTMS/MS data. As already reported in the literature, PC were fragmented
in negative ion mode as [M-CHs]~ ions [5,37,38], generated in the ESI source along with
[M+CH3COO]~ and [M+CH3COOH-CHs]™ ions, where M is the zwitterionic PC form.
Typically, the [M-CHs] ™ ion yield can be deliberately increased through in-source induced
dissociation. Since the fragmentation of [M-CHs]™ ions is well-described in the literature
and provides very useful structural information on PC [5,37-42], sid was systematically
exploited before proceeding with the HCD-FTMS/MS fragmentations on soybean PC
separated by MMC.

The structural characterization of PC was based mainly on the neutral loss of
their fatty acyl chains as ketenes, a process reflecting the PC regiochemistry, since the
abundance of the resulting ions follows the order [M-H-R,’CH=C=0]~ > [M-H-R1’"CH=C=0]",
where the subscripts 1 and 2 are related to the sni and sn; positions of glycerol,
respectively. Notably, under HCD conditions, the most abundant product ions
corresponded to acyl chain carboxylates, that could be used to confirm the composition
of each chain. Further signals resulting from [M-CHs]™ ions fragmentation were diagnostic
of the head group, since they corresponded to the dehydrated glycerophosphocholine
anion (m/z 224.07) and to the phosphocholine anion (m/z 168.04). The PC identified,
using the described fragmentation patterns, after HILIC-, RPLC- or tandem column
MMC-ESI-FTMS analysis of the L-a-phosphatidylcholine standard extracted from
soybean are summarized in Table 1. In several cases the presence of two, or even three,
isomers was established for a given m/z ratio, i.e. for a given overall side chain
composition ranging from 32:0 to 38:4. Compared to RPLC [34,43], MMC generally led

to a better separation between isomeric PC having the same overall side chain

12
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composition (the only exceptions being the isomers of PC 33:2 and PC 33:1 - see Table
1).

The performance of the tandem column MMC can be appreciated by considering,
as an example, data relevant to PC 34:3, that was found to correspond to two distinct
species (numbered as 9a and 9b in Table 1). XIC traces obtained for PC 34:3 in positive
mode using HILIC, RPLC and MMC are reported in plots A, B and C of Figure 4,
respectively. The HCD-FTMS/MS spectra averaged under the peak(s) detected in each
XIC trace are also shown, as insets. In the case of HILIC and RPLC, the MS/MS spectrum
of the [M-CHs]™ ion (m/z 740.53) was, however, a superposition of the fragmentation
patterns of both isomers, due to their remarkable degree of co-elution. Indeed, four
carboxylate ions were clearly detected, at m/z 253.23, 255.23, 277.23, 279.23, and two of
the four signals (expected to be generated from side chain losses as ketenes) were observed
(see the insets of plots A and B in Figure 4). Specifically, the two most intense signals related
to ketene losses (m/z 480.31 and 502.30) suggested that one of the isomers corresponded to
PC 16:0/18:3 and the RPLC XIC trace suggested that this was the species labelled as 9b (see
plot B in Figure 4). This hypothesis was clearly confirmed by the distinct MS/MS spectrum
obtained for species 9b when using MMC. Moreover, thanks to the complete
chromatographic separation enabled by this approach, in spite of the slight peak tailing (see
panel Cin Figure 4), also isomer 9a could be easily recognized, as PC 16:1/18:2.

A further example of the significant improvement in chromatographic selectivity
achieved by MMC is described in Figure 5, where XIC traces for PC 36:3 arising from positive
ion HILIC-, RPLC- and MMC-ESI-FTMS analyses are compared, along with the negative ion
HCD-MS/MS spectra obtained in each case. Plot A in Figure 5 indicates that in HILIC mode an

