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ANNOTATION

Lipids are biomolecules found in all living organisms, where they have several vital 

functions. Lipids are the subject of lipidomics, a subgroup of metabolomics, which represents 

one of the so-called “omics” disciplines that also includes genomics, proteomics, and 

glycomics. Dysregulation of lipid metabolism can reflect the onset of various diseases 

including cancer, therefore, lipidomic analysis can provide valuable information about 

ongoing pathophysiological processes in humans.

The theoretical part provides an extensive overview of glycosphingolipids, including 

their biosynthesis, structure complexity, classification, nomenclature, and various biological 

functions in association with pathophysiological conditions as a hallmark of a variety of 

diseases, for example, cancer. Special attention is also paid to the sample preparation and key 

analytical methods for their identifications and quantitation. Qualitative and quantitative 

approaches are discussed as well, along with their advantages and limitations.

The experimental part deals with the development, optimization, and application of 

analytical methods for the analysis of especially glycosphingolipids in biological samples, 

such as human plasma/serum and tissues using chromatographic techniques coupled to mass 

spectrometry. Special attention is devoted to in-depth structural characterization and 

qualitative glycosphingolipids profiling using a lipid class separation approach (HILIC). 

Correspondingly, glycosphingolipid profiling is used to expand the database of lipids that are 

routinely analyzed, and for the mutual comparison of healthy volunteers and cancer patients. 

Therefore, the analysis of glycosphingolipids has the potential to facilitate the discovery of 

novel biomarkers for the early detection of various diseases.
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characterization, tandem mass spectrometry, hydrophilic interaction liquid chromatography



ANOTACE

Lipidy jsou biomolekuly, které se vyskytují ve všech živých organismech, kde plní 

několik životně důležitých funkcí. Lipidy jsou předmětem zkoumání vědního oboru zvaného 

lipidomika patřící do podskupiny metabolomiky, jež představuje jednu z omických disciplín, 

mezi které patří také genomika, proteomika a glykomika. Dysregulace metabolismu lipidů 

může odrážet nástup a rozvoj různých onemocnění včetně rakoviny, lipidomická analýza tedy 

může poskytnout cenné informace o probíhajících patofyziologických procesech u lidí.

Teoretická část práce poskytuje rozsáhlý přehled o glykosfingolipidech, jejich biosyntéze, 

strukturní složitosti, klasifikaci, názvosloví a nejrůznějších biologických funkcí ve spojení 

s patofyziologickými stavy, které jsou charakteristickým znakem různých onemocnění 

zahrnující i rakovinu. Zvláštní pozornost je také věnována přípravě vzorků a klíčovým 

analytickým metodám umožňující jejich identifikaci a kvantifikaci. Rovněž jsou zde 

diskutovány kvalitativní a kvantitativní přístupy spolu s jejich výhodami a omezeními.

Experimentální část se zabývá vývojem, optimalizací a aplikací analytických metod pro 

analýzu zejména glykosfingolipidů v biologických vzorcích jako je lidská plasma/sérum 

a tkáně, a to za použití chromatografických technik ve spojení s hmotnostní spektrometrií. 

Zvláštní pozornost je dedikována důkladné strukturní charakterizaci a profilování 

glykosfingolipidů za použití přístupu separace lipidových tříd (HILIC). V souladu s tím je 

profilování glykosfingolipidů použito k rozšíření databáze běžně analyzovaných lipidů a ke 

vzájemnému porovnání rozdílů mezi profily lipidů zzdravých dobrovolníků a pacientů s 

rakovinou. Lipidomická analýza glykosfingolipidů má tudíž potenciál umožnit a usnadnit 

objev nových biomarkerů pro včasnou detekci různých onemocnění včetně rakoviny.
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lipidomika, glykosfingolipidy, plasma, pankreatické tkáně, extrakce, přečištění, strukturní 

charakterizace, tandemová hmotnostní spektrometrie, hydrofilní interakční kapalinová 

chromatografie
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INTRODUCTION

Lipidomics is a relatively young scientific field, which belongs to the so-called “omics” 

disciplines, undergoing tremendous development in recent years that attracts major attention 

throughout the scientific field. Lipidomics deals with the study and analysis of the lipidome,

i.e., the total lipid composition of a cell, a tissue, an organ, or an organism, that is very 

variable and complex. The major goal of lipidomics is to precisely identify and quantify lipid 

species on a molecular level in order to understand the functions of lipids in living systems 

(e.g., metabolic pathways) due to their importance in metabolism and various 

(patho)physiological changes associated with the onset of distinct diseases.

Generally, lipids are naturally occurring substances of both plant and animal origin that 

are usually water-insoluble, but highly soluble in organic solvents. Lipids represent the 

fundamental structural component of cell membranes, serve as a storage of energy and also 

have many other key biological functions. Lipids are a heterogeneous group of hydrophobic 

or amphipathic compounds with relatively low molecular weight and are characterized by the 

presence of alkyl chains of various lengths (commonly with an even number of carbon atoms) 

or isoprene units in a linear or cyclic arrangement. Lipid molecules may also be modified with 

various functional groups or covalently linked to other polar molecules, such as glycerol, 

carbohydrates, phosphate residues, etc., which emphasize their amphipathic nature.

Lipids are an integral part of our life and play an important role in the development and 

progression of many diseases including cancer. In the case of cancer, when abnormal 

multiplication of cells occurs, a large amount of building material is needed for further 

development and growth of the tumor. This building material is mostly represented by lipids, 

which are obtained by cells from their surrounding environment. The differentiation between 

a healthy and tumor cell is therefore based on an assumption that both normal and tumor cell 

differ from each other in the lipidome composition. It is assumed that these changes can also 

manifest in the composition of body fluids, such as blood, plasma, serum, or urine.

Although the analysis of lipids is an extraordinarily challenging task due to their 

structural diversity, knowledge of the composition and metabolism of the lipids is highly 

important since alterations in lipid metabolism may be associated with a number of serious 

diseases including various types of cancer. A comprehensive analysis of lipids can lead to a 

better understanding of the progression of the diseases or to the revelation of disease- 

associated biomarkers. This would allow detection of the given disease at an early stage and 

thus increase the chance of saving many human lives.
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1 THEORETICAL PART

Lipidomics is a research field using the principles and techniques of analytical chemistry 

to study the total lipid composition of cells, commonly known as the lipidome, in order to 

monitor their metabolic pathways and understand lipid metabolism. Lipidomics is enormously 

growing research area with a large number of papers published annually [1], as depicted via 

the statistics from Web of Science for topics ‘lipidomics’ and ‘mass spectrometry’ with 4576 

papers published in the last 21 years (Fig. 1).
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Fig. 1: Number of papers published in lipidomics in the last 20 years (as of January, 2024).

Lipids are naturally occurring compounds of both plant and animal origin that play many 

key roles in our lives [2]. The consortium of Lipid Metabolites and Pathways Strategy (LIPID 

MAPS, https://www.lipidmaps.org/) defines lipids as small biomolecules of either 

hydrophobic or amphipathic nature that originate by carbanion-based condensation of 

thioesters and/or carbocation-based condensation of isoprene units. In 2005, LIPID MAPS 

introduced the Lipid Classification System dividing lipids into 8 categories, which has been 

widely accepted. The lipid categories are fatty acids/acyls (FA), glycerolipids (GL), 

glycerophospholipids (GP), sphingolipids (SP), sterols (ST), prenols (PR), saccharolipids 

(SL), and polyketides (PK). Each lipid category has its own and often extensive 

subclassification hierarchy (Table 1) [3,4].

In this thesis, we will further deal practically only with sphingolipids, especially a huge 

subgroup of glycosphingolipids, which represent the majority of the sphingolipids category, 

and are the pivotal part of this doctoral thesis.
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Table 1: Lipid categories with their general structure and subclassification hierarchy [3,4].

Category Structure Major representatives

FA Oil
H O -C -R

R = alkyl chain
(with varying numbers of double bonds): 
0: saturated fatty acids 
1: monounsaturated fatty acids (MUFA) 
2: polyunsaturated fatty acids (PUFA)

GL

glycerol

sn-1

sn-2

sn-3

Number of esterified fatty acids:
MG = monoacylglycerols 
DG = diacylglycerols 
TG = triacylglycerols

GP

glycerol Oh
sn-1 Hj C - i:'.)-C-R-

0I i
sn-2

I Í?
sn-3 ■<; O V  -O X

O'

X =
H:
Serine:
Glycerol:
Inositol:
Choline:

PA = phosphatidic acid 
PS = Phosphatidylserines 
PG = Phosphatidylglycerols 
PI = Phosphatidylinositols 
PC = Phosphatidylcholines

Ethanolamine: PE = Phosphatidylethanolamines

SP

H H
,C=C

T6 H
^ C = C - C - O H

H Oh
H C -N -C -R

sphingosine

H_C-0-Y

Y =
H: Ceramide (Cer)
Phosphocholine: Sphingomyelin (SM) 
Glycan: Glycosphingolipids (GSL)

More detail description in the Chapter 1.1

ST

Z =
H: cholesterol
FA: cholesterol esters (CE)
Glycan: steryl glycosides

Among others: secosteroids, bile acids, estrogens, 
androgens, progestogens

PR JnO-R
core structure (length may vary)

R can be: H, glycan, (pyro)phosphoglycan, etc. 
E.g., isoprenoids, polyprenols, (hydro)quinones

PK E.g., Aflatoxin B1 from A. parasiticus
general precursor

SL

O

R '^ O -q ly c a n E.g., Kdo2-Lipid A from E.coli
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1.1 Glycosphingolipids (GSL)

The discovery of glycosphingolipids (GSL), an important class of sphingolipids, can be 

attributed to Johann Ludwig Wilhelm Thudichum, who studied chemical composition of the 

brain, and isolated several compounds called cerebrosides from the brain in 1884 [5,6].

GSL comprise a vast group of remarkably heterogeneous biomolecules that are found in 

essentially all eukaryotes, as well as some prokaryotes and viruses. GSL are ubiquitous 

membrane components, which are almost exclusively located on the outer leaflet of cell 

plasma membranes and in intracellular organelles, facing the extracellular matrix [7,8]. The 

distribution of GSL across the plasma membrane is not uniform, but they rather cluster into 

small (i.e., 10-50 nm) GSL-enriched microdomains (GEM) called lipid rafts, each consisting 

of hundreds of lipid molecules together with a few proteins (Fig. 2) [5,9]. Cholesterol (30-40 

mol%), sphingomyelins, and glycosylphosphatidylinositol(GPI)-anchored proteins are 

dominant, whereas GSL are present in variable amounts [10].

Glycoprotein

Fig. 2: Cross-section and structure of the cell plasma membrane (modified from [11]).

GSL are also found in plasma/serum, where they either circulate freely and/or are bound 

to protein complexes [12]. GSL as many of the other lipids are amphiphilic molecules 

composed of two distinct parts. The hydrophobic region consist of ceramide backbone 

anchored into the plasma membrane, while the hydrophilic region composed of glycan moiety 

glycosidically linked to a ceramide backbone faces the extracellular environment [2].
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1.1.1 GSL biosynthesis

Biosynthesis of GSL occurs in a stepwise fashion initiated with the addition of fatty acyl- 

CoAs of different chain length to a sphingoid base (i . e sphinganine in de novo pathway or 

sphingosine in the salvage pathway) catalyzed by enzymes ceramide synthases (CerS) to yield 

either dihydroceramide or ceramide, depending on the substrate [13].

Briefly, the de novo biosynthesis of the most common ceramide (Cer) 18:1;O2/16:0 

(34:1;O2, Fig. 3), is initiated in the endoplasmic reticulum (ER) by the rate-limiting 

condensation of L-serine and acyl-CoA catalyzed by serine palmitoyltransferase (SPT). Then, 

the resulting dehydrosphingosine 18:0;O is reduced to dihydrosphingosine 18:0;O2 (i.e., 

conversion of 3-keto-sphinganine to D-erythro-sphinganine) by 3-ketosphinganine reductase 

(3-KSR). Subsequently, the CerS catalyzes the conjunction of C16:0-CoA and transforms 

dihydrosphingosine to dihydroceramide 18:0;O2/16:0 (i.e., N-acylsphinganine). In mammals, 

there are at least six CerS isoforms (namely CerS1-CerS6), which are cell-type specifically 

expressed, and catalyze the same reaction. Nevertheless, each isoform exhibits specific 

preferences for fatty acyl-CoAs of different chain length (see Table 2) [13,14].

Table 2: Ceramide synthases (CerS) fatty acyl chain-length specificity [14,15].

Name CerS1 CerS2 CerS3 CerS4 CerS5 CerS6
Specificity C18-C20 C20-C26 C18-C32 C18-C20 C16 C14-C18

Finally, the carbon-carbon double bond is introduced by dihydroceramide desaturases 

(i.e., DES1, DES2) to yield Cer 18:1;O2/16:0 (34:1;O2, i.e., N-acylsphingosine) [14].

Reaction sites

Ceramide Dihydroceramide
Cer 18:1;O2/16:0 dHCer 18:0;O2/16:0
(N-acylsfingosine) (N-acylsphinganine)

Fig. 3: De novo biosynthesis of ceramide 34:1;O2 (adopted and modified from [16]).
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Ceramide is the key precursor in the synthesis of various (glyco)sphingolipids that are 

synthesized by stepwise addition of carbohydrate units first to the Cer and then to the growing 

glycan structure. The first sugar unit glycosidically linked to the 1-hydroxyl of Cer is 

typically P1—>1 linked glucose (Glc) or galactose (Gal) producing either glucosylceramide 

(GlcCer) or galactosylceramide (GalCer) [5,7]. Alternatively, Cer can be converted to 

additional bioactive sphingolipids, such as sphingosine (Sph), sphingosine-1-phosphate 

(Sph1P), ceramide-1-phosphate (Cer-1-P), or sphingomyelin (SM) (Fig. 4) [16].

Fig. 4: Biosynthetic pathways of ceramide and formation of simple GSL (modified from [16]).

GalCer and GlcCer are synthesized in the ER and the Golgi apparatus (GA), respectively. 

However, the GlcCer production is dependent on the transport of Cer from the ER to the GA 

through one of two major pathways (Fig. 5). On the one hand, Cer can be transported from 

the ER to the trans-Golgi network (TGN) via ceramide-transfer protein (CERT), the pathway 

primarily used for the synthesis of SMs. On the other hand, Cer can be transported from the 

ER to the cz's-Golgi network (CGN), most likely via vesicular trafficking [17-20]. 

Alternatively, GlcCer can be transferred from the CGN to TGN by lipid-transfer protein 

called four-phosphate adaptor protein 2 (FAPP2) followed by translocation to the luminal 

membrane leaflet of the GA [21-23] mediated most probably by the multidrug resistant 

P-glycoprotein to participate in the synthesis of neutral GSL [24]. The luminal-oriented GSL 

then reach plasma membrane via transport vesicles and therefore are mainly located on the 

extracellular side of plasma membrane [25].
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lysosome

Fig. 5: Biosynthetic routes of GSL in the cell (adopted and modified from [19] and

https://www.zoology.ubc.ca/~berger/B200sample/, accessed on December 7, 2022).

GlcCer and GalCer are the precursors of majority GSL generated in the GA by various 

glycosyltransferases (GTFs), enzymes that transfer a specific carbohydrate from the relevant 

nucleotide donor to a specific position on the Cer or non-reducing end of a growing glycan. In 

GSL synthesis, the uridine diphosphate glucose/galactose/N-acetylglucose/N-acetylgalactose 

(i.e., UDP-Glc, UDP-Gal, UDP-GlcNAc, UDP-GalNAc) serve as nucleotide donors [26,27]. 

Prior to subsequent elongation by a series of GTFs to form complex GSL, GlcCer and GalCer 

must first be translocated from the cytosolic to the luminal leaflet of the GA membranes [28].

For example, GalCer can be sialylated by P-galactoside a-2,3-sialyltransferase (ST3Gal) 

to produce the most simple ganglioside GM4 (expressed mainly in brain and erythrocytes) 

[29], or sulfated by galactose-3-O-sulfotransferase (Gal3ST), which adds an -OSO3- group to 

the C3 of Gal to produce monohexosylsulfatides (SHexCer) [26].

On the contrary, GlcCer can be galactosylated by P-1,4-galactosyltransferase (P4GalT) to 

form lactosylceramide (LacCer) representing a key metabolic branch point for the formation 

of different GSL series [26]. Furthermore, the elongation or formation of branched glycan 

structures in GSL is the result of the ordered action of specific GTFs (see Fig. 6) [27].
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Fig. 6: Major biosynthetic pathways of complex GSL with corresponding enzymes (combined and modified from [16,30-33]).
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Newly synthesized GSL and SM are then transported from the TGN to the cell surface in 

membrane-bound transport carriers [20,28]. GSL can be then rebuilt by glycosidases [34] or 

transported to endo-lysosomal district (i.e., endosomes, lysosomes) with acidic pH required 

for enzymatic degradation by glycohydrolases to yield glycans and Cer. Cer is subsequently 

degraded by three isoforms of ceramidases classified based on their optimal pH as neutral 

(plasma membrane), acidic (lysosome), and alkaline (ER/GA) [35]. The resulting catabolism 

products of Cer (i.e., Sph and FA) can be reverted to the ER and used for the synthesis of 

GSL (i.e., salvage pathway), Fig. 5. The Sph is exclusively of catabolic origin derived from 

sphingolipids degradation[36].

Although GSL are expressed in a cell-specific manner that is principally determined by 

the intracellular distribution of the enzymes required for their biosynthesis (Figs. 6 and 7), 

most of these enzymes have rather poor specificity for their respective substrates. Therefore, 

in some cases, multiple enzymes can compete for the same GSL precursor leading to a great 

structural diversity. Gangliosides, a sialic acid-containing GSL, are synthesized across all 

cells with levels varying according to cell type and developmental stage. The synthesis begins 

with the transfer of sialic acid residues to LacCer with further elongation by sialyltransferases 

(SATs) and GTFs [37]. The synthesis of gangliosides in the brain where they predominate is 

thus a typical example of how competing pathways can lead to glycan diversity (Fig. 7) [5].

Fig. 7: Biosynthesis pathway of gangliosides (modified from [30,38]).
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In this case, the competition between SATs transferring sialic acid residues to a nascent 

oligosaccharide chain and N-acetylgalactosaminyltransferase (GalNAcT) catalyzing the 

transfer of N-acetylgalactosamine to a-, b-, and c-series gangliosides (i.e., converting GM3 

into GM2, GD3 into GD2, or GT3 into GT2) at a key branch point determines the relative 

expression levels of the final GSL product. Similarly, further elongation of GM2, GD2 or 

GT3 with Gal to yield GM1, GD1b or GT1c, respectively, is accomplished by the same 

galactosyltransferase (GalT) [5].

Both N-acetylneuraminic (Neu5Ac) and N-glycolylneuraminic (Neu5Gc) acids are the 

two most common sialic acid residues mammalian cells. However, the sialic acids of human 

gangliosides are exclusively in the form of Neu5Ac and its O-acetylated derivatives due to 

a dysfunction of the enzyme cytidine monophosphate N-acetylneuraminic acid hydroxylase 

(CMAH) that converts cytidine monophosphate Neu5Ac (CMP-Neu5Ac) to cytidine 

monophosphate Neu5Gc (CMP-Neu5Gc) [5].

Although the enzymes catalyzing the initial steps in GSL biosynthesis are specific for 

GSL, outer sugars, such as outermost sialic acid or fucose are sometimes added by GTFs that 

also act on glycoproteins, resulting in terminal structures being shared by GSL and 

glycoproteins. One example is the blood group ABO(H) and Lewis system [5] (Fig. 8).
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Fig. 8: Biosynthesis of blood group ABO(H) and Lewis GSL (modified from [39,40]).

ABH and Lewis blood group antigens are carbohydrate antigens expressed on GSL 

(~10%) and glycoproteins (~90%) [41,42]. They are synthesized by a variety of GTFs, mainly
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FUTs. The majority of N-FUTs are located in the GA, while O-FUTs are located in the ER 

[43]. ABH antigens are mainly present on the red blood cell (i.e., erythrocytes) membranes. 

The H type GSL, a biosynthetic precursor to A and B type GSL, is synthesized by the a1,2- 

fucosyltransferases (i.e., FUT1 and FUT2), which add a terminal Fuc to Galp1-3/4GlcNAc 

residue. H type GSL can then serve as a substrate for A- or B-transferase, which by adding 

a1,3-linked GalNAc or Gal to the same subterminal Gal produce A or B type GSL, 

respectively. Moreover, the synthesis of type 2 chain GSL requires the FUT1 that 

preferentially recognizes Galp1-4GlcNAc residue, while type 1 chain GSL requires FUT2 that 

favors Galpi-3GlcNAc residue (Fig. 8) [40,42].

Except for red blood cells, ABH antigens are also widely distributed in many tissues as 

thoroughly described by Ravn et al. [44], and in soluble form in body fluids and secretions. 

Specifically, expression of ABH antigens on type 2 chain GSL or Galpi-4GlcNAc residue 

primarily occurs on human red blood cells and platelets, whereas they are a relatively minor 

component of epithelial cells. In contrast, ABH antigens on type 1 chain GSL are typical of 

gastrointestinal and genitourinary epithelial cells together with fluids and secretions [40,42].

Correspondingly, the synthesis of Lewis blood group GSL is dependent on the action of 

FUT2 and a1,3/4-fucosyltransferase (i.e.,FUT3) [41,45] with tissue-restricted expression (i.e., 

strong expression in fluids, gastrointestinal, genitourinary, and respiratory tissues) [46]. FUT3 

competes with FUT2 and A-/B-transferases (i.e., GTA, GTB). Nonetheless, the type of 

precursor that FUT3 uses determines the type of Lewis antigen produced. On the one hand, 

Lewis a (Lea) GSL is synthesized by FUT3 adding an a1-4Fuc to the subterminal GlcNAc of 

the type 1 chain. On the other hand, Lewis b (Leb) GSL firstly requires the synthesis of H type 

1 by FUT2, which is further processed by FUT3. Owing to the synthesis of H type 1 GSL, the 

synthesis of type 1 ABH-related GSL usually occurs as well. Direct conversion of Lea to Leb 

GSL is not possible due to steric hindrance of the a1-4Fuc. In addition, when the type 1 

precursor is missing, FUT3 can use the type 2 precursors to generate Lewis x (Lex) and Lewis 

y (Ley) antigens, which commonly occurs in gastrointestinal tissues. It is thus evident that 

FUT3 can act on both type 1 and 2 chains [40]. There are also other FUTs with a1,3-activity 

(i.e., FUT3-7 and FUTs 9-11) and a1,4-activity (i.e., FUT3 and FUT5) [43]. Unlike ABH 

antigens, Lewis antigens, such as Lea and Leb are not synthesized in erythrocytes, but are 

taken up from plasma glycolipids and/or glycoproteins, and then can be incorporated into the 

red blood cell membrane. The fucosylation is a terminal modification, therefore, the presence 

of Fuc stops further chain elongation and branching as well [47,48]. Major enzymes involved 

in ABH and Lewis blood group determinants are summarized in Table 3.
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Table 3: Major enzymes involved in the synthesis of ABH and Lewis type GSL [49,50].

Enzyme Synthesized GSL
FUT 1 = a1,2-fucosyltransferase H type 2
FUT 2 = a1,2-fucosyltransferase Secretor factor H type 1
FUT 3 = a1,3/4-fucosyltransferase Lewis factor Lea, Leb, Lex, Ley
GTA = a1,3-N-acetylgalactosaminyltransferase

ABO system
A type 1/2

GTB = a1,3-galactosyltransferase B type 1/2

1.1.2 GSL structure and complexity

The majority of sphingoid-based lipids including GSL can be illustrated with a general 

structure composed of three building blocks (Fig. 9).

Fig. 9: General structure of (glyco)sphingolipids according to building block approach [2].

Building block I represents various head groups (e.g., glucose, galactose, sulfated 

galactose, and other more complex glycoconjugates) linked at the C1 position of a sphingoid 

base to a 1-hydroxyl group. This part is primarily responsible for the hydrophilic properties of 

GSL molecules and allows head group classification of GSL (see Figs. 6-8).

According to the LIPID MAPS Structure Database, the composition of monosaccharide 

units may range from 1 to 20 units with the most frequently occurring residues summarized in 

Table 4, while the other residues are found less often. Only a limited subset of disaccharide 

combinations is found in vertebrates, including, for instance, Glc always linked to Gal, Fuc as 

a terminal unit, frequent repetition of Gal-GlcNAc residue, and unique chaining of sialic acid 

species, such as N-acetylneuraminic and N-glycolylneuraminic acid (i.e., NeuAc and NeuGc). 

In addition, the anomeric nature of the glycosidic bond (i.e., a- or P-linkage) together with the 

branching of the glycan chain contributes to the GSL heterogeneity [19].
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Table 4: Abundance of the most frequently occurring monosaccharide units in GSL.

Residue Glc

Symbol

Abundance ~14%

Gal GlcNAc GalNAc Fuc NeuAc

~40% ~20% ~8% ~10% ~5%

Although Gal is the most common residue in GSL, only a few GSL are derived from 

GalCer compared to GlcCer, which makes up the majority of structurally diverse GSL [16].

Building blocks II and III represent a ceramide backbone composed of amide-linked FA 

at C2-position and C3-linked aliphatic chain to a sphingoid base via carbon-carbon bond. The 

backbone can vary in length of FA chains (usually C14-C30), degrees of unsaturation (i.e., 

the number and positions of double bonds), potential branching, and the presence of 

a-hydroxyl group. Additionally, amide-linked FA can sometimes also have a- or ro- hydroxyl 

group [2,7]. The predominant sphingoid bases found in most mammalian cells are 18:0;O2, 

18:1;O2, and 18:0;O3 [51,52] together with minor 18:2;O2 (e.g., plasma [53]) and 18:1;O3 

(e.g., skin ceramides [54,55]). This is in accordance with the preference of mammalian SPT 

for saturated FA(C16)-CoAs [56] combined with the abundance of palmitoyl-CoA [51,52]. 

Nevertheless, other sphingoid bases (i.e., C14-C26) have been also reported [57-59].

FAs are one of the major constituents of ceramides and information about their structure 

and cellular levels are also pivotal to fully understand many (patho)physiological properties of 

lipids. A simplified synthesis of FAs in mammals is depicted in Fig. 10. FAs of the n-7 and 

n-9 families, along with saturated FAs, are produced by the cellular machinery (Fig. 10A). 

Conversely, FAs of n-3 and n-6 families (Fig. 10B) are absent in mammals, thus, they can 

only be synthesized from their respective precursors obtained from dietary sources [60].
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Fig. 10: Simplified synthesis of fatty acids in mammalian cells (modified from [60]).
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The high degree of structural variations derived from the heterogeneous elongation of 

glycan chains covalently linked to the diverse ceramide backbones that can be assembled into 

countless combinations gives rise to an astonishing number of structurally distinct molecular 

species. The remarkable structural diversity of mammalian GSL, including >60 different 

sphingoid bases [7,61,62] and >300 distinct glycan chains [63], has been characterized and 

addressed on a number of omics websites (Table 5). Recently, considerably higher structural 

complexity of the glycosphingolipidome than previously anticipated was revealed together 

with additional cell- and tissue-specific structural heterogeneities found in both ceramide and 

glycan moieties. Most recently, the structures of major GSL glycans discovered in nature 

have been surveyed and listed by Guo [64]. Accordingly, it is likely that the >3000 unique 

GSL listed in the Lipid MAPS database are underestimated, as many GSL remain undetected 

or uncharacterized. It should be stressed that multiple evidence suggest that the ceramide 

backbone can affect the function of the glycan moiety, highlighting the importance of 

analyzing GSL in their native form to understand their biological functions [65].

Table 5: List of common omics-based websites.

Name Website
LIPID MAPS https://www.lipidmaps.org/
SphinGOMAP http://www.sphingomap. org/
The Japanese Lipid Bank https://lipidbank.jp/
Glycoforum https://www.glycoforum.gr.jp/
The Consortium for Functional Glycomics http://www.functionalglycomics.org/
The Complex Carbohydrate Research Center https://ccrc.uga.edu/

1.1.3 Classification and nomenclature

GSL are classified based on their charges into neutral, acidic, and basic. Neutral GSL 

(N-GSL) include cerebrosides (1 sugar) and globosides (> 2 sugars), while acidic GSL 

(A-GSL) are subdivided into sialic acid-containing GSL called gangliosides and sulfated GSL 

called sulfatides with sulfate group at C3 hydroxyl of Gal. In contrast, basic GSL are rare [8].

Besides, the majority of GSL molecules are also classified based on their core structure 

called “series” (Table 6). The major series in vertebrates are ganglio, globo, and neolacto 

series, whereas in invertebrates the mollu and arthro series with mannose dominate [5,8].
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Table 6: Classification of GSL according to their oligosaccharide core and their localization.

Core structure
GSL series Predominant occurrence

Ganglio
Globo
Isoglobo
Lacto
Neolacto
Mollu

Arthro

Gg brain

Gb erythrocytes

iGb
Lc secretory organs

nLc hematopoietic cells

Mu invertebrates

At invertebrates

IV III II I

Generally, there is a need for a comprehensive and standardized nomenclature for lipids 

that are routinely analyzed by mass spectrometry-based methods. A uniform nomenclature is 

crucial for the unambiguous interpretation of lipidomic data and further progress of this 

evolving omics discipline. Adopting such a unified naming convention would facilitate 

automated data acquisition and import into databases with only minimal data processing [6 6 ]. 

As a result, the International Lipidomics Society (ILS, https://lipidomicssociety.org/) and the 

Lipidomic Standards Initiative (LSI, https://lipidomics-standards-initiative.org/) have recently 

been established in close collaboration with LIPID MAPS [67,68] to develop unified 

guidelines for the interpretation of lipidomic data across the lipidomic community.

Researchers need to know certain information about the levels of structural resolution of 

individual lipid species obtained by mass spectrometric analysis along with additional data to 

explain the shorthand annotation. These data should at least include the measured m/z values 

of the intact lipid species, characteristic adduct ions and fragment ions used for identification 

together with retention time if chromatography is applied [6 6 ].

There are many ways of naming and depicting GSL. Commonly, it is recommended to 

use the International Union of Pure and Applied Chemists (IUPAC) nomenclature [69], which 

is also followed by LIPID MAPS consortium. The LIPID MAPS annotation of GSL [4] in 

addition to updated versions published by Liebisch et al. [66,70] is followed throughout this 

work. GSL are annotated by (sub)class shorthand notation, followed by a space and number 

of C-atoms:DBE;O-atoms of the sphingoid base and N-linked fatty acyl residue mutually 

separated by a slash (e.g., LacCer 18:1;O2/16:0). If the composition of the ceramide is not 

known, then the composition of the ceramide backbone is given in abbreviated form as the 

sum number of C-atoms:DBE;O-atoms (e.g., LacCer 34:1;O2) (Fig. 11).
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Fig. 11: Example of shorthand annotation of lactosylceramide (LacCer 18:1;O2/16:0).

Moreover, complex GSL are more easily understood from the explicit structure obtained 

from drawing software (e.g., ChemDraw) or using glycan symbols (e.g., GlycoWorkbench). 

Symbols for graphical representations of glycans used in this work follow the Symbol 

Nomenclature for Glycans (SNFG) [71,72] that have been widely adopted and anchored by 

the Consortium for Functional Glycomics and the Kyoto Encyclopedia of Genes and 

Genomes (http://www.functionalglycomics.org/fg/, http://www.genome.jp/kegg/glycan/) .

The nomenclature for gangliosides is too complex for daily use. Thus, gangliosides are 

usually referred by specific shorthand notation, where the first letter “G” refers to ganglioside, 

the following letter correspond to the number of sialic acids (i.e., A, asialo-; M, monosialo-; 

D, disialo-; T, trisialo-; Q, tetrasialo, etc.), and the last numeral is calculated as 5-n, where 

‘n’ refers to a number of monosaccharide units. The number of sialic acid (SA) residues 

linked to the internal Gal classify the gangliosides into 0- (no SA), a- (one SA), b- (two SA), 

or c-series (three SA) (see Fig. 7). It should also be noted that all sialylated GSL are well 

known as gangliosides regardless of whether they are based on the ganglio-series core 

structure [73].

1.1.4 Biological functions

GSL are bioactive effectors with many intriguing and versatile roles in cell physiology 

and pathophysiology. Their functions are largely governed by the glycan head group. In 

addition to being major constituents of cell plasma membranes, they also play a role in the 

organization of membrane microdomains (Fig. 12A), provide a rigid barrier for the separation
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of cellular organelles, and are essential for the development of multicellular organisms. GSL 

also serve as energy storage necessary to ensure many biological processes [2,19].

GSL are unique molecules preferentially expressed on the cell surface, making them 

readily accessible. GSL functions generally fall into two major categories. The first one is 

modulating activities of receptors residing on the same plasma membrane (i.e., cis-regulation) 

(Fig. 12B-C). The second one is regulation of cell-cell interactions through binding with 

external molecules of extracellular matrix, soluble ligands or membrane receptors (i.e., trans­

regulation) (Fig. 12D) [74]. Both extra- and intra-cellular signaling processes and their 

interconnections are regulated by GEMs, cluster platforms moving in the fluid bilayer of the 

membrane [75].

A CB D

Cytosol

Organization of Direct regulation of Signal transduction Intercellular contact
microdomains receptors

I  Protein $ Cholesterol *
\

IgM

GSL Phospholipid Palmitoylated proteinVJ__________________________ ____/

Fig. 12: Illustration of various GSL functions (adopted and modified from [76]).

As a result, GSL play a vital role as key transmembrane receptors via protein-protein, 

carbohydrate-carbohydrate, or protein-carbohydrate interactions. Specifically, GSL may serve 

as binding ligands or adhesion receptors for various proteins (e.g., antibodies, lectins) [77], 

cellular molecules (e.g., hormones), microbes (e.g., bacteria and viruses) [78,79], and 

microbial products (e.g., bacterial toxins) [80,81]. Glycan-binding proteins called lectins are 

classified into three major groups, namely selectins, siglecs, and galectins. Lectins are widely 

used in immunology due to their ability to recognize and bind specific glycans. The functions 

and binding properties of lectins are summarized in Table 7 [82]. GSL act as modulators of 

signal transduction and messengers in cell signaling [83-88].
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Table 7: Functions and properties of lectins [89-91].

Lectins Bind to glycans with Function
Selectins NeuAc and Fuc Major mediators of cell-cell adhesion and migration
Siglecs NeuAc Regulate cell adhesion, cell signaling, etc.

Galectins ß1,3- or ß1,4-linked 
Gal to GlcNAc

Regulate cell growth, differentiation and adhesion 
Induce T-cells apoptosis -> immunosuppression

It should be noted that GSL may not always be fully accessible. Glycan chains can also 

be hidden in a tangle of membrane (glyco)proteins or masked by sialylated glycoconjugates 

located in close proximity to GSL, which lead to reduced accessibility [92]. Furthermore, 

a few studies support the idea that GSL affect the cell cycle [93] and cell growth via 

inhibition or promotion of growth factor receptors, such as tyrosine kinase [94-96]. Studies 

have also reported the involvement of GSL in apoptosis [97-99] similar to cell-induced 

production of elevated levels of Cers in pathways leading to cell death [100]. Namely, 

increased levels of Sph, Cer, and dHCer, intermediates in GSL biosynthesis, are often linked 

with induction of cell cycle arrest and/or cell death, whereas increased levels of Sph-1-P, Cer- 

1-P, GlcCer, and LacCer are associated with increased cell survival and proliferation [101].

Gangliosides are found in almost all tissues, especially in membranes of the central and 

peripheral nervous system (make up to 6 % of total lipids), where they form multi-layered 

membrane insulation called myelin that envelops nerve axons and allow rapid nerve 

conduction. They are predominantly found in the brain (>50% of the total glycoconjugates), 

where more than 90% of mammalian brain gangliosides is represented by GM1, GD1a, 

GD1b, and GT1b [102]. Gangliosides and other GSL have been shown to have crucial 

regulatory roles during embryogenesis and differentiation [103] resulting in several expressed 

GSL identified as stage-specific embryonic antigens (SSEA, see Table 8) [104].

Table 8: Stage-specific embryonic antigens (SSEA).

SSEA SSEA-1 SSEA-2 SSEA-3 SSEA-4
GSL structure Lex unknown Gb5Cer S-Gb5Cer

Next, normal extraneural-human tissues mainly express ’’simple” gangliosides from

0 - and a-series, while “complex” gangliosides from b- and c-series are primarily synthesized 

in developing tissues, during embryogenesis, and mainly restricted to the nervous system of 

healthy adults [102]. Moreover, ganglioside-associated suppression of the activity of several
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immune cells is well documented in several studies, e.g., downregulation of T- and 

B-lymphocytes activity and/or natural killer cell cytotoxicity [105-107]. Furthermore, GM3 

and GD3 gangliosides were found to constitute ~65% of the total amount of gangliosides in 

the epidermis and dermis, with GD3 content increasing with age [108]. Similarly, SM4 

sulfatides and their precursors GalCer are predominantly expressed GSL of oligodendrocytes 

and Schwann cells in central and peripheral nervous system [16,109]. GlcCer, constituting 

about 4% of the total epidermal lipid mass, together with Cers with long ro-hydroxy fatty acyl 

chains (C30-C36), are essential components of the skin that have key roles in normal 

functioning, such as a protective barrier against foreign substances and maintaining water 

impermeability [110,111]. The current knowledge on GSL indicates that they have 

membrane-organizing functions, while certain GSL species interact with specific proteins 

and/or lipids [112]. In addition, GSL expression is tightly regulated during development and 

differentiation, however, when GSL metabolism is dysregulated, specific GSL are expressed 

under certain pathophysiological conditions. Indeed, dysregulation of GSL metabolism has 

been found to play an important role in various diseases including cancer.

1.1.5 Association of GSL with disease

Lipidomics has tremendous potential to improve our understanding of pathophysiological 

conditions. Numerous perturbations of lipid metabolism have been identified as key factors in 

the onset and progression of a diverse array of conditions. Several lipids have already been 

proposed as diagnostic or prognostic markers, however, none of these have been translated 

into clinical trials principally because of the lack of large population-based studies [113].

Glycosylation represents the major post-translational modifications of biomolecules in 

eukaryotic cells that take place in the GA and ER via catalyzed action of GTFs, whose 

expression and function are tightly regulated in each cell, resulting in the formation of two 

major types of O-linked and/or N-linked glycoconjugates. Glycans are commonly covalently 

attached to proteins (i.e., glycoproteins, proteoglycans, GPI-linked proteins), lipids (i.e., 

glycolipids,), or other organic compounds [114,115]. Over the past decades, altered cell- 

surface glycosylation has been observed in many pathophysiological processes, leading to a 

large number of human diseases including cancer. Altered glycan structures are also often 

accompanied by the expression of tumor associated antigens (TAAs) that help cancer cells 

evade the immune system. These alterations in GSL profiles are mainly attributed to the gene 

expression dysregulation of glycosyltransferases [75].
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GSL and diseases

Impacts of the simplest GSL, GlcCer and GalCer, on health and disease have been 

reviewed in detail by Reza et al. [116] with other more complex GSL described below. GSL 

have been shown to be implicated in the pathogenesis of various diseases, such as 

glycosphingolipidoses (reviewed in Table 9), autoimmune diseases (reviewed in Table 10), 

infectious diseases (reviewed in Table 11), diabetes, and cardiovascular diseases [117].

Glycosphingolipidoses, also termed lysosomal storage disorders, are the most common 

subgroup of inborn metabolic disorders caused by mutations in GSL catabolizing enzymes, 

defective transport molecules or dysfunctional accessory proteins. This leads to the blockage 

of specific GSL degradation pathways in lysosomes followed by their accumulation (Fig. 13). 

Glycosphingolipidoses represent a group of severe diseases manifested by a progressive 

neurodegenerative course accompanied by neuronal apoptosis (i.e., neuropathy) with 

a relatively high collective frequency of 1:18,000. GSL are abundantly expressed in the 

nervous system, mainly gangliosides. Brain is frequently affected by the storage, e.g., GM1-, 

GM2-, and GM3-gangliosidoses (Table 9) [102,118-121].

Table 9: Overview of (glyco)sphingolipidoses [118-120,122-125].

Disease Defected enzyme Accumulated lipids
GM1-gangliosidosis GM1-P-galactosidase GM1, GA1,
GM2-gangliosidosis: Tay-Sachs disease P-hex o saminidase A GM2

Sandhoff disease P-hexosaminidase A,B GM2, GA2, Gb4Cer
GM3-gangliosidosis: Sialidosis sialidase GM3
Gaucher disease GlcCer-P-glucosidase GlcCer, GlcSph
Krabbe disease GalCer-P-galactosidase GalCer, GalSph
Fabry disease a-galactosidase A Gb3Cer, Ga2Cer
Farber disease acid ceramidase Cer
Metachromatic leukodystrophy arylsulfatase A SHexCer
Niemann-Pick type A and B acid sphingomyelinase SM

Another problem associated with the excessive storage of GSL is their susceptibility to 

N-acylsphingosine deacylase (acid ceramidase), a lysosomal enzyme allowing the cleavage of 

the N-linked fatty acyl from ceramide backbone, ultimately leading to the formation of lyso- 

glycosphingolipids species (i.e., lyso-GSL), whose fate is also determined by the existence of 

other non-lysosomal catabolic activities [1 2 1 ].
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Thus, most efforts aiming to fight these diseases have focused on enzyme replacement or 

substrate reduction therapies with the ultimate objective to balance the rates of synthesis with 

the impaired degradation, thus preventing accumulation of GSL. For example, intravenous 

enzyme replacement has been successful in treating Fabry and Gaucher disease [118].
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Fig. 13: GSL catabolism and mutual connection of lysosomal storage disorders [118,119].

GSL may also act as antigens for circulating antibodies in various autoimmune diseases 

in humans, affecting the nervous system. Several anti-ganglioside antibodies are expressed in 

a wide range of peripheral neuropathies including Guillain-Barré syndrome, Miller-Fisher 

syndrome, multifocal motor neuropathy, chronic idiopathic ataxic neuropathy, and acute 

motor axonal neuropathy (Table 10) [126-128].
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Table 10: Selection of autoimmune diseases (peripheral neuropathies).

Autoimmune disease Antibody produced against
Guillain-Barré syndrome GM1a, GM1b, GM2, GD1a, GQ1b, SGalCer, S-nLc4Cer
Miller-Fisher syndrome GT1a, GQ1b
Multifocal motor neuropathy GA1, GM1a, GD1b
Acute motor axonal neuropathy GM1, GD1a
Chronic ataxic neuropathy GD1b, GD2, GD3, GT1b, GQ1b

Although the role of anti-GSL antibodies in the pathogenesis of those neuropathies is 

not fully understood, they are probably caused by mechanisms involving selective damage to 

motor neurons or sensory neurons [129], disturbances of ion channels function [130], and 

inhibitions of remyelination resulting in degeneration of axons (Fig. 14) [131,132].

(Re)myelination Demyelination Damaged Axonal degeneration
oligodendrocytes

Myelin
debris

Fig. 14: Inhibition of remyelination in neuropathies (modified from [133]).

GSLs also function as binding sites or receptors for viruses, bacteria, and their toxins 

(Table 11). One of the well-studied examples is cholera toxin (from Vibrio cholerae) 

expressing a sialidase that removes terminal Neu5Ac from GSL of the intestinal epithelia 

cells and heat-labile enterotoxin LT-I (from Escherichia coli). These toxins consist of an 

A-subunit (catalytic activity) and pentameric B-subunit (binding activity) with a high binding 

affinity for GM1 ganglioside, resulting in massive secretory diarrhea [134-138]. Heat-labile 

enterotoxins of type LT-IIa, LT-IIb, and LT-IIc were also found to bind other gangliosides 

including sialylated nLc-GSL [139]. Moreover, globoside has been reported as binding ligand 

of Shiga toxins produced by E. coli [140-142]. Sialic acid-binding lectins from Helicobacter 

pyroli recognize complex gangliosides and cause gastric ulcers and infect the gastric lining 

[143,144]. Among others, LacCer has been reported as an adhesion receptor for H. pyroli 

[145]. Roche et al. [146] described the binding of H. pyroli-produced vacuolating cytotoxin to
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GlcCer, GalCer, Ga2Cer, LacCer, and Gb3Cer. The binding ability to short-glycan GSL leads 

to a tight membrane attachment that may simplify the incorporation of the toxin into the cell. 

Interestingly, bacteria, viruses, and toxins can also be inactivated after binding with GSL 

provided exogenously in the diet to prevent the translocation of microorganisms into the 

internal environment [147].

Table 11: Selection of infectious diseases linked with gastrointestinal tract.

Disease Pathogen GSL involved Reference
Cholera V. cholerae (cholera toxin) GM1 [135,136]

Severe
diarrhea

E. coli GM1, GM2, GM3, GDI, GT1, [138,139]
(heat-labile enterotoxins) S-nLc4, S-nLc6 , S-nLc8

E. coli (Shiga toxins) Gb3Cer [142]

Gastritis and 
gastric ulcers

H. pyroli
(vacuolating cytotoxin)

S-nLc6 , S-nLc8 , S-dimeric-Lex 
Glc-/Gal-Cer, Ga2Cer, Gb3Cer 
LacCer

[144]
[146]

[145,146]

GSL and cancer

It is well-known that GSL impact cancer cell energy metabolism. Accelerated uptake of 

nutrients is essential for the production of new biomass to sustain increased cell proliferation. 

A large number of clinical studies have repeatedly reported altered glycosylation patterns as 

a common feature of carcinogenesis. The dysregulation of glycosyltransferases, such as 

fucosyltransferases (FUTs) [148] and sialyltransferases (SATs), [149] that are involved in the 

modification and termination of GSL, have been reported. Thus, aberrant glycosylation with 

associated enzymes and the shift from type 1 (Lc-series) to type 2 (nLc-series) GSL are now 

widely accepted as one of the hallmarks of tumor initiation and progression [150].

Altered GSL patterns observed in tumors initially depend on an enzyme called 

glucosylceramide synthase (GCS), which is responsible for the formation of the simplest 

GSL, GlcCer. Upregulation of GCS has been shown to lead to a depletion of Cer pools, which 

would otherwise exhibit cytotoxicity, by conversion into GlcCer. Many agents, such as 

physical stress (e.g., heat shock, ionizing radiation), anticancer drugs (e.g., cisplatin), 

cytokines, or hormones, can trigger cell cycle arrest and apoptosis by increasing intracellular 

ceramide levels via exogenous delivery, stimulation of de novo synthesis, or inhibition of 

ceramide metabolism for the biosynthesis of complex sphingolipids. Cer is known to play an 

important role in the regulation of cell fate by being directly involved in the regulation of
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mechanisms controlling growth arrest. Therefore, Cer has emerged as a critical mediator of 

blockage of specific survival signaling pathways that are typically triggered by kinases or 

growth factors. Consequently, cytotoxic drug-induced accumulation of Cer can target tumor 

cells apoptosis and become an attractive chemotherapeutic strategy. However, the cytotoxicity 

can be significantly suppressed by elevated GCS activity caused by cancer cells aiming to 

escape apoptosis. Thus Cer, GlcCer, and GCS are key players in cancer [104,151-156].

Dysregulated glycosylation is also closely associated with the development of multidrug 

resistance (MDR) in cancer chemotherapy through the establishment of an apoptosis-resistant 

phenotype. Resistance to drugs can be either mediated by already existing factors in tumor 

cells or acquired during therapy (e.g., novel mutations or adaptive responses) [156].

Simple GSL can be further modified by various GTFs including SATs (sialylation) and 

FUTs (fucosylation). For instance, ganglioside-enriched profiles have been associated with 

apoptosis-resistant behavior, along with markedly up-regulated sialidase-3 in some types of 

cancer [156]. Moreover, healthy human tissues exclusively contain NeuAc, however, NeuGc 

is expressed in certain tumors and human fetal tissues, hence, it is referred to as an oncofetal 

antigen [92]. Additionally, sialylation of the type 2 chain takes place extensively compared to 

the type 1 chain resulting in the production of terminally a2,3-sialylated structures [157].

Remarkable alterations in GSL expression can particularly be observed in human brain 

tumors. Glioblastoma multiforme, the most malignant brain tumor, is characterized by the 

accumulation of GM3 and GD3 gangliosides together with increased levels of newly 

synthesized globo- and lacto-series GSL, while brain-typical complex gangliosides are 

completely absent [158]. Furthermore, b-series gangliosides, specifically GD2 and GD3, have 

been reported to enhance the malignant properties of cancer cells in various cancers. For 

example, GD3 ganglioside has been identified as a melanoma-specific antigen resulting in 

a high amount of GD3 in melanoma cells compared to levels of GD3 expressed in 

melanocytes, a normal counterpart of melanoma cell, suggesting that GD3 might play an 

important role in the transformation of melanocytes into melanomas [159]. On the other hand, 

a-series gangliosides, such as GM1, GM2, and GM3, often suppress malignant properties of 

various cancer cells. This implies that GD3 synthase represents a key enzyme determining the 

cell phenotypes based on the ganglioside expression patterns (Fig. 15) [77].
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Fig. 15: Distinct roles of various gangliosides in cancers (modified from [77]).

Fucosylation, one of the most important glycan modifications in cancer, was first 

reported by Hakomori’s group [157,160]. It has also been reported that FUTs are elevated in 

various malignancies. Both FUT1 and FUT2 have been shown to have a pivotal role in cancer 

cell progression [161,162]. Similarly, the upregulation of FUT4 [163], FUT5 [164], FUT6  

[165], and FUT7 [166] promotes proliferation of cancer cells and obstructs their apoptosis 

[167], highlighting the importance of impaired fucosylation during malignant transformation.

Fucosylation contributes to the expression of ABH and Lewis antigens in cancer cells, 

and these antigens may represent potential biomarkers in cancer diagnosis. ABH antigens are 

typically absent from glyco-lipids/proteins of tumor tissues despite being found in the 

adjacent normal tissues. In many cases, the loss of ABH antigens from tumor cells, especially 

A and/or B antigens, arises from reduced or vanished activity of A- and/or B-transferases. 

This results in the accumulation of H, Lea, Lex, their sialyl derivates (i.e., S-Lea or S-Lex), and 

also Leb and Ley, which is in line with the increased fucosylation. Furthermore, both SLea and 

SLex have been associated with an increased ability to develop metastases and poor survival 

of the patients[168]. In the very rare Bombay phenotype, mutations in both FUT1 and FUT2 

result in individuals lacking all ABH antigens. Consequently, knowledge of the distribution of 

these antigens in normal tissues is of importance for the evaluation of tumor-associated 

alterations [40,168]. The mechanisms underlying the tumor-specific glycosylation changes 

are not yet fully understood and should be investigated in more detail [169].

Dysregulation of GSL in various cancers has previously been review by Zhuo et al. 

[170], Hakomori [171], Hakomori and Zhang [172], and Russo et al. [155]. However, more 

comprehensive overview of the GSL involved in the pathogenesis of a variety of cancers is 

summarized in Table 12.
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Table 12: List of upregulated ( |)  and/or downregulated ( |)  GSL for various types of cancer.

Dysregulated GSL Cancer type [reference]
SU

LF
A

TI
D

ES
SHexCer
(SM4)

Kidney cancer t [173-175] j [173,176,177], colon cancer t j  [178], 
ovarian cancer t [179]

SHex2Cer
(SM3) Kidney cancer t [173,175,176,180], liver cancer t [181,182]

6 -HSO3-GSL Colon cancer [183]

GM1 Colorectal cancer j [184], lung cancer t

GM2 Melanoma t [185-188], gastrointestinal cancer t [189], lung cancer 
t [190], breast cancer t [191], pancreatic cancer t [192]

GM3(NeuAc)
+ de-Ac-GM3*

Melanoma t [185,186,193], lung cancer t [194], kidney cancer t 
[174,195,196], leukemia t [197] j [149], bladder cancer j [198], 
ovarian cancer j [199], colorectal cancer j [200], melanoma* t 
[2 0 1 ,2 0 2 ]

GM3(NeuGc) Glioblastoma t [203], breast cancer t [204], lung cancer t [205], 
colon cancer t [206], multiple cancer types t [207]

GM4 No reference found
GD1a Prostate cancer t [208], breast cancer t [191], colon cancer j [184]

G
A

N
G

LI
O

SI
D

ES

GD1b Glioblastoma t [209] j [203], breast cancer [210]
GD2
+9-O-Ac-GD2*

Melanoma t [185,186,211,212], neuroblastoma t [213-219], 
osteosarcoma t [220], sarcoma t [221], lung cancer t [194,222], 
breast cancer t [191,223-226], retinoblastoma t [227]

GD3
+9-O-Ac-GD3*

Melanoma t [159,185,186,193,228-231], osteosarcoma t [220], 
sarcoma t [221], leukemia t [232], breast cancer t 
[191,204,223,224], glioma t [233,234], glioblastoma t [203], 
ovarian cancer t [235], neuroblastoma t [212], lung cancer* t 
[236,237]

GT1b Glioblastoma j [203]
GT2 No reference found
GT3 Breast cancer t [224]

S-Gb5Cer Prostate cancer t [238,239], breast cancer t [240], glioblastoma t 
[241]

S2-Gb5Cer Kidney t [242-244], prostate cancer j [245], liver cancer t [246]
S-Lc4Cer Glioma t [233,247], lung cancer t [248]
S2-Lc4Cer Glioma t [247]
S-nLc4Cer Prostate cancer t [208]

N
-G

SL

GlcCer Kidney cancer j [249], leukemia j [250]
GalCer Ovarian cancer t [179]

a-GalCer Leukemia j [251], lung cancer j [252,253], melanoma j [254,255], 
colorectal cancer j [256,257]
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... table continues

N
-G

SL

LacCer Kidney cancer t [196,249], prostate cancer t [258], breast cancer t 
[259]

Lc3Cer Leukemia t [197], ovarian cancer t
Lc4Cer Human embryonal carcinoma t [260]
nLc4Cer Leukemia t [197], ovarian cancer t [261]
Gg3Cer No reference found
Gg4Cer Prostate cancer t [262,263], breast cancer j [264]

Gb3Cer
Burkitt's lymphoma t [265,266], breast cancer t [267] j [191], 
colon cancer t [268-271], ovarian cancer t [272], testicular cancer 
t [273], gastrointestinal cancer t [274,275], lung cancer t [276]

Gb4Cer Gastrointestinal cancer t [274], colorectal cancer t [270,277]

Gb5Cer Lung cancer t [278], testicular cancer t [279], breast cancer t 
[280,281], colorectal carcinoma t [282]

P1-5 Ovarian cancer t [283], gastric cancer t [284]
PX2-5 No reference found

Fu
co

sy
la

te
d 

an
d 

fu
co

sia
ly

la
lte

d 
G

SL

H5
(Fuc-(n)Lc4Cer) Colon cancer t [285,286]

Globo H 
(Fuc-Gb5Cer)

Breast cancer t [259,280,287], ovarian cancer t [288], thyroid 
cancer t [289]

Lea No reference found

Lex Colon cancer t [157,172,286], bladder cancer t [290], gastric 
cancer t [172], breast cancer t [157,172]

Leb Colon cancer t [285]
Ley Colon cancer t [285]
Lea-Lea Gastric and colon cancer t [157,172]
Lex-Lex Gastric, colon and breast cancer t [157,172]
Ley-Lex Lung, colon and pancreatic cancer t [172]
Fuc-LacCer Breast cancer t [259]
Fuc-nLc4Cer Breast cancer j [191]
Fuc-GM1 Lung cancer t [291-295], liver cancer t [246]

SLea
Lung cancer t [296,297], gastrointestinal cancer t [298], pancreatic 
cancer t [298], colon cancer t [298-300], breast cancer t [301], 
bladder cancer t [302]

SLex
Lung cancer t [297], colon cancer t [157,299,300] j [286], breast 
cancer t [301], liver cancer t [303], bladder cancer t [290,302], 
pancreatic cancer t [172]

SLeb Lung cancer t [296]
SLey No reference found
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Pancreatic cancer

Pancreatic cancer is one of the most frequent cause of cancer-related deaths worldwide 

despite the low lifetime risk of developing pancreatic cancer (~1.3% to age 70 years) [304]. 

Pancreatic ductal adenocarcinoma (PDAC) is an aggressive malignant epithelial neoplasm 

representing the most prevalent type of pancreatic cancer (accounts for >90% of cases). 

PDAC is also characterized by early distant metastases formation [304-307].

The global incidence of PDAC is higher in males compared to females (5.7 vs. 4.1 per

100,000 people) and varies among countries, with the highest incidence rates in Europe and 

North America [308]. It is also higher in developed countries than in developing countries 

[309]. The highest mortality rates belong to Europe and North America as well (7.2 and 6.5 

per 100,000 people), with at least 90% of PDAC deaths reported in patients aged > 55 years, 

indicating an increased onset of PDAC with increasing age [310]. Overall 1-year and 5-year 

survival is <20% and <10% [311,312]. In addition, the number of PDAC patients continues to 

increase globally with reported annual increase >1% [310]. These unfavorable facts rank 

PDAC as one of the most devastating cancer worldwide [313].

The development of PDAC is also strongly related to family history, genetic disorders 

(e.g., hereditary pancreatitis), complications (e.g., obesity, diabetes, chronic pancreatitis), and 

modifiable factors. All those factors have been reported to increase the risk of PDAC 

[310,314]. It has been reported that up to 10% of PDAC patients have an inherited genetic 

predisposition caused by specific mutations in multiple genes [315,316] and individuals with 

non-O blood groups have been associated with a higher risk of PDAC [317-319]. Life style 

habits, such as have been shown to increase the risk of PDAC, e.g., tobacco smoking or heavy 

alcohol consumption [320-324]. Additionally, eating red meat containing carcinogens, such 

as NO2-, NO3-, or N-nitroso compounds [325], and the exposure to chemical substances (e.g., 

chlorinated hydrocarbons) [326] have also been identified as risk factors of PDAC.

Unfortunately, the clinical manifestation of PDAC in the early stages is non-specific and 

usually without any symptoms. Therefore, even imaging of early-stage tumors by magnetic 

resonance imaging, computed tomography, positