Anal Bioanal Chem (2015) 407:5033-5043
DOI 10.1007/s00216-015-8528-2

PAPER IN FOREFRONT

Continuous comprehensive two-dimensional
liquid chromatography—electrospray ionization mass
spectrometry of complex lipidomic samples

Michal Hol¢apek - Magdaléna Ovc¢acikova -
Miroslav Lisa - Eva Cifkova - Tomas Hajek

Received: 2 December 2014 /Revised: 22 January 2015 /Accepted: 28 January 2015 /Published online: 19 February 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract A new continuous comprehensive two-dimensional
liquid chromatography—electrospray ionization mass spec-
trometry method has been developed for the lipidomic char-
acterization of complex biological samples. The reversed-
phase ultra-high-performance liquid chromatography with a
Cig column (150 mmx 1 mm, 1.7 um) used in the first dimen-
sion makes the separation of numerous lipid species differing
in their hydrophobic part of the molecule, mainly fatty acyl
chain lengths and the number and positions of double bonds,
possible. Coeluted lipid species in the first dimension are re-
solved by the fast hydrophilic interaction liquid chromatogra-
phy separation (50 mmx>3 mm, 2.7 pm, core—shell particles)
of lipid classes according to their different polarities in the
second dimension. Retention times in both dimensions, accu-
rate m/z values, and tandem mass spectra provide high confi-
dence in the identification of lipid species. The retention be-
havior of individual lipids in reversed-phase mode follows the
equivalent carbon number pattern, which provides an addi-
tional tool for unambiguous identification. This analytical
method is applied for the lipidomic characterization of total
lipid extracts of human plasma and porcine brain samples,
which resulted in the identification of 143 lipid species from
four lipid categories and ten lipid classes.
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Introduction

Lipids have numerous important functions in cells, tissues,
and body fluids, such as the formation of lipid bilayers, cell
signaling, and energy storage [1]. Lipids are defined as small
molecules formed by carbanion-based condensations of
thioesters and/or by carbocation-based condensations of iso-
prene units. The most widely used LIPID MAPS classification
system divides lipids into eight categories, namely, fatty acyls,
glycerolipids, glycerophospholipids (GP), sphingolipids (SP),
sterol lipids (ST), prenol lipids, saccharolipids, and
polyketides, with many further classes and subclasses [1-3].
Lipidomics is a subset of metabolomics, which is aimed at the
comprehensive analysis of lipids isolated from cells, tissues,
or biological fluids and the study of their biological roles with
respect to health and disease states [4—6]. Three major analyt-
ical platforms are known in lipidomic analysis [7]: shotgun
electrospray ionization (ESI) mass spectrometry (MS) using
direct infusion without any chromatographic separation
[8—10], liquid chromatography (LC)/MS using various chro-
matographic modes [11-19], and MS imaging, providing in-
formation on the spatial lipid distribution in tissues [20, 21].
Shotgun lipidomics is a simple approach for lipidomic
characterization, where the crude lipid extract typically in
chloroform—methanol-2-propanol containing additives is in-
fused directly into an ESI tandem MS (MS/MS) instrument.
The aim is to identify and quantify as many lipid molecular
species as possible from biological samples [8—10]. The
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advantages of the shotgun approach are the short analysis time
and easy automation, but on the other hand it may be difficult
to obtain information on isomeric lipids, and attention must be
paid to ion suppression effects. In practice, shotgun lipidomics
is often used for the high-throughput automated quantitation
of lipids, whereas LC/MS is preferred for more demanding
tasks, including isomeric resolution.

Several chromatographic modes can be used in a liquid-
phase separation of various types of lipid isomers, such as
reversed-phase (RP) LC [11], normal-phase (NP) LC [12,
13], hydrophilic interaction LC (HILIC) [14, 15], silver-ion
LC [16-18], and chiral LC [19]. RP-LC is used for lipid sep-
aration according to the length of the fatty acyl chains and the
number and positions of double bonds (DB) [11]. NP-LC is
typically used for the separation of only nonpolar lipid classes
on the basis of their polarity using conventional NP mobile
phase systems using hexane with polar additives [12]. How-
ever, the separation of polar lipid classes can be achieved on a
poly(vinyl alcohol)-silica column with a more polar mobile
phase (2-propanol-methyl fert-butyl ether—methanol with
4 mM ammonium formate), but the resolution of nonpolar
lipid classes is sacrificed [13]. HILIC is frequently used for
the analysis of polar compounds using various types of chro-
matographic columns, such as bare silica gel, polar stationary
phases (amino, cyano, diol, etc.) chemically bonded to the
silica gel support, and zwitterionic or ion-exchanger materials
[22-26]. HILIC on silica columns provides very good lipid
class separation [14, 15]. The previously discussed work [13]
using more polar mobile phases results in a chromatogram
very similar to that obtained using HILIC, so the retention
mechanisms are probably similar as well. Silver-ion LC
[16-18] is a special chromatographic mode typically used
for the analysis of triacylglycerols (TG) and other nonpolar
lipids and is based on the formation of weak reversible com-
plexes of silver ions in the stationary phase with the 7 elec-
trons of DB. Chiral LC has been successfully applied for the
enantiomeric separation of TG [19].