apparently single chromatographic peak was observed for PC 36:3; this species (labeled as
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17a in Table 1) could be identified as PC 18:1/18:2 from the negative ion HCD-MS/MS
spectrum, shown in the inset of Figure 5A. However, the same spectrum clearly suggested
the presence of a co-eluting species, since two additional peaks (assignable as carboxylate
anions and as ketene loss) were observed. Surprisingly, the additional peak arising from a
ketene loss showed an odd m/z ratio (505.32), instead of an even one, whereas the signal
assignable as carboxylate anion was detected at an even m/z value 280.24, instead of an odd
one (see the expansions of the MS/MS spectrum in Figure 5A). These findings were
explained by the co-elution of PC 36:4 and PC 36:3, occurring only under HILIC conditions
(see Figure 2A). Indeed, the M+2 isotopologue of the [M-CHs]™ ion of PC 36:4 was
fragmented in the HCD cell together with the M+0 isotopologue of the same ion for PC 36:3,
since these ions are isobaric, at least at the mass resolution of the quadrupole adopted for
precursor ion isolation. Conceivably, the fragmentation of the M+2 isotopologue of the [M-
CHs] ion of a PC can, in principle, lead to a carboxylate with a m/z ratio 1 unit higher than
that expected from the M+0 isotopologue, thus to an even m/z ratio, if one of the atoms
present as a 1 Da heavier isotope in the precursor ion structure (i.e., a 3C, 7O or 2H) is
located in the carboxylate moiety. For the same reason a 1 Da heavier ketene loss could also
occur, thus leading to a product ion with a m/z ratio 1 unit lower than that expected, i.e., to
an ion with an odd m/z ratio.

As shown in Figure 5B, coelution was less severe in RPLC and, consequently, a RPLC-
HCD-MS/MS spectrum not suffering from interference due to the M+2 isotopologue of PC
36:4 could be retrieved for PC 36:3 (see the inset of Figure 5B). Moreover, as shown in Figure
5B, both the XIC arising from positive ion FTMS analysis and the HCD-MS/MS spectrum
suggested the presence of another isomer of PC 36:3, along with the established PC

18:1/18:2. The additional isomer, labeled as 17b in Table 1 and Figure 5, was characterized
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by a weak but detectable signal related to a carboxylate ion at m/z 277.23, compatible with
the presence of a 18:3 fatty chain, which, in turn, suggested the concurrent presence of a
18:0 chain. Unfortunately, the abundance of the 17b isomer was too low and, also due to
competition with the 17a isomer, no signal due to ketene losses could be detected, thus the
regiochemistry could not be assessed. However, a better, although not complete, separation
of 17a and 17b isomers was achieved (see Figure 5C) by MMC. Consequently, a clean HCD-
MS/MS spectrum could be retrieved also for isomer 17b (see the right inset in Figure 5C) and
signals related to the 18:0 carboxylate (m/z 283.25) and to the ketene losses of both 18:0
and 18:3 chains (m/z 502.30 and 508.30, respectively) could be detected as well. More
importantly, the abundance ratio related to the two ketene losses clearly suggested that
isomer 17b corresponds to PC 18:0/18:3.

As described in Figures S5, S6 and S7 of the Supplementary Material, similar results
were achieved during the characterization of PC 38:2, 36:2 and 35:2. In these cases, peak
separation was somewhat improved passing from HILIC to RPLC (see plots B in Figures S5, S6
and S7), but two well separated, sometimes almost baseline-resolved, peaks were obtained

only by MMC (see plots C in Figures S5, S6 and S7).

CONCLUSIONS

An MMC method, based on the serial coupling of HILIC and RPLC columns, was developed
and successfully applied to the profiling and characterization of phospholipids in complex
mixtures. Thanks to an appropriate choice of the gradient elution program, MMC enabled a
separation between five different PL classes (i.e., PC, PE, LPC, LPE and SM) comparable to
that usually achieved by HILIC. However, the chromatographic selectivity obtained by MMC

for species belonging to the same phospholipid class was significantly greater than that
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available with HILIC or RPLC separations. Once integrated with high-resolution MS and HCD-
MS/MS, MMC enabled a much deeper characterization of a standard mixture of diacylic
phosphatidylcholines, taken as a model for a complex mixture of PL belonging to the same
class. Several previously undiscovered PC, in terms of side chain composition (with odd-
numbered chains also identified) and/or regiochemistry, were characterized. Furthermore,
MMC proved able to keep unaltered the very important regiochemistry-dependent
separation of LPC typical of HILIC. These findings candidate MMC as a very promising and, at
the same time, easy to develop analytical approaches for a refined characterization of

complex samples in the lipidomics field.
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Figure Captions

Figure 1. Extracted ion current (XIC) chromatograms obtained by RPC-ESI(-)-FTMS (A, C and
E) and MMC-ESI(-)FTMS (B, D and F) analysis of the PE, LPE, PC, LPC and SM mixture
described in Section 2.1. MS data were acquired in AIF mode. XICs were obtained using
narrow windows centred on selected m/z values, corresponding to the following class-
diagnostic ions: (A) and (B) m/z 196.0380 (PE and LPE); (C) and (D) m/z 224.0693 (PC and
LPC); (E) and (F) m/z 168.0431 (PC, SM and LPC). The ESI-FTMS spectra were obtained
coupling sid (collision energy of 40 eV) and HCD fragmentation (normalized collision energy

of 35%).

