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Abstract: Gangliosides are a family of conjugates consisting of a polar sialoglycan head group and a hydrophobic 
ceramide tail. Gangliosides are of high abundance in neuronal tissues and are involved in numerous biological 
processes, such as cell-cell recognition, adhesion, and signal transduction. Alteration of the ganglioside profile 
is associated with various neurodegenerative diseases and there is indication that gangliosides are involved in 
the pathogenesis of Parkinson’s and Huntington’s disease. The development of refined methods for the analysis 
of gangliosides by high-performance liquid chromatography coupled to mass spectrometry (HPLC-MS) has 
supported research with qualitative and quantitative data. However, the amphiphilic character of gangliosides 
renders their separation and mass spectrometric analysis challenging. In this article, the strengths of hydrophilic 
interaction liquid chromatography (HILIC) for baseline separation of gangliosides, including two structural iso-
mers, and their structural characterization by tandem mass spectrometry are demonstrated. The importance 
of ion source parameter optimization is highlighted to prevent misleading ganglioside transformation due to 
in-source dissociation.
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1. Structure and Biological Function of Gangliosides 
Gangliosides are major constituents of the neuronal cell sur-

face, fulfilling key functions in membrane organization and cell 
signaling.[1,2] Based on their strong occurrence in ganglion cells, 
the German biochemist Ernst Klenk proposed in 1942 the term 

‘gangliosides’ for this kind of neuraminic acid containing lipids.[3] 
Although they are omnipresent in tissues and body fluids, ganglio-
sides are expressed predominantly in the nervous system, where 
they are involved in the formation of membrane domains, interact 
with membrane and extracellular proteins, and modulate receptor 
activity.[4] Their functional importance was proven in experiments 
with genetically engineered mice, where the lack of ganglioside 
synthases caused drastically impaired nervous functions such as 
hearing loss and dysfunction in motor coordination, as well as 
demyelination and deterioration in the peripheral nervous sys-
tem.[1] Alteration of the ganglioside profile was found to promote 
the development of neurodegenerative diseases.[4] Gangliosides 
are involved in an autoimmune response called Guillain-Barré 
syndrome, an acute paralytic neuropathy, or lysosomal storage 
disorders, such as the Tay-Sachs disease caused by excessive 
ganglioside accumulation, and further studies even suggest the 
involvement of gangliosides in Parkinson’s and Huntington’s dis-
ease.[1,4,5] Due to their pivotal role in neurodegenerative diseases, 
gangliosides are also considered for therapeutic applications and 
serve as biomarkers for diagnostic purposes.[4] 

Gangliosides represent a sub-group of the glycosphingo-
lipids (GSL) consisting of a sialic acid-containing polar head 
group connected to a hydrophobic ceramide part composed of the 
amino alcohol sphingosine and a fatty acid. More than 200 dif-
ferent ganglioside structures comprising a variety of headgroup 
and ceramide compositions have been discovered until today.[6] 
The ceramide tail is composed of a sphingosine connected to a 
fatty acid (often stearic acid) and anchors the molecule to the cell 
membrane. Huge variabilities of ceramide tail compositions are 
known, including different chain lengths and fatty acid saturation 
levels, especially among different species and types of tissues. 
The serine palmitoyltransferases which catalyze the acylation of 
serine with palmitoyl-CoA have a strong selectivity for 16 ±1 car-
bon atoms containing fatty acyl-CoAs. This explains the dominat-
ing sphingosine variant with 18 carbons (2 from serine, 16 from 
palmitoyl-CoA). Nevertheless, in some animal tissues, such as 
mammalian brain, human gastrointestinal tract, and equine kidney, 
considerable amounts of C20-sphingoidbase were observed.[7] The 
hydrophilic head group of gangliosides is based on β-1-3- and β-1-
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The LC-MS method was developed on a Sciex ExionLC HPLC 
system coupled to a Sciex X500B high-resolution quadrupole time-
of-flight mass spectrometer (AB Sciex, Baden, Switzerland). Liquid 
chromatography was performed on a Thermo Scientific Syncronis 100 
× 2.1 mm HILIC column with a particle size of 5 µm (Thermo Fisher 
Scientific, Reinach, Switzerland). A gradient starting at 90% aceto- 
nitrile/10% water running to 65% acetonitrile/35% water in 13 min-
utes was applied for separation of the gangliosides. Acetonitrile and 
water in LC/MS quality were obtained from Biosolve (Valkenswaard, 
The Netherlands). Both mobile phases were buffered to pH 6 with 
10mM ammonium acetate in LC-MS Ultra quality (Sigma-Aldrich, 
Buchs, Switzerland). The flow rate was set to 0.3 ml/min and the 
column oven temperature to 50 °C. The autosampler injection vol-
ume was 10 µl. Silanized glass vials and inserts (BGB Analytik AG, 
Boeckten, Switzerland) were used in all experiments to effectively 
prevent sample adsorption on the vial surface. 

Mass spectrometric analysis was based on electrospray ioniza-
tion (ESI) operated in the negative ionization mode with the ion 
source heater gas temperature set to 375 °C at 3.45 bar (50 psi) gas 
pressure and 3.45 bar (50 psi) nebulizer gas pressure. Fragmentation 
data of ganglioside mixtures were recorded in the information-de-
pendent acquisition (IDA) mode with the collision energy settings 
in the range of –30 V to –50V for the different gangliosides. 

3. Separation of Gangliosides
The separation of regioselective ganglioside isomers on C18 

columns remains difficult,[11–15] as their separation is primarily de-
termined by the length and the unsaturation degree of the hydro-
phobic tail group.[16,17] Consequently, alternative chromatograph-
ic approaches with selectivity for more polar compounds are re-
quired for baseline separation of ganglioside structural isomers, 
such as GD1a and GD1b (Fig. 1). 

Hydrophilic interaction liquid chromatography (HILIC) not 
only allows to retain highly polar molecules, it also confers a 
strong separation capability on them. Within the past two decades, 
the interest in HILIC-based analytical methods has strongly in-
creased,[18] as reflected by the considerable number of publica-
tions on the application of HILIC in pharmaceutical, biomedical, 
and clinical analysis,[19] and HILIC plays an important role in the 
analysis of polar drugs in the growing field of metabolomics.[20,21] 
In recent years, HILIC in combination with mass spectrometry 
has found attention for the analysis of gangliosides.[22–26] 

HILIC is a variant of normal phase chromatography in which 
the separation of analyte molecules is based on their partitioning 
between the mobile phase and a layer of water-enriched mobile 
phase partially immobilized on the polar stationary phase.[27] The 
elution order of analytes in HILIC is inverse to reversed-phase 
chromatography, with faster elution of hydrophobic compounds 
and stronger retention of hydrophilic analytes. Consequently, 
HILIC provides the opportunity for separation of gangliosides 
according to the polarity of their hydrophilic head group.[28] 

HILIC resulted in baseline separation of the four gangliosides 
including the structural isomers GD1a and GD1b (Fig. 2). HILIC 
demonstrated its excellent capability in separating gangliosides 
based on their hydrophilic head group, while putting aside the 
difference in hydrophobicity originating from different ceramide 
compositions. The longer C20 sphingosines eluted only a few sec-
onds earlier compared to the shorter C18 sphingosines.

4. Mass Spectrometry of Gangliosides
Sialic acid-containing glycosphingolipids are preferentially 

analyzed as anions. The number of charges is influenced by the 
sialic acids of the head group, which results in the typically low 
charge states found for gangliosides. However, analysis by single- 
stage mass spectrometry alone does not provide unambiguous 
identification of the gangliosides, as isobaric ions (i.e. GD1a/
GD1b) cannot be differentiated from each other. 

4-linked carbohydrates and mainly comprises glucose, galactose, 
N-acetylgalactosamine, and sialic acids. Sialic acids are a family of 
nine-carbon sugars which mainly occurs in the ganglioside series 
found in adult mammals. More than 50 different sialic acids have 
been described till today, comprising numerous modifications, in-
cluding O-acetylation, N-deacetylation, O-methylation, sulphation, 
or lactonization.[8] The major sialic acid found in healthy humans is 
5-N-acetylneuraminic acid (Neu5Ac).[9] 

The nomenclature of gangliosides follows the scheme proposed 
by Svennerholm,[10] where the first letter represents the glycosphingo- 
lipid series, with G for the ganglio series. The second letter indicates 
the number of sialic acid moieties (A=0, M=1, D=2, T=3, and Q=4), 
and the number at the third position is subtracted from five to yield 
the number of uncharged carbohydrate units present (Fig. 1). The 
letter at the last position refers to the biosynthetic pathway. For exam-
ple, GD1a and GD1b originate from the biosynthetic a and b series,  
respectively, and both gangliosides comprise two sialic acid moieties 
along with four uncharged carbohydrates. They are structural isomers 
and only differ in the connection of the sialic acids to the ganglioside. 
GD1b contains a dimeric sialic acid unit, while GD1a carries two 
monomeric sialic acids. 

Elucidating the crucial role gangliosides are playing in complex 
biological pathways requires sensitive and accurate analytical tools. 
Though liquid chromatography coupled to mass spectrometry is 
capable of providing qualitative and quantitative data, the fragile 
ganglioside structures require highly optimized analytical methods. 

2. Experimental
Stock solutions of gangliosides GM1 (Carbosynth Ltd., United 

Kingdom), GD1a, GD1b, and GT1a (Hytest Ltd., Turku, Finland), 
were prepared in methanol at a concentration of 1 mg/ml and stored 
at 5 °C. For analysis, the stock solutions were diluted to a final 
concentration of 25 µg/ml with a solvent mixture representing the 
starting chromatographic conditions. 

Fig. 1. Schematic representation of the four gangliosides discussed in 
this article. The hydrophobic ceramide tail is composed of a fatty acid 
bound to the amino alcohol sphingosine. The hydrophilic head group 
consists of a characteristic carbohydrate sequence bearing one or sev-
eral sialic acids (N-acetylneuraminic acids). 
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fragment helps in distinguishing from gangliosides which contain 
monomeric sialic acids only. Though fragment ions may be of low 
abundance only, accurate mass analysis allows to unambiguously 
assign their origin. For example, GD1b shows the release of a 
Gal-GalNAc b

2
 fragment ion (m/z 364.1240), while cleavage of 

the corresponding glycosidic bond in GD1a results in the loss of 
the larger Neu5Ac-Gal-GalNAc unit as a c

3
 ion (m/z 673.2309), 

which allows to distinguish GD1a from its isobaric GD1b sibling. 
Remarkably, the GD1b product ion spectrum shows a peak at 

m/z 1544.8695 (y
1β), which originates from the loss of a sialic acid. 

This singly charged fragment ion is identical in mass and struc-
ture to the unfragmented GM1 precursor ion. Both spectra show 
the peak corresponding to the C18 sphingosine containing the 
ceramide linked to a glucose and a galactose unit (m/z 888.6384 
for GM1 and m/z 888.6399 for GD1b), referred to as the y

2β/y2
 

fragment ion. The ceramide carrying only the glucose moiety is 
represented by the y

1
 and z

1
 ions (m/z 726.5879 and m/z 708.5794 

for GM1; m/z 726.5890 and m/z 708.5794 for GD1b). Further loss 
of the remaining glucose moiety yields the plain ceramide as y

0
 

ion at m/z 564.5349. The y
2β fragments (m/z 1253.7742 for GM1 

and m/z 1253.7744 for GD1b) are the result of stripping-off all 
sialic acid moieties. 

More extended structural information is obtained by detection 
of fragment ions generated by tandem mass spectrometric experi-
ments. Collision-induced dissociation of glycosphingolipids in 
the gas-phase mainly results in scission of glycosidic bonds and 
the release of single or multiple sugar and sialic acid moieties, 
while the ceramide structure is less affected by dissociation. The 
sialic acid plays a key role in the collision-induced dissociation 
(CID) of gangliosides, as the negatively charged oxygen of the 
deprotonated carboxylic group acts as a nucleophile initiating 
substitution reactions. Attack of the alpha position in an intramo-
lecular S

N
2 reaction forms an epoxide and simultaneously cleaves 

the glycosidic bond with the glycosidic oxygen remaining on the 
Y-ion, as illustrated by Fig. 3.[29] The deprotonated hydroxy group 
of the newly formed Y-fragment ion can initiate further nucleo-
philic attacks and lead to secondary dissociation events. 

Such dissociation is exemplified by the product ion spectra of 
doubly deprotonated GD1b and singly deprotonated GM1, both 
bearing the sialic acid(s) at the second sugar moiety (galactose 
(II)) and the ceramide with the C18 sphingosine (Fig. 4). Both 
product ions give evidence for the release of a sialic acid as the 
most prevalent fragmentation event, represented by the peaks of 
the b

1β ion at m/z 290.0869 and the b
2β ion at m/z 290.0863, for 

GD1b and GM1, respectively. Another single sialic acid release 
is represented by the c

1β (GD1b) ion, which comprises the oxygen 
atom of the glycosidic bond. In contrast to GM1, GD1b exhibits 
a dimeric sialic acid, which is reflected by the peak of the b

2b
-

fragment at m/z 581.1819. The presence of the dimeric sialic acid 

Fig. 2. Extracted ion current chromatogram demonstrating baseline sep-
aration of the four gangliosides GM1, GD1a, GD1b, and GT1a achieved 
by HILIC. The separation is mainly based on the interaction of the polar 
sialoglycan head groups with the stationary phase, while the C18/C20 
sphingosine variants of each ganglioside caused slight shifts in the re-
tention times only.

Fig. 3. The dissociation of gangliosides is initiated by the deprotonated 
carboxylic group of the sialic acid. The sialic acid is either released as 
a B-ion, or as a neutral with the charge remaining on the Gal-Glc-Cer 
structure. Release of the sialic acid occurs and results in the formation 
of a Y-ion which can undergo further dissociation steps. Figure adapted 
from ref. [29]

Fig. 4. Product ion spectra obtained by collision-induced dissociation 
of the doubly deprotonated GD1b (top) and singly deprotonated GM1 
(bottom) gangliosides. Diagnostic fragment ions enable the elucidation 
of the sialoglycan pattern. Loss of a sialic acid from GD1b results in a 
fragment ion identical to GM1. The negative charge states of the ions 
are indicated in brackets.
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Therefore, careful balancing of the ion source parameters is cru-
cial for simultaneously gaining a high reliability of compound 
identification and strong signal intensity in ganglioside analysis 
by LC-MS. 

5. Conclusions
In this study, a set of strongly amphiphilic gangliosides was 

successfully separated by HILIC, including the chromatographi-
cally demanding disialo-ganglioside isomers GD1a and GD1b. 
Tandem mass spectrometric characterization of the separated 
gangliosides was performed by information-dependent acquisi-
tion employing electrospray ionization in the negative ionization 
mode. Fragment ions indicative for the carbohydrate head groups 
of the individual gangliosides could be identified, allowing a clear 
structural identification, including the information about mono- 
and disialic structural features. Results demonstrate the impor-
tance of optimized ion source parameters, including ion source 
gas temperature and declustering potential, in order to avert a de-
ceptive ganglioside transformation by sialic acid cleavage. 
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