However, one-dimensional separation may not be suffi-
cient for complex lipidomic mixtures. Two dimensional (2D)
LC is based on the combination of two different chromato-
graphic modes, where the orthogonality of the separation
mechanisms in both dimensions is a major requirement for
such systems [22—26]. Various off-line and online 2D config-
urations are known, and each have their advantages and lim-
itations. The commonest combination of separation mecha-
nisms is based on lipid class separation in one dimension
using either the NP mode or the HILIC mode coupled with
lipid species separation in another dimension using RP sepa-
ration [24-27]. The alternative for nonpolar lipid classes is the
combination of silver-ion LC and nonaqueous RP separation
in either an off-line setup [28] or an online setup [29, 30]. The
advantage of the offline configuration [27, 28] is the possibil-
ity of full optimization in both dimensions regardless of the
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analysis time, which could yield the highest number of iden-
tified species, but a serious limitation is the very long analysis
times, which are not suitable for high throughput or automa-
tion. The online combination [22-26] offers three alternative
methods: (1) heart-cut 2D-LC is used for the analysis of a
selected fraction [31, 32], (2) stopped-flow 2D-LC is a hybrid
approach combining the advantages of the offline and online
approaches, where the analysis in the first dimension is
stopped for the time of the second-dimension analysis and
then the flow is reestablished [33, 34], (3) the continuous
comprehensive 2D-LC system allows all fractions eluted from
the first dimension to be analyzed in the second dimension as
well, and this is the fastest approach and the one with the
greatest potential for automation. The major drawback of the
continuous comprehensive 2D-LC setup is the limited analy-
sis time in the second dimension caused by the modulation
time, which compromises the resolution in the second dimen-
sion. To the best of our knowledge, no article has been pub-
lished on continuous comprehensive 2D-LC/MS of multiple
lipid classes. Another possibility on the edge between
stopped-flow and continuous comprehensive 2D-LC is the
use of a trapping column with a non-stopped-flow system
[35, 36].

The main goal of our work was the development of a new
continuous comprehensive 2D-LC/MS method for the charac-
terization of the lipidomic composition of various biological
samples. For this purpose, RP-LC mode with a C;g column is
used in the first dimension, and HILIC with a silica column
was used in the second dimension of a comprehensive 2D-LC/
MS setup applied for lipid extracts of human plasma and por-
cine brain, where lipids were identified on the basis of reten-
tion times in two dimensions, and accurate m/z values of mo-
lecular adducts and characteristic fragment ions in their MS/
MS spectra.

Experimental
Chemicals and standards

Acetonitrile, 2-propanol, methanol (all LC/MS gradient grade),
chloroform (LC grade, stabilized by 0.5—1 % ethanol), ammo-
nium acetate, sodium formate, sodium chloride, and cholest-5-
en-33-yl nonadecanoate [cholesteryl ester (CE) 19:0] were
purchased from Sigma-Aldrich (St Louis, MO, USA). Deion-
ized water was prepared with a Demiwa 5-roi purification sys-
tem (Watek, Lede¢ nad Sazavou, Czech Republic) and with an
Ultra CLEAR UV apparatus (SG, Hamburg, Germany). Stan-
dards of polar lipid classes—1,2-di-[(9Z)-octadecenoyl)]-sn-
glycero-3-phosphoethanolamine [phosphatidylethanolamine
(PE) 18:1/18:1], 1,2-di-[(92)-octadecenoyl)]-sn-glycero-3-
phosphocholine [phosphatidylcholine (PC) 18:1/18:1],
1-[(92)-octadecenoyl)]-sn-glycero-3-phosphocholine
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[lysophosphatidylcholine (LPC) 18:1], N-(octadecanoyl)-
sphing-4-enine-1-phosphocholine [sphingomyelin (SM)
18:1]—were purchased from Avanti Polar Lipids (Alabaster,
AL, USA). The standard of 1,2,3-tri-[(92)-octadecenoyl)]-sn-
glycerol (TG 18:1/18:1/18:1) was purchased from Nu-Chek
Prep (Elysian, MN, USA). The lipid nomenclature follows
the shorthand notation for lipid structures published by
Liebisch et al. [37] and the LIPID MAPS [1] classification
system.

Sample preparation

Total lipid extracts of human plasma and porcine brain were
prepared according to the well-established Folch procedure
[38] using a chloroform—methanol-water system with minor
modifications [14, 15]. Human plasma (500 pL) or porcine
brain (500 mg) was homogenized with 10 mL of a chloro-
form—methanol mixture (2:1, v/v). The homogenate was fil-
tered using a coarse filter paper. Then, 2 mL of 1 M NaCl was
added, and the mixture was centrifuged at 2,500 rpm for 3 min
under ambient conditions. The chloroform (bottom) layer con-
taining lipids was collected, evaporated by a gentle stream of
nitrogen, and redissolved in a chloroform—2-propanol (1:2,
v/v) mixture for analysis.