Figure 2. XIC chromatograms obtained by summing ion currents at m/z 758.5694 (PC34:3),
m/z 782.5694 (PC36 :4) and m/z 784.5851 (PC 36:3). A) HILIC-ESI-FTMS; B) RPC-ESI-FTMS
and C) MMC-ESI-FTMS analysis, in positive ion mode, of the L-a-phosphocholine standard
from soybean (Sigma-Aldrich). Peak assignement in the chromatographic trace was inferred

from the underlying FTMS spectra.

Figure 3. XIC chromatograms obtained for LPC 18:2 after: A) HILIC-ESI-FTMS, B) RPC-ESI-
FTMS and C) MMC-ESI-FTMS analysis, in positive ion mode, of the L-a-phosphocholine from
soybean (Sigma-Aldrich). Chromatographic plots were obtained using the following m/z
interval for ion current extraction: 520.3377 — 520.3419, centered on the m/z value of the
[M+H]* ion (with M representing the zwitterionic PC). Peaks labelled as 24a and 24b refer to
the sn; and sn; regioisomer of LPC 18:2, respectively (see Table 1), identified by MS/MS
analysis on the respective [M-H]* ions.
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Figure 4. XIC chromatograms obtained for PC 34:3 after the: A) HILIC-ESI-FTMS, B) RPC-ESI-
FTMS and C) MMC-ESI-FTMS analysis, in positive ion mode, of the L-a-phosphocholine from
soybean (Sigma-Aldrich). lon current was extracted using the m/z window 756.5462-
756.5614, centered on the m/z value of the [M+H]* ion. HCD-MS/MS spectra obtained for
the [M-CHs]™ ion of PC 34:3 (m/z 740.5235) are shown in the insets. Generation of [M-CHs]~
ions was enhanced by sid at 40 eV. Assignement of peak 9a and 9b (see also Table 1) as PC
16:0/18:3 and PC 16:1/18:2, respectively, was based on the HCD-MS/MS spectra averaged

under the corresponding, well resolved, peaks obtained using MMC (see plot C).

Figure 5. XIC chromatograms obtained for PC 36:3 after the: A) HILIC-ESI-FTMS, B) RPC-ESI-
FTMS and C) MMC-ESI-FTMS analysis, in positive ion mode, of the L-a-phosphocholine from
soybean (Sigma-Aldrich). lon current was extracted using the m/z window 784.5812 -
784.5890, centered on the m/z value of the [M+H]* ion. HCD-MS/MS spectra obtained for
the [M-CHs]™ ion of PC 36:3 (m/z 768.5549) are shown in the insets. Note that the
chromatographic peaks shown in plot C) are referred to two isomeric forms of PC 36:3,
numbered as 17a and 17b in Table 1. Assignement as PC 18:1/18:2 (17a) and PC 18:0/18:3
(17b), was based on the HCD-MS/MS spectra averaged under the corresponding peaks, well

separated using MMC (see plot C).

24



Running title: Lipidomics by tandem columns....

569 Table 1. Overview of the chromatographic, mass spectrometric and structural information
570 obtained for PC detected in a L-a-phosphatidylcholine standard extracted from soybean using
571 single column HILIC or RPLC and tandem column MMC coupled to positive ion ESI-FTMS or to
572 negative ion HCD-MS/MS.2
ID Rel.Ab [M+H]* [M-CHs]~ Species HILIC RPLC MMC

(%) sni/sn,® Time sniy/sn, Time snifsn: Time

(min) (min) (min)

PC32:3 0.04 728.5225 712.4923 1 14:0/18:3 6.9 14:0/18:3 14.3 14:0/18:3 23.8

PC32:2 0.36 730.5381 714.5079 2a 14:0/18:2 6.8 14:0/18:2 14.8 14:0/18:2 26.1

2b  16:0 16:2 6.8 16:0 16:2 150 16:0 16:2 26.4

PC32:1 0.11 732.5538 716.5236 3a 14:0_18:1 6.8 14:0 18:1 15.3 14:0_18:1 29.2

3b 16:0/16:1 6.8 16:0/16:1 15.3 16:0/16:1 31.0

PC32:0 0.29 734.5694 718.5392 4 16:0/16:0 6.8 16:0/16:0 16.2 16:0/16:0 394

PC33:3  0.09 742.5381 726.5079 5a 15:1/18:2 6.6  15:1/18:2 14.5 15:1/18:2 243

5b - - 15:0_18:3 24.9
PC33:2 0.18 744.5538 728.5236 6a 15:0/18:2 6.7 15:0/18:2 15.00 15.0/18:2 27.9
6b - 16:0_17:2 15.00 16:0_17:2 27.9
6c - 15:1 18:1 15.00 15:1 18:1 27.9

