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ABSTRACT: The hydrophilic interaction liquid chromatography (HILIC)
coupled to a negative-ion electrospray ionization tandem mass spectrometry
(ESI-MS/MS) method has been developed for the identification of a wide
range of gangliosides in biological samples. Gangliosides consist of a backbone
of sphingoid base and a polar oligosaccharide chain containing at least one
sialic acid. Gangliosides are extracted by chloroform−methanol−water
mixture, where an upper aqueous layer containing gangliosides and other
polar lipid subclasses is further purified by C18 solid-phase extraction. The
optimization of chromatographic conditions includes the column selection,
mobile-phase composition, pH value, buffer type, and concentration with the goal to achieve the best chromatographic resolution
and MS sensitivity. The identification of gangliosides and other polar lipids is based on accurate m/z values of [M−H]− ions and
fragment ions as well measured by high-resolution MS. The detailed interpretation of MS/MS spectra enables the generalization
of fragmentation pathways, which is then used for the differentiation of a, b, and c series of gangliosides. The structural
assignment is further confirmed by agreement with the predicted retention behavior in HILIC mode on the basis of the
correlation among the ganglioside retention, the number of saccharide units, and their sequence. The final HILIC/ESI-MS/MS
method is applied for the analysis of porcine brain, human kidney, lungs, plasma, and erythrocytes resulting in unambiguous
identification of 145 ganglioside species from 19 subclasses, which represents the highest number of reported gangliosides.
Moreover, 71 sulfatides and 59 polar phospholipids (phosphatidylserines, phosphatidylinositols, lysophosphatidylinositols, and
phosphatidylglycerols) are detected within a 15 min run.

Sphingolipids are one of eight (fatty acyls, glycerolipids,
glycerophospholipids, sterol lipids, prenol lipids, saccha-

rolipids, polyketides, and sphingolipids) major lipid categories
according to LIPID MAPS classification.1 This category
comprises highly diverse lipid species, where fatty acyls are
linked via amide bond to a long chain base or sphingoid. The
group of acidic sphingolipids contains gangliosides, which are
sphingolipids containing the sphingoid base (ceramide)
attached to mono- or polysialylated oligosaccharides. Ganglio-
sides may have a different composition of sphingoid base, N-
fatty acyls, and an oligosaccharide part, which results in a large
complexity of natural gangliosides. Ceramide moiety can be
attached to various sugars: (1) one or more uncharged sugars,
such as glucose (Glc) or galactose (Gal), with possible further
attachment of other neutral sugars, such as N-acetylgalactos-
amine (GalNAc), N-acetylglucosamine (GlcNAc), and fucose
(Fuc); (2) ionized functional groups, such as sulfate attached to
uncharged sugars or sialic acid residues. Sialic acid is a trivial
name used for all derivatives of neuraminic acid,2 where the
most important is N-acetylneuraminic acid (NeuAc, SA) and
less common is N-glycolylneuraminic acid (NeuGc). NeuAc
and NeuGc are structurally similar, but they differ significantly
in their natural occurrence. NeuAc is present in human unlike
NeuGc, which is obtained only from the diet in a limited
amount.2−4 Gangliosides have important biological functions in
mammalian cells.2,5 They are present in almost all human

tissues, and they are particularly abundant in neural tissues and
extraneural organs, such as the lungs, spleen, and gut as well as
in some biological fluids, such as milk.6−10 Gangliosides are
abundant in the central nervous system, and they play
important roles in many physiological processes in cells, such
as memory control, cell signaling, neuronal recovery, neuronal
protection, apoptosis, adhesion, and differentiation.2,11−15

Gangliosides are complex lipids, and their analysis is critical
for the understanding of their functions in the organism. The
sample preparation is a crucial step due to low natural
abundances of gangliosides. Typically, modifications of Folch
extraction based on chloroform−methanol−water system are
used16 with further purification of upper aqueous phase by
solid-phase extraction (SPE) using reversed-phase (RP)9,17 or
anion-exchange18 modes to remove undesired salts and other
contaminants. The extracts of gangliosides can be separated by
liquid chromatography (LC)5,18 using RP9,18 or HILIC
systems5 and thin-layer chromatography (TLC).6,19 The
identification of gangliosides in biological tissues and fluids is
a challenging task, which typically requires the use of tandem
mass spectrometry (MS/MS) coupled to chromatographic
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techniques20,21 or in shotgun configuration without chromato-
graphic separation.22,23 Negative-ion electrospray ionization
(ESI) is the most convenient ionization mode for these acidic
sphingolipids.5,7,8,18,24 The derivatization can improve the
sensitivity of gangliosides determination,25 but it may be
difficult to apply laborious derivatization procedure for high-
throughput analysis of large series of clinical samples. The
combination of mass spectrometry imaging and immunohis-
tochemistry has been applied for multimodal detection of GM2
and GM3 in mice brain.26 Another application of mass
spectrometry imaging for spatial characterization of ganglio-
sides in mice brain is based on the combination of imaging and
ion mobility separation.27

In this study, the development and systematic optimization
of HILIC/ESI-MS/MS method for the analysis of wide range of
gangliosides is reported. The main parameters of the chromato-
graphic optimization are the selection of the chromatographic
column, the mobile-phase composition including pH value,
type and concentration of buffers with the goal to achieve the
best chromatographic resolution and also sensitivity with
negative-ion ESI-MS detection. The fragmentation behavior
of individual ganglioside subclasses in MS/MS mode is studied
to elucidate the structure of both oligosaccharide and ceramide
parts of ganglioside molecules. The developed method is
applied for the analysis of biological samples, such as human
kidney, lungs, plasma, erythrocytes, and porcine brain.

■ EXPERIMENTAL SECTION
Chemicals and Standards. Acetonitrile, methanol (both

HPLC/MS grade), chloroform (HPLC grade, stabilized by
0.5−1% ethanol), ammonium formate, ammonium acetate,
formic acid, and acetic acid were purchased from Sigma-Aldrich
(St. Louis, MO, U.S.A.). Deionized water was prepared with a
Milli-Q Reference Water Purification System (Molsheim,
France). The standard of total ganglioside extract from porcine
brain was purchased from Avanti Polar Lipids (Alabaster, AL,
U.S.A.). The porcine brain was obtained from the local farm.
Samples of plasma, erythrocytes, and kidney were obtained
from the Department of Urology, Palacky ́University, Faculty of
Medicine and Dentistry and University Hospital, Olomouc,
Czech Republic. The sample of lungs was obtained from the
Regional Hospital of Pardubice, Czech Republic. The study was
approved by the hospital Ethical Committee, and patients
signed documents giving their informed consent.
Sample Preparation. Two milligrams of total ganglioside

extract from porcine brain was dissolved in 1100 μL of
chloroform−methanol−water (600:425:75, v/v/v) mixture.
Human blood was collected to heparin-lithium tubes and
ultracentrifuged to obtain plasma. Samples of human kidney
and human lungs were obtained during surgery, immediately
frozen, and stored at −80 °C until the sample processing and
the analysis. Human kidney, lungs, plasma, erythrocytes, and
porcine brain tissue extracts were obtained by chloroform−
methanol−water extraction according to Folch method28 with
minor modifications.16,29,30 Initially, 25 mg of each tissue
(human kidney, human lungs, or porcine brain) was cut by
scalpel and homogenized in 6 mL of a chloroform−methanol
mixture (2:1, v/v) using an ultrasonic bath at 40 °C for 10 min,
while human plasma (200 μL) and erythrocytes (200 μL) were
homogenized in 3 mL of chloroform−methanol mixture (2:1,
v/v) using an ultrasonic bath at 40 °C for 10 min. Then,
deionized water (1200 μL for tissues and 600 μL for plasma
and erythrocytes) was added, and the mixture was centrifuged