Continuous comprehensive 2D-LC conditions

Continuous comprehensive 2D-LC analysis of lipids was per-
formed with an Agilent 1290 Infinity 2D-LC Solution system
(Agilent Technologies, Santa Clara, CA, USA) containing two
Agilent 1290 Infinity pumps, a thermostatted column com-
partment with a two-position eight-port switching valve (pres-
sure limit 1,200 bar) for 2D-LC, and two identical 20-pL
sampling loops. An Acquity UPLC BEH C,g column
(150 mmx1 mm, 1.7 um, Waters, Milford, MA, USA) was
used in the first dimension under the following conditions:
flow rate of 20 pL/min; injection volume of 1 uL; column
temperature of 25 °C; mobile phase gradient of 78.5 % solvent
B at 0 min and 100 % solvent B at 150 min, where solvent A
was 5 mM aqueous ammonium acetate and solvent B was a
mixture of 99.5 % acetonitrile and 2-propanol (1:2, v/v) and
0.5 % 5 mM aqueous ammonium acetate. A core—shell silica
CORTECS HILIC column (50 mmx3 mm, 2.7 um, Waters)
was used in the second dimension under the following condi-
tions: flow rate of 5 mL/min; column temperature of 40 °C;
mobile phase gradient 92 % solvent B at 0 min, 80 % solvent
B at 0.7 min, and 92 % solvent B at 1 min, where solvent A
was 5 mM aqueous ammonium acetate and solvent B was
acetonitrile. The modulation time between dimensions was
60 s. A T-piece mobile phase splitter was used before the
effluent introduction into the MS system at a splitting ratio
of 8 (MS system): 100 (waste).

MS conditions

A hybrid quadrupole time-of-flight mass spectrometer
(micrOTOF-Q, Bruker Daltonics, Bremen, Germany) with
an ESI source was used as the detector with the following
parameter settings: capillary voltage of 4.5 kV; nebulizing
gas pressure of 1.6 bar; drying gas flow rate of 12 L/min;
drying gas temperature of 220 °C. ESI mass spectra were
measured in the range of m/z 50-1,500 in positive-ion
mode. Negative-ion MS/MS mode was used only for the
identification of fatty acyls in case of PE. A collision
energy of 20-25 eV and argon as the collision gas were
used for MS/MS experiments. The external calibration of
the mass scale was performed with sodium formate clus-
ters before individual measurements. The data were ac-
quired and evaluated using DataAnalysis (Bruker
Daltonics) and were visualized with GCImage (University
of Nebraska, Lincoln, NE, USA).

Results and discussion
General considerations for the method development

The Agilent 1290 Infinity 2D-LC Solution system with a two-
position eight-port switching valve was used for the develop-
ment of the continuous comprehensive 2D-LC/MS method
for lipidomic characterization, where a fully porous 1.7-pum-
particle column was used in the first dimension and a core—
shell sub-3-pum-particle column was used in the second di-
mension. The principal issue of the method development is
the selection of the orthogonal separation mechanisms and
also the appropriate order of these modes in the 2D arrange-
ment. One separation mechanism should be applied for the
lipid class separation, where NP and HILIC modes can be
considered. NP-LC is typically used only for nonpolar lipid
classes owing to the too strong retention of polar GP and SP
classes [12], but the meaningful separation of both nonpolar
and polar lipids under NP conditions has also been reported
[13]. In our case of continuous comprehensive 2D-LC, HILIC
separation is preferred owing to easy reequilibration and good
compatibility with the aqueous mobile phases used in RP-LC.
The RP mode is an obvious choice for the separation of lipids
from all classes according to differences in the hydrophobic
part of the molecule, mainly the length of the fatty acyl chains,
and the number and positions of DB. The order of the RP and
HILIC modes in the comprehensive 2D-LC concept is deter-
mined by a simple fact that RP-LC cannot provide a highly
efficient separation of so many species within only 1 min as a
typical modulation time used for comprehensive 2D-LC, but
the HILIC class separation can be achieved in such a time
frame with a certain level of compromise. Moreover, HILIC
allows a partial separation of lipid species within individual
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Table 1 (continued)

Table1 Lipid species identified in total lipid extracts of human plasma

and porcine brain

No. Retention Lipid species  Fatty acyl/alkyl ECN

times (min) level® level®
D1 D2

LPC
1 74 068 LPC22:6 PC 22:6 0:0 10
2 7.7 0.68 LPC20:4 PC 20:4 0:0 12
3 87 0.71 LPC18:2 PC 18:2 0:0 14
4 9.7 070 LPC18:1 PC 18:1_0:0 16
5 9.7 0.72 LPC16:0 PC 16:0_0:0 16
6 13.7 071 LPC18:0 PC 18:0 0:0 18