PC33:1 0.01 746.5694 730.5000 7a 16:0/17:1 6.7 16:0/17:1 15.8 16:0/17:1 32.0
7b 15:0/18:1 6.7 15:0_18:1 15.8 15:0_18:1 32.0
PC34:4 0.07 754.5381 738.5079 8a 16:2_18:2 6.6 16:2/18:2 143 16:2_18:2 22.8
8b 16:1_18:3 6.6 18:3/16:1 14.3 18:3/16:1 24.0
PC 34:3 3.97 756.5538 740.5236 9a 16:1_18:2 6.6 16.1_18:2 14.7 16:1/18:2 26.0
9b 16:0/18:3 6.6 16:0/18:3 15.0 16:0/18:3 28.3
PC 34:2 28.27 758.5694 742.5392 10 16:0/18:2 6.6 16:0/18:2 15,5 16:0/18:2 29.6
PC 34:1 2.87 760.5851 744.5549 11 16:0/18:1 6.6 16:0/18:1 16.2 16:0/18:1 35.7
PC 35:4 0.07 768.5540 752.6175 12 18:2/17:2 6.5 18:2/17:2 145 18:2/17:2 24.1
PC 35:2 0.13 772.5851 756.5549 13a 16:0_19:2 6.5 16:0/19:2 159 16:0_19:2 30.4
13b - 18:1/17:1 159 18:1_17:1 31.0
13c 17:0/18:2 6.5 17:0/18:2 159 17:0/18:2 33.3
PC 35:1 0.01 774.6007 758.5705 14a 16:0/19:1 6.5 16:0/19:1 13.1 16:0/19:1 24.1
14b - - 19:1/16.0 21.9
PC 36:6 0.86 778.5381 762.5079 15 18.3/18:3 6.5 18:3/18:3 14.1 18:3/18:2 21.9
PC 36:4 43.82 782.5694 766.5392 16a 18:2/18:2 6.4 18:2/18:2 15.0 18:2/18:2 25.0
16b 18:3 18:1 6.4 18:3/18:1 15.0 18:3/18:1 26.1
PC 36:3 9.89 784.5851 768.5549 17a 18:1/18:2 6.3 18:1/18:2 15.4 18:1/18:2 29.3
17b 18:0_18:3 15.4 18:0/18:3 31.9
PC 36:2 6.29 786.6007 770.5705 18a 18:0/18:2 6.3 18:0/18:2 16.6 18:0/18:2 36.3
18b 18:1/18:1 6.3 18:1/18:1 16.6 18:1/18:1 34.1
PC 36:1 0.91 788.6164 772.5862 19 18:0/18:1 6.2 18:0/18:1 17.6 18:0/18:1 47.0
PC37:3 0.37 798.5640 782.5705 20a 19:1/18:2 6.8 19:1/18:2 13.1 19:1/18:2 19.3
20b - - 18:2/19:1 21.3
20c - 19:2/18:1 15.5 19:2_18:1 22.3
PC 38:4 0.20 810.6007 794.5705 21 20:2_18:2 6.2 20:2/18:2 15.7 20:2/18:2 29.1
PC 38:3 0.40 812.6164 796.5862 22a 20:1_18:2 6.2 20:1_18:2 16.4 20:1/18:2 35.4

22b - 20:0/18:3 164 20:0_18:3  40.1
PC38:2 0.31 814.6320 798.6018 23a  20:0_18:2 6.1 20:0/18:2 17.8 20:0 18:2  49.2
23b - - 20:1_18:1  44.0

LPC18:2 0.47 520.3398 504.3085 24a 0:0/18:2 114 0:0/18:2 11.3 0:0/18:2 22.3
24b 18:2/0:0 12.2  18:2/0:0 11.5 18:2/0:0 23.3
573 2 Data are reported in the order of increasing m/z value; the most abundant species are written in bold character.
574 "The acyl chains at the sni/sn2 positions are listed; in case where the regiochemistry could not be assessed by MS/MS
575 data the chain compositions are separated by an underscore [44].
576
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