at 3000 rpm for 3 min under ambient conditions. The upper
aqueous layer containing gangliosides was collected, evaporated
by gentle stream of nitrogen to dryness, redissolved in 1 mL of
water, and purified by SPE. First, 200 mg of tC18 cartridge
(Sep-Pak Vac, 37−55 μm particle size) (Waters, Milford, MA,
U.S.A.) was conditioned with 3 × 1 mL of methanol followed
by 3 × 1 mL of water. Then, 1 mL of sample dissolved in water
was loaded on the column, washed 3 times with 1 mL of water,
and finally eluted by 3 × 1 mL of methanol. The eluate was
collected, then evaporated by a gentle stream of nitrogen to
dryness and redissolved in 500 μL of methanol−water−
chloroform (300:150:50, v/v/v) mixture for the HILIC/ESI-
MS analysis. The extraction recovery tested for GM3 subclass
was 106% for high-level concentration and 103% for low-level
concentration.

HILIC/ESI-MS Conditions. All LC experiments were
performed on a liquid chromatograph Agilent 1290 Infinity
series (Agilent Technologies, Waldbronn, Germany). The final
method for the analysis of individual lipid subclasses used the
following conditions: Ascentis Si column (150 × 2.1, 3 μm,
Sigma-Aldrich), flow rate 0.3 mL/min, injection volume 1 μL,
column temperature 40 °C, and mobile-phase gradient as
follows0 min: 87.7% A + 12.3% B; 15 min: 77.9% A + 22.1%
B, where phase A was acetonitrile with acetic acid, and phase B
was 10 mM aqueous ammonium acetate with pH 6.1 adjusted
by acetic acid. The reequilibration time between runs is 15 min.
The pH was measured by portable pH meter Checker (Hanna
Instruments, Woonsocket, RI, U.S.A.). For all mobile phases
used in this work, acetonitrile (phase A) contained the identical
amount of formic or acetic acid as used for the pH adjustment
of aqueous solution (phase B). The concentration of 10 mM of
ammonium formate or ammonium acetate is used for the
experimental optimization of the best pH value for the
separation of gangliosides. The pH value is adjusted by the
addition of formic or acetic acid to aqueous phase and
subsequently pH measured by pH meter. The longer gradient
was used during the method optimization0 min: 99.5% A +
0.5% B; 55 min: 75.4% A + 24.6% B and flow rate 0.4 mL/min.
Other conditions were identical as for the final method
described above.
The following setting of hybrid quadrupole time-of-flight

mass spectrometer (micrOTOF-Q, Bruker Daltonics, Bremen,
Germany) in ESI mode was used: capillary voltage 2.5 kV,
nebulizing gas pressure 1.2 bar, drying gas flow rate 9.3 L/min,
and drying gas temperature 210 °C. ESI mass spectra were
measured in the range of m/z 50−3000 in the negative-ion
mode using the following setting of funnel 1 RF 400 Vpp,
funnel 2 RF 400 Vpp, ISCID energy 0 eV, hexapole RF 400
Vpp, quadrupole ion energy 5 eV, low mass 300 m/z, collision
cell energy 10 eV, collision RF 600 Vpp, transfer time 80 μs,
and prepulse storage 12 μs. MS/MS spectra of up to 4 most
abundant ions from the inclusion list were measured after each
full MS scan in the data-dependent mode using the scan time of
0.5 s with 0.01 s of interscan time. The total cycle time is 0.51 s.
The collision energy ramp was used for the fragmentation
starting from m/z 700 as the low mass (collision energy 20 eV)
up to m/z 2000 as the high mass (collision energy 70 eV).
The hybrid quadrupole−traveling wave ion mobility−time-

of-flight mass spectrometer Synapt G2Si (Waters) in the
resolution mode was used for the identification with the
following conditions: negative-ion ESI, mass range m/z 50−
2000, capillary voltage 2.2 kV, sampling cone 20 V, source
offset 90 V, source temperature 150 °C, drying temperature
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500 °C, cone gas flow 0.8 L/min, drying gas flow 17 L/min,
and nebulizer gas flow 4 bar. Leucine enkephaline was used as
the lock mass for all experiments. MS/MS experiments were
performed on the transfer cell with the collision energy ramp
from 20 to 70 eV.