SM
7 387 0.66 SM 32:1 30
8 452 0.65 SM 34:2 30

51.7 0.65 SM 34:1 32

10 523 0.65 SM 36:2 32
11 64.6 0.64 SM36:1 34
12 76.6 0.62 SM42:3 36
13 77.6 0.63 SM 38:1 36
14 78.6 0.62 SM 40:2 36
15 83.6 062 SM41:2 37
16 84.6 0.62 SM39:1 37
17 89.6 0.61 SM42:2 38
18 90.6 0.62 SM40:1 38
19 92.1 0.62 SM43:2 39
20 95.6 0.62 SM 40:0 40
21 97.6 0.62 SM4l:1 39
22 1033  0.62 SM42:1 40

Cer, HexCer, and Hex2Cer
23 63.8 0.15 Cer36:1 (OH) 34
24 653 0.18 Hex2Cer36:1 Hex2Cerd18:1/18:0 34
25 672 0.14 Cer36:1 34
26 67.2 0.16 HexCer 36:1 HexCer d18:1/18:0 34
27 747 0.14 Cer36:1 Cer d18:1/18:0 34
28 779 0.12 Cer38:1 (OH) 36
29 81.7 0.12 Cer38:1 Cer d18:1/20:0 36
30 90.1 0.12 Cer40:1 (OH) 38
31 90.7 0.16 HexCer 42:2 HexCer d18:1/24:1 38
32 90.8 0.16 Cer42:2 Cer d18:1/24:1 38
33 92.7 0.18 HexCer 40:1 HexCer d18:1/22:0 38
34 984 0.16 HexCer4l1:1 HexCer d18:1/23:0 39
35 101.5 0.17 HexCer 44:2 HexCer d18:1/26:1 40
36 104.0 0.17 HexCer 42:1 HexCer d18:1/24:0 40
37 104.8 0.18 HexCer 42:0 HexCer d18:0/24:0 42
38 106.5 0.18 HexCer 44:0 HexCer d18:0/26:0 44

PC
39 40.6 0.54 PC34:3 PC 16:1 18:2 28
40 415 0.53 PC36:5 PC 16:0 20:5 26
41 462 0.52 PC38:6 PC 16:0 22:6 26
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No. Retention Lipid species Fatty acyl/alkyl ECN
times (min)  level® level®
D1 D2
42 495 052 PC38:5 PC 18:1_20:4 28
43 495 0.53 PC364 PC 16:0_20:4 28
44 51.6 052 PC36:3 PC 18:1_18:2 30
45 51.6 0.54 PC34:2 PC 16:0_18:2 30
46 52,6 056 PC32:1 PC 16:0_16:1 30
47 53.5 052 PC385 PC 18:0_20:5 28
48 546 052 PC363 PC 16:0_20:3 30
49 585 0.53 PC40:6 PC 18:0_22:6 28
50 62.5 052 PC384 PC 18:0_20:4 30
51 63.5 054 PC34:1 PC 16:0_18:1 32
52 633 056 PC32:0 PC 16:0_16:0 32
53 65.5 0.53 PC36:2 PC 18:0_18:2 32
54 68.5 052 PC383 PC 18:0_20:3 32
55 75.6 053 PC36:1 PC 18:0_18:1 34
56 76.6 0.56 PC34:0 PC 16:0_18:0 34
PE
57 493 033 PE38:6 PE 16:0/22:6 26
58 533 033 PE38:5 PE 18:1_20:4 28
59 533 034 PE364 PE 16:0/20:4 28
60 551 031 PEP-38:6 PE P-16:0/22:6
61 554 035 PE34:2 PE 16:1_18:1 30
62 583 032 PEP-38:5/
PE O-38:6
63 583 033 PEP-36:4 PE P-16:0/20:4
64 613 033 PE40:6 PE 18:0/22:6 28
65 63.8 034 PE384 PE 18:0/20:4 30
66 64.8 036 PE34:1 PE 16:0/18:1 32
67 673 035 PE36:2 PE 18:1/18:1 32
68 69.3 033 PE40:5 PE 18:0/22:5 30
69 69.3 033 PEP-38:3/
PE O0-38:4
70 703 033 PE38:3 PE 18:0_20:3 32
71 713 032 PEP-384 PE P-18:0/20:4
72 743 035 PEP-36:2 PE P-18:1/18:1
73 755 034 PE404 PE 18:0/22:4 32
74 793 035 PE36:1 PE 18:0/18:1 34
75 793 033 PEP-40:4 PE P-18:0/22:4
76 823 035 PEP-38:2 PE P-18:1/20:1
77 844 036 PEP-36:1/
PE 0-36:2
78 84.5 031 PE40:2 36
TG
79 1195 011 TG48:3 TG 12:0_18:1_18:2 42
80  120.0 0.11 TG 50:4 TG 16:1_16:1_18:2 42
81 1202 0.11 TG 52:5 TG 16:1_18:2_18:2 42
82 1204 0.11 TG46:2 TG 12:0_16:1_18:1 42
83 120.7 0.11 TG 54:6 TG 18:2_18:2 18:2 42
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Table 1 (continued) Table 1 (continued)

No. Retention Lipid species Fatty acyl/alkyl ECN No. Retention Lipid species Fatty acyl/alkyl ECN

times (min)  level® level® times (min)  level® level®
D1 D2 D1 D2
84 1209 0.11 TG44:1 TG 12:0_16:0 16:1 42 130 1473 0.12 TG 50:0 TG 16:0_16:0 18:0 50
85 121.0 0.11 TG 50:4 TG 16:0_16:1 18:3 42 131 1485 0.13 TG 56:2 TG 18:0 _18:1 20:1 52
86 1214  0.11 TG46:2 TG 12:0 _16:0 18:2 42 132 1498 0.12 TG 54:1 TG 18:0_18:0 18:1 52
87 122.0 0.11 TG48:3 TG 14:0_16:0 18:3 42 133 1512 0.13 TG 52:0 TG 16:0_18:0 18:0 52
88 1225 0.11 TG 52:5 TG 16:0 18:2 18:3 42 134 1557 0.12 TG 54:0 TG 18:0 18:0 18:0 54
89 1232 0.11 TG 54:6 TG 18:1 18:2 18:3 42 ST and SE
90 1240 0.11 TG 52:5 TG 16:0_16:1 20:4 42 135 452 0.12 ST 27:1 OH Chol
91 1245 0.11 TG 54:6 TG 16:0 18:2 20:4 42 136 1222 0.11 SE27:1/20:5 CE 20:5 10
92 1249 0.11 TG 50:4 TG 14:0 16:0 20:4 42 137 1251 0.12 SE27:1/22:6 CE 22:6 10
93 1257  0.11 TG 54:6 TG 16:0 18:2 20:4 42 138 1272 0.12 SE27:1/18:3 CE 18:3 12
94 1262 0.11 TG S52:4 TG 16:1 18:1 18:2 44 139 1292 0.12 SE27:120:4 CE 20:4 12
95 1266 0.12 TG 54:5 TG 18:1 18:2 18:2 44 140 1342 0.12 SE27:1/18:2 CE 18:2 14
96 126.7 0.11 TG 48:2 TG 14:0_16:1 18:1 44 141 1422 0.12 SE27:1/18:1 CE 18:1 16
97 127.0 0.12 TG 50:3 TG 16:0_16:1 18:2 44 142 143.1 0.13 SE27:1/16:0 CE 16:0 16
98 1273  0.11 TG 52:4 TG 16:0_18:2 18:2 44 143 1502 0.12 SE27:1/18:0 CE 18:0 18
99 128.0 0.11 TG48:2 TG 14:0 16:0 18:2 44 c e (C Chol chol L DI first di 0 Do P
1001288 0.11 TG 46:1 TG 12:0_16:0_18:1 44 difr}lfe:lzrizlril ;C(N ZZ:HV&]ZMC cgrg(s)tr‘lerrcl)u,mber, llr-zxcl‘rer;l’ell::;(:i’yl cersaffl(i)cllle,
1011289 0.11 TG 52:4 TG 16:0_18:1_18:3 44 Hex2Cer dihexosyl ceramide, LPC lysophosphatidylcholine, PC phos-
102 1292 0.12 TG 50:3 TG 16:0 16:0 18:3 44 phatidylcholine, PE phosphatidylethanolamine, SE steryl ester, SM
103 1300 0.12 TG 56:6 TG 18:1 18:1 20:4 44 sphingomyelin, S7'sterol, 7G triacylglycerol
104 1309 012 TG 54:5 TG 16:0 182 20:3 44 aThef lipid notation follows the shorthand nomenclature recommended by
105 1312 012 TG 565 TG 18:0718:2720:4 44 Liebisch et al. [37], where a §lash separator denotes aproven sn positiop,
— T and an underscore separator is used when the s» position of fatty acyls is

106 1319 0.11 TG 52:4 TG 16:0 _16:0 20:4 44 not known.
107 1325 0.12 TG 56:6 TG 16:0 _18:1 22:5 44 [M+H]"
108 1328 0.12 TG 54:4 TG 18:1 18:1 18:2 46 [M+NH,4]"
109 1334 011 TG 50:2 TG 16:0 16:1 18:1 46 [M+H-H,0]"
110 133.7 0.12 TG 52:3 TG 16:1_18:1 18:1 46
111 1339 0.12 TG 544 TG 16:0_18:1.20:3 46 classes (Table 1), which is maintained only in the case of the
112 1346 0.12 TG 48:1 TG 14:0_16:0 _18:1 46 RP-HILIC configuration, but these minor retention dif-
113 1348 0.11 TG 50:2 TG 16:0_16:0_18:2 46 ferences would be lost in the opposite HILIC-RP con-
114 1349 0.12 TG 52:3 TG 16:0_18:1 182 46 figuration. This explains why our choice of RP-HILIC
115 1363 0.12 TG 56:5 TG 16:0_18:1 22:4 46 is superior to the HILIC-RP arrangement in continuous
116 1367 0.12 TG 46:0 TG 14:0 16:0 16:0 46 comprehensive 2D-LC/MS lipidomic applications. The
117 1369 0.2 TG 523 TG 16:0 18:0 18:3 46 opposite configuration is typically selected for off-line,
118 1383 0.12 TG 56:5 TG 18:0 18:1 20:4 46 stopped-flow, and heart-cut 2D-LC setups [29-32],
119 1386 0.11 TG 543 TG 18:1_18:1 18:1 48 where the analysis time in the second dimension is not
120 1395 0.12 TG 52:2 TG 16:0_18:1 18:1 48 limited as strictly as in the case of continuous compre-
121 1397 011 TG 54:3 TG 18:0 18:1 18:2 48 hensive 2D-LC.
122 1406 0.2 TG 50:1 TG 16:0_16:0_18:1 48 HILIC separation when dealing with phospholipid
123 1420 012 TGS52:2 TG 16:0_18:0_18:2 48 analysis has the important advantage of achieving a par-
124 1429 0.13 TG 48:0 TG 14:0_16:0_18:0 48 tial separation of molecular species within a single
125 1430 0.2 TG 56:4 TG 16:0_18:0_22:4 48 phospholipid class. The order of RP separation and
126 1449 012 TG 56:3 G 18:1_18:1_20:1 50 HILIC separation in a consecutive manner is fully un-
127 1450 012 TG 54:2 TG 18:0_18:1_18:1 50 derstandable. In fact, in “continuous” 2D-LC especially
128 1457 012 TG 56:3 TG 180 181 202 50 when analyzing lipids with a broad range of equivalent
129 1461 012 TG 521 TG 16:0 18:0 18:1 50 carbon numbers (ECN), the separation time frame be-

comes critical.
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Optimization of RP separation in the first dimension

The basic prerequisites for the RP ultra-high performance LC
(UHPLC) method optimization in the first dimension are as
follows: a long column (i.e., 150 mm) packed with sub-2-um
particles to provide the best efficiency, a narrow column di-
ameter (i.e., | mm) to maintain flow rates lower than 50 puL/
min, which are essential for comprehensive 2D-LC/MS cou-
pling, and sufficient peak widths to ensure that each chromato-
graphic peak from the first dimension appears in at least two
fractions in the second dimension [22-25]. These require-
ments result in a rather low flow rate in the first dimension
(20 pL/min) and a long analysis time (165 min). The best
separation is achieved on an Acquity UPLC BEH C;g column
(150 mmx1 mm, 1.7 pm, Waters) using an aqueous ammo-
nium acetate—acetonitrile—2-propanol gradient (details are giv-
en in “Experimental”) optimized on the basis of our previous
experience [15, 27]. The overlay of reconstructed ion current
(RIC) chromatograms of RP-UHPLC/ESI-MS analysis is
shown for the mixture of lipid standards in Fig. 1a and the
total ion current chromatogram for the lipid extract of human
plasma is shown in Fig. 1b. Figure Sla shows the total ion
current chromatogram of RP-UHPLC/ESI-MS analysis of the
porcine brain extract, which is selected owing to it having a
high lipidomic complexity in comparison with plasma

Intens.
x10°] @ TG

1.0{ LPC

0.8
0.6
0.4
02 pC PE

0oL vl

20 40 60 80 100 120

140 Time [min]

Intens.
x10° b

N | GP+SP+Chol

| _LpC

0

20 40 60 80 100 120 Time [min]

Fig. 1 Reversed-phase ultra-high-performance liquid chromatography
(RP-UHPLC)/electrospray ionization mass spectrometry (ESI-MS) chro-
matograms: a overlay of reconstructed ion current (RIC) chromatograms
of the mixture of lipid standards; b total ion current chromatogram of the
lipid extract of human plasma. The RP-UHPLC conditions are reported in
“Experimental.” CE cholesteryl esters, Chol cholesterol, GP
glycerophospholipids, LPC lysophosphatidylcholines, PC phosphatidyl-
cholines, PE phosphatidylethanolamines, SM sphingomyelins, SP
sphingolipids, 7G triacylglycerols
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samples, mainly in the area of ceramides and hexosylated
ceramides occurring in brain tissues (see Table S1 for a de-
tailed comparison).

The retention of individual lipid species is governed by the
ECN, which is calculated as the total carbon number of fatty
acyls minus two times the DB number. The ECN concept of
the retention behavior was extensively discussed in our previ-
ous works on TG analysis [39-41], but it is also applicable for
the other lipid classes analyzed in this work (Table 1). The
LPC class exhibits the lowest retention (7—14 min) in RP
mode, because members of this class have the smallest hydro-
phobic part of the molecule, i.e., one fatty acyl only in com-
parison with two fatty acyls for GP and SP and three fatty
acyls for TG (Table 1). Moreover, the free hydroxyl group
also reduces the retention in RP mode. Seven classes of polar
lipids (LPC, SM, ceramides, hexosyl ceramides, dihexosyl
ceramides, PC, and PE) and cholesterol are eluted over a
broad range of retention times in accordance with the literature
[11] . Nonpolar lipid classes (TG and CE) exhibit the highest
retention in RP mode (120-160 min). Lipid species are par-
tially resolved within ECN groups. Palmitoyl-containing TG
typically exhibit higher retention than oleoyl-containing TG
with the same ECN, e.g., for ECN=44 (TG 18:1 _18:2 18:2<
TG 16:0 18:2 18:2), ECN=48 (TG 18:1 18:1 18:1<TG
16:0 18:1 18:1<TG 16:0 16:0 18:1), etc., in accordance
with our previous works [39—41]. Lipid species are well sep-
arated within lipid classes according to their ECN, but overlap
of retention may occur among different classes, which is
solved by HILIC separation in the second dimension.

Optimization of HILIC separation in the second dimension

Our initial intention was to use a short column (50 mm) with a
wider diameter (3 mm) and sub-2 pm particles in the second
dimension. An Acquity UPLC BEH HILIC column (50 mmx
3 mm, 1.7 um, Waters) with an aqueous ammonium acetate—
acetonitrile gradient was used for this purpose, but the column
back pressure limited the maximum flow rate to only 4 mL/
min. Anyway, relatively good separation with a total analysis
time of 1 min was achieved (Fig. S2) in the comprehensive
2D-LC setup, but a serious problem arose from the limited
column lifetime under such flow rates. The column back pres-
sure gradually increased depending on the number of analyses
until the system pressure limit (1,200 bar) was reached or
complete deterioration of the column was observed, as expe-
rienced with three columns tested. For this reason, we changed
the column to a core—shell sub-3-um column with 50-mm
length to develop a robust method capable to reaching the
maximum flow rate of 5 mL/min in the second dimension,
good separation of lipid classes, and improved column life-
time. This goal was achieved with a CORTECS HILIC col-
umn (50 mmx3 mm, 2.7 um, Waters) and an aqueous ammo-
nium acetate—acetonitrile gradient (details in “Experimental ),
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as illustrated by the overlay of the RIC chromatograms in
Fig. 2a for the mixture of lipid standards, Fig. 2b for the lipid
extract of human plasma, and Fig. S1b for the lipid extract of
porcine brain. Nonpolar lipid classes (TG and CE) together
with cholesterol are eluted in the void volume of the system,
similarly as in our previous works [12, 27], whereas polar lipid
classes (PE, PC, SM, and LPC) exhibit acceptable separation
according to their polarity within a 1-min separation window.
A T-piece flow splitter was used between the second-
dimension column and the mass spectrometer with a splitting
ratio of 8 (MS system): 100 (waste) so that the flow was within
the limit of the quadrupole time-of-flight mass spectrometer.

Identification of individual lipids based on ESI mass spectra

The ionization and fragmentation behavior of individual lipid
classes and species within classes are well known from previ-
ous works [7-11, 15], so this knowledge was applied for the
identification of individual lipids in this work. Table S1 reports
only unambiguous identifications for human plasma (Fig. 3a)
and porcine brain (Fig. 3b) samples; no tentative suggestions
without confident conclusions are reported here. The slash
separator shows the known preference of the sn position ac-
cording to the shorthand lipid notation suggested by Liebisch
etal. [37], but it does not refer to a 100 %/0 % ratio of possible
lipid regioisomers, because in most cases both regioisomers
are present in a mixture with a certain stereospecific prefer-
ence. The underscore separator is used when sn position is
not known. The following essential requirements are taken into

Intens.
oia LPC
5
4
TG
3 PC
PE
2
1 CE SM
0 - -
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 Time [min]
0.1 0.2 0.3 04 05 0.6 0.7 0.8 Time [min]

Fig. 2 Hydrophilic interaction liquid chromatography (HILIC)/ESI-MS
chromatograms: a overlay of RIC chromatograms of the mixture of lipid
standards; b total ion current chromatogram of the lipid extract of human
plasma. The HILIC conditions are reported in “Experimental”

account for the identification of the lipids reported in Table 1:
(1) retention times in both dimensions determined using RIC
chromatograms, (2) accurate m/z values (mostly better than
5 ppm), and (3) characteristic fragmentation behavior in
positive-ion and/or negative-ion MS/MS spectra depending
on the signal. The characteristic fragment ion for all lipid clas-
ses containing a choline moiety (PC, SM, and LPC) is m/z 184,
which can be used for better visualization of these classes using
the RIC of m/z 184 in a 2D projection, as shown in Fig. 4,
chromatogram A for human plasma and Fig. S3, chromato-
gram A for porcine brain. The fragment ion m/z 369 is charac-
teristic of all lipid species containing cholesterol (Fig. 4, chro-
matogram B and Fig. S3, chromatogram B). ESI mass spectra
of ceramides, hexosyl ceramides, and dihexosyl ceramides ex-
hibit characteristic ions related to the type of base, e.g., m/z 264
for 18:1 and m/z 266 for 18:0, which makes possible the accu-
rate identification of fatty acyl positions (Table 1). The neutral
loss of Am/z 141 is observed in positive-ion ESI mass spectra
of PE, whereas negative-ion ESI-MS/MS provides information
on the positions of attached fatty acyls based the ratio of
[R;COOJand [R,COO] ions, where the [R,COO] ion is more
abundant. This ratio changes for the combination of saturated
and highly polyunsatured (C20:5 or C22:6) fatty acyls in PE
owing to the formation of [R;]" ions from [R;COOQ] ions caused
by the neutral loss of carbon dioxide [42]. The interpretation of
positive-ion ESI mass spectra of TG is based on [M+NH,4]"
and [M+H—-R;COOH]" ions.

Continuous comprehensive 2D-LC/MS of lipids

The optimized continuous comprehensive 2D-LC method
was applied for the analysis of human plasma (Fig. 3a) and
porcine brain (Fig. 3b) lipidomic extracts. Human plasma is
one of the most frequently analyzed biofluids, with the poten-
tial for biomarker screening of some diseases. The lipidome of
brain tissue is a rather complex biological tissue containing
numerous lipid classes, including ceramides and hexosylated
ceramides. Use of porcine brain is preferred over use of hu-
man brain for ethical reasons. We visualized 2D chromato-
grams with GClmage using the conventional color scheme,
where red corresponds to the most abundant species, and or-
ange, yellow, and green correspond to species of decreasing
abundance (Figs. 3 and 4, S3). The absence of a peak is rep-
resented by white. Figures 4 and S3 illustrate the potential of
RIC chromatograms for better visualization of selected com-
pound classes with common features in their mass spectra; for
example, Fig. 4, chromatogram A and Fig. S3, chromatogram
A highlight lipid classes containing a choline moiety (PC, SM,
and LPC) using the RIC of m/z 184, whereas Fig. 4, chro-
matogram B and Fig. S3, chromatogram B show the RIC of m/
z 369, which is characteristic of cholesterol and CE. Table 1
shows the individual lipid species identified in the samples
studied. In total, we identified 97 lipid species from seven
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Fig. 3 Two-dimensional liquid
chromatography (2D-LC)/ESI-
MS chromatograms of total lipid
extracts: a human plasma; b
porcine brain. The conditions for
the first dimension (D/) and the
second dimension (D2) are
identical to those for Figs. 1 and 2,
respectively. The annotation of
the peak numbers corresponds to
the numbers in Table 1. Cer
ceramides, HexCer hexosyl
ceramides, Hex2Cer dihexosyl
ceramides

Retention time in D2 [min]

Retention time in D2 [min]

ol
 CertHexCer+Hex2Cer |

different lipid classes (LPC, cholesterol, SM, PC, PE, TG, and
CE) in the human plasma sample and 115 lipid species from
ten different lipid classes (LPC, ST, ceramides, hexosyl
ceramides, dihexosyl ceramides, SM, PC, PE, TG, and CE)

Fig. 4 RIC chromatograms of
lipid class characteristic ions from
2D-LC/ESI-MS analysis of
human plasma: m/z 184
characteristic of PC, SM, and
LPC classes (4), and m/z 369
characteristic of cholesterol and
CE (B)
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18:3 is quite common and shorter fatty acyls 12:0 and 14:0
may occur as well. The occurrence of very long fatty acyls is
observed for ceramides and hexosylated ceramides, such as
23:0, 24:0, 24:1, 26:0, and 26:1 (see Table 1 for details).

Conclusions

This work shows for the first time the application of continu-
ous comprehensive 2D-LC/ESI-MS for the complex
lipidomic characterization of polar and nonpolar lipid classes
in human plasma and porcine brain samples. The logical com-
bination for 2D-LC separation of lipids is species separation in
one dimension (RP mode) and lipid class separation in another
dimension (HILIC mode). An RP-UHPLC column with sub-
2-um particles was used in the first dimension to obtain the
best separation of the maximum number of lipid species ac-
cording to acyl chain lengths and the number of DB, and the
fast HILIC analysis in the second dimension allows the sepa-
ration of overlapped lipids in the first dimension on the basis
of their different polarities. The advantages of our continuous
comprehensive 2D-LC/MS method are the shorter analysis
time and easier automation, but a drawback is the reduced
number of identified lipids in comparison with off-line and
stopped-flow 2D-LC/MS configurations. The present work
is a proof of concept of possible application of continuous
comprehensive 2D-LC/MS in lipidomics, but its implementa-
tion into quantitative lipidomic workflows requires further
research and system improvements. Another aspect for future
improvement is the sensitivity, because well-optimized one-
dimensional LC/MS yields a higher number of identified lipid
species compared with 2D-LC/MS systems using the identical
sample [14, 15, 27].
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