■ RESULTS AND DISCUSSION
Nomenclature of Gangliosides. The first nomenclature

of gangliosides was introduced by Svennerholm31 and later

approved by IUPAC.32 In the shorthand notation system of
gangliosides, the first letter G means ganglioside, the second
letter indicates the number of sialic acids (M = mono, D = di, T
= tri, and Q = tetra), then the number of neutral sugars is
calculated as 5−n saccharide units, which may be followed by
small letter a, b, or c defining the position of sialic acid(s). This
notation may be explained on the example of GM1a (see Figure
1), which is ganglioside (G) containing one sialic acid (M), four
neutral sugars (n = 4, i.e., 5−4 = 1), and the final small letter a
describes the position of sialic acid. The abbreviation Ac means
additional acetylation, for example, in the case of GD1−Ac. The
colon-separated numbers (e.g., 36:1) behind ganglioside
abbreviations provides the information on the total number
of carbon atoms and double bonds (CN:DB) of N-linked fatty
acyl and sphingoid base of ceramide part, and this annotation is
based on the common assumption of sphingoid base with two

hydroxyl groups and no hydroxylation of N-acyl. In the case of
the presence of additional hydroxyl on the ceramide part
without any specification of its position, the OH in parentheses
is space separated and placed behind the ceramide DB number.

Dissociation Equilibria of Gangliosides. In general,
ganglioside molecules may be multiply charged depending on
the pH value and the number of sialic acids containing a
carboxylic functional group, which may be easily deprotonated
to form carboxylate. The first step in the optimization of HILIC
conditions is the selection of an optimal pH value, where all

Figure 1. Structures of gangliosides identified in this work.
Annotation:32 the first letter G means ganglioside, the second letter
indicates the number of sialic acids (M = mono, D = di, T = tri, and Q
= tetra), then the number of neutral saccharide units is calculated as
5−n, the series a is −Hex(NeuAc)−Hex−Cer, the series b is
−Hex(NeuAc−NeuAc)−Hex−Cer, and the series c is −Hex-
(NeuAc−NeuAc−NeuAc)−Hex−Cer. The asterisk (GQ1a−Ac*)
means that the structure is not confirmed by MS/MS spectra.

Figure 2. Comparison of relative peak areas vs molar concentrations of
(A) ammonium formate (AmFm) and (B) ammonium acetate
(AmAc) for major individual gangliosides GM1a 36:1 (RIC of [M−
H]− at m/z 1544.9), Fuc−GM1a 36:1 (RIC of [M−H]− at m/z
1690.9), GD1a 36:1 (RIC of [M−H]2− at m/z 917.5), GD1b 36:1
(RIC of [M−H]2− at m/z 917.5), and GT1b 38:1 (RIC of [M−H]2−
at m/z 1077.0).

Figure 3. Negative-ion HILIC/ESI-MS total ion current chromato-
gram of porcine brain extract. Conditions: Ascentis Si column (150 ×
2.1, 3 μm, Sigma-Aldrich), flow rate 0.3 mL/min, injection volume 1
μL, column temperature 40 °C, and mobile-phase gradient0 min:
87.7% A + 12.3% B; 15 min: 77.9% A + 22.1% B, where phase A was
acetonitrile with acetic acid, and phase B was 10 mM aqueous
ammonium acetate with pH 6.1 adjusted by acetic acid (more details
in Experimental Section).
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studied gangliosides are present in one ionic form. The
equilibrium of more charged forms should be avoided, because
it may cause a peak tailing. Figure S-1 shows the calculated
dissociation equilibria for GT1, GD1, and GM1. Only one
triply charged form of GT1 is present in the pH range from 5
to 10 (Figure S-1A, red line). Negative charges are placed on

carboxylates of three sialic groups in GT1. The neutral form is
present at pH lower than 3 (Figure S-1A, blue line); however, it
coexists with singly charged GT1 (yellow line, maximum at pH
2.4) and doubly charged GT1 (violet line, maximum at pH
3.2). Quadruply charged GT1 (green line) is predicted for pH
higher than 10, where the addition charge is placed on the
amino group of the N-acetylgalactosamine moiety. The similar
interpretation can be described for GD1 (Figure S-1B) and
GM1 (Figure S-1C), where the same region of pH from 5 to 10
corresponds to the single form for both GD1 (doubly charged,
red line, Figure S-1B) and GM1 (singly charged, red line,
Figure S-1C). Dissociation curves for a, b, and c series of

Figure 4. HILIC/ESI-MS/MS fragmentation behavior of (A) [M−2H]2− ion of GD1a 36:1 at m/z 917.5, (B) [M−2H]2− ion of GD1b 36:1 at m/z
917.5, (C) [M−2H]2− ion of Fuc−GD1b 38:1 at m/z 1004.5, and (D) [M−2H]2− ion of Fuc−GD1b−Ac 38:1 at m/z 1025.5.

Figure 5. Dependence of reduced retention times in HILIC/ESI-MS
on the number of neutral saccharide units. Annotation of gangliosides
according to the number of sialic acids: GM, diamond; GD, triangle;
GT, circle; and GQ, square. Abbreviations of gangliosides are depicted
in Figure 1.

Figure 6. Overlay of RIC chromatograms of individual ganglioside
species inside GD1a subclass with the number of carbon atoms and
double bonds in fatty acyl chains.
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ganglioside isomers are identical. The conclusion is that the
optimal pH value should be in the range from 5 to 10.
Optimization of Buffer Composition. Based on the

previous development of HILIC/ESI-MS method for acidic
phospholipids,33 Ascentis Si column has been tested for the
separation of gangliosides. This column provides high efficiency
for this type of acidic sphingolipids as well; therefore, it is
further used in this work. The previous section describes the
suggestion of optimal pH range based on theoretical
calculations of dissociation equilibria, but it is essential to
verify experimentally the best conditions for real separations.
Moreover, the optimization of buffer type and concentration
may have a critical importance, as known from our previous
studies of acidic lipids.33 The major ganglioside subclasses
GM1a, Fuc−GM1a, GD1a, GD1b, and GT1b from the total
ganglioside extract of porcine brain are used during the method
development. Ammonium formate and acetate have been
selected as volatile organic salts suitable for LC/MS operation
in the concentration range from 0 to 30 mM (Figures 2, S-2,
and Table S-1). The highest signal for ammonium formate or
acetate is observed at 5 mM (Figure 2), but the best
compromise between the sensitivity and peak shape is 10
mM. Mobile phases without any additives cannot be used for
the separation due to the unacceptable peak tailing and no
chromatographic resolution of isomeric GD1a and GD1b
(Table S-1).
The pH range from 3.0 to 5.8 is tested for 10 mM of

ammonium formate using the addition of formic acid (Figure S-
3A and Table S-2) and from 3.0 to 6.5 for 10 mM of
ammonium acetate using the addition of acetic acid (Figure S-
3B and Table S-2). The direct comparison of optimum

conditions for both tested buffers in Figure S-3C shows that the
best results are obtained for ammonium acetate at pH 6.1. The
peak width and tailing factors are illustrated in Figure S-4,
Tables S-3 and S-4, where the worst results are obtained for
most acidic mobile phases (pH 3) without any resolution of
GD1a and GD1b. Measurements for all other pH values
provide comparable results. Therefore, the best compromise
among the sensitivity, tailing factors, and the chromatographic
resolution is 10 mM of ammonium acetate, because it also
provides a partial separation of Fuc−GM1a and GD1a unlike to
5 mM of ammonium acetate, but at cost of reduced sensitivity
and longer analysis time, as shown in Figure S-5 with
reconstructed ion current (RIC) chromatograms of GM1a,
Fuc−GM1a, GD1a, GD1b, and GT1b.

Interpretation of MS/MS Spectra of Gangliosides. The
application of the final method for the analysis of porcine brain
extract is shown in Figure 3, where 19 ganglioside subclasses
and 5 other polar lipid subclasses are detected. The full scan
negative-ion ESI mass spectra are obtained for all peaks
corresponding to individual subclasses of gangliosides, and the
elemental composition is determined on the basis of accurate
m/z measurements with the average mass accuracy of 3.1 ppm.
Then, MS/MS spectra of [M−H]−, [M−2H]2−, or [M−3H]3−
ions are recorded and interpreted. The charge state of precursor
ion depends mainly on the number of sialic acids present in
particular ganglioside. The fragmentation behavior of ganglio-
sides (Figures 4 and S-6 to S-14) provides an excellent tool for
sequencing of oligosaccharide part. The fragmentation is
predictable and therefore provides unambiguous information
on the sequence including the type of branching, i.e., the
differentiation of a, b, and c series (see Figure 1).5 All observed

Table 1. Overview of Lipid Molecular Species Identified for Individual Lipid Subclasses in Porcine Brain, Human Kidney,
Lungs, Plasma, and Erythrocyte Extracts Using HILIC/ESI−MS/MS Method

sample type

lipid subclass retention time window [min] porcine brain human kidney human lungs human plasma human erythrocytes total

SulfoHexCer 0.6−1.7 38 25 3 2 4 43
SulfoHex2Cer 0.6−1.7 - 25 - - 4 25

PG 1.0−1.5 7 4 5 - - 9
PI 1.0−1.5 10 20 13 8 9 20
LPI 1.7−2.4 8 8 4 5 - 10
PS 2.0−2.9 17 7 8 - 10 20
GM3 1.9−2.5 2 16 15 15 4 22

GD3-Ac 2.8−3.8 13 - 2 - - 14
GM2 3.3−4.1 3 3 2 - - 6
GD3 4.5−5.7 9 9 13 - - 17

GD1a-Ac 4.8−5.5 3 - - - - 3
GM1a 4.9−5.8 10 - - - 5 11

Fuc-GM1a 6.2−7.2 7 - - - - 7
GD1a 6.3−7.1 7 4 2 - - 10
GT3-Ac 6.3−7.3 6 - - - - 6
GD0a 7.3−8.3 7 - - - - 7
GD2 7.5−8.4 2 - - - - 2

Fuc-GD1b-Ac 8.3−9.0 3 - - - - 3
GD1b 8.8−9.6 8 - - - - 8

GT1b-Ac 9.2−9.9 4 - - - - 4
GQ1-Ac 9.2−9.9 2 - - - - 2
GT1a 9.3−9.9 4 - - - - 4

Fuc-GD1b 10.3−11.3 5 - - - - 5
GT1b 10.8−12.0 12 - - - - 12
GQ1b 12.4−13.5 2 - - - - 2

total 189 122 67 30 36 272
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fragment ions are singly charged with the only exception of m/z
931.5, which corresponds to [M−2H−NeuAc2]2− ion in Figure
S-12 or [M−2H−NeuAc]2− ion in Figures S-13 and S-14. The
fragmentation of the most common gangliosides GM3, GM2,
GM1a, and Fuc−GM1a has been well described in previous
works.18,34,35 The trace amount of GQ1a−Ac* does not allow
the measurement of MS/MS spectra (labeled by asterisk), but
the series a may be proposed on the basis of the characteristic
retention behavior (Figure 5). The interpretation of MS/MS
spectra of all other gangliosides subclasses (see structures in
Figure 1) is described in the following figures: GD1a (Figure
4A), GD1b (Figure 4B), Fuc−GD1b (Figure 4C), Fuc−
GD1b−Ac (Figure 4D), GD1a−Ac (Figure S-10), GD0a
(Figure S-11), GT1b−Ac (Figure S-12), GQ1b (Figure S-13),
GT1a (Figure S-14A), and GT1b (Figure S-14B). The symbol
of black diamond highlights the precursor ions in MS/MS
spectra.
Table S-5 lists characteristic neutral losses (NL) of individual

saccharides units, and Table S-6 shows characteristic fragment
ions related to the saccharide part of ganglioside molecules.
There are several features in the fragmentation, which can be
generally applied during the interpretation of unknown
gangliosides. The fragmentation typically starts with the
cleavage of sialic acids (NL of NeuAc, Δm/z 291) until all
sialic acids are lost. The Supporting Information is the presence
of NeuAc fragment ion at m/z 290. The additional acetylation
on the sialic acid (NeuAc2) corresponds to the NL of Δm/z
333 and the fragment ion NeuAc2 at m/z 332. The position of
NeuAc2 can be determined according to the order of individual
NL, as shown for example in Figure 4D. The presence of two or
more neighboring sialic acids is identified on the basis of
abundant characteristic fragment ions, such as NeuAc−NeuAc
(m/z 581, Figure 4B,C), NeuAc−NeuAc2 (m/z 623, Figure
4D), and NeuAc−NeuAc−NeuAc2 (m/z 914, Figure S-9). The
relative abundance of [M−2H−2NeuAc]− ion at m/z 1253.8 is
higher in case of b series (Figure 4B), because it requires the
cleavage of only one bond unlike to a series (Figure 4A), where
two bonds have to be cleaved to obtain this fragment ion. The
unambiguous proof of b series is the presence of abundant ion
of NeuAc−NeuAc at m/z 581 in Figure 4B. This way the
sequence of all sialic acids can be unambiguously assigned,
which determines the series a, b, and c (see Figure 1). The
further proof is the characteristic chromatographic behavior
described in the next chapter. The presence of terminal fucose
is recognized by the characteristic NL of Δm/z 146 and also the
fragment ion Fuc−Hex−HexNAc at m/z 510 (Figure 4C,D).
The total fatty acyl composition in the ceramide part is
indicated by characteristic fragment ions, such as m/z 564 for
36:1, m/z 592 for 38:1, and so on.
The identification of polar phospholipids and sulfatides

follows well-known rules described in our previous
works.30,36−38 In case of sulfatides, frequent mass interferences
occur for sulfatide species with the additional hydroxyl group
(e.g., SulfoHexCer 38:2 (OH) at m/z 848.5563) vs sulfatides
with the additional methylene group and one double bond less
(e.g., SulfoHexCer 39:1 at m/z 848.5927). These species
cannot be resolved by the resolving of our QTOF, which causes
lower mass accuracy for these doublets, but the identification of
all reported species is still clearly confirmed by the their
fragmentation and retention behavior.
Retention Behavior of Gangliosides in HILIC Mode.

The retention behavior of lipids follow the regular patterns
related to the type of polar headgroup, the number of carbon

atoms in fatty acyl chains and also the number of double bonds,
as illustrated in numerous previous works.21,29,30,33,39,40

Regularities in lipid retention behavior can be used for the
prediction of retention times and then applied as an additional
Supporting Information for the lipid identification. This
approach is applicable both in reversed-phase21,29,39 and
HILIC16,30,33,40 modes and recently in ultrahigh-performance
supercritical fluid chromatography as well,36 and therefore, the
similar approach is tested for gangliosides with higher structural
complexity caused by the presence of oligosaccharide part.
Figure 5 shows the dependence of reduced retention times of
gangliosides on the number of saccharide units with fitting of
some observed logical series in this graph, for example, the
series of GM3, GM2, GM1a, and Fuc−GM1a (see structures in
Figure 1) shows an excellent fit. Higher number of saccharide
units results in higher retention with the increment of
approximately 1.5−3 min, but it depends on the type of
saccharide units. This increase is about 1.5 min for the
fucosylation, but the difference between GD3 and GD2 is up to
3 min. The same behavior is observed for sialic acids, where
higher number of sialic acids strongly increases the retention by
about 3.5−4 min. The retention of a series is 2−3 min lower in
comparison to b series, which enables the assignment of a series
in case of GQ1a−Ac*, which is the only ganglioside subclass
without MS/MS due to very low concentration. The additional
acetylation on the sialic acid (NeuAc2) corresponds to the
lower retention by slightly less than 2 min.
In HILIC mode, the partial separation inside peaks of

individual ganglioside subclasses can be detected using the
overlay of RIC chromatograms similarly as for other lipid
subclasses investigated earlier.16,30,36 The retention slightly
decreases with increasing length of fatty acyls (Figures 6),
which is the additional information for the structure
confirmation.

LC/MS Analysis of Biological Samples. The final method
is applied for measurements of human kidney, lungs, plasma,
erythrocytes, and porcine brain extracts. The full list of all
identified gangliosides and other polar lipid subclasses
(phosphatidylserines (PS), phosphatidylinositols (PI), lyso-
phosphatidylinositols (LPI), phosphatidylglycerols (PG), and
sulfatides (SulfoHexCer)) is shown in Table S-7 with their
relative intensities determined from RIC of individual species
within particular subclasses together with mass accuracies. Only
gangliosides that are identified with high confidence are
reported here considering the following criteria: (1) accurate
m/z values to determine the elemental composition (99% of
measurements <10 ppm, 87% of measurements <5 ppm, and
the average mass accuracy 3.1 ppm), (2) the interpretation of
fragmentation behavior to sequence the oligosaccharide part of
the molecule based on accurate m/z values, and (3) retention
times in accordance with the predicted retention behavior
shown in Figure 5. The previously reported information on the
fragmentation behavior of gangliosides5,18 is in agreement with
our observations as well. The overview in Table 1 and the full
list in Table S-7 clearly show that the brain tissue contains by
far more gangliosides than other studied biological samples.
Only GM3 is detected for all studied sample types with only
few additional gangliosides in case of kidney (3 GD3−Ac, 3
GM2, 9 GD3, and 4 GD1a), lungs (2 GM2, 10 GD3, and 2
GD1a), and erythrocytes (4 GM1a).
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■ CONCLUSIONS
Our new HILIC/ESI-MS/MS approach enables unambiguous
identification of the highest number of gangliosides ever
reported for studied biological samples. HILIC separation has
been well-optimized, which results in the characterization of
145 ganglioside molecular species from 19 subclasses with
additional identification of other 6 polar lipid subclasses
(SulfoHexCer, SulfoHex2Cer, PG, PI, LPI, and PS), which
are known to be difficult for established MS-based lipidomic
platforms. The identification of gangliosides and other lipids is
based on high-resolution MS measurements providing high
mass accuracy for both precursor and product ions, the
agreement of fragmentation behavior in MS/MS with structure
assignment, the correlation with the predicted retention
behavior of ganglioside subclasses and also ganglioside species
inside the individual subclass. The combination of this
complementary information provides highly confident identi-
fication. The next step is the change of this qualitative method
into the quantitative workflow using suitable internal standards
and the method validation with application to real clinical
samples. The present HILIC/ESI-MS is already optimized in
terms of future planned quantitative high-throughput analysis,
because the analysis time is fast, can be easily automated, and
the lipid subclass separation is the best available approach for
the lipidomic quantitation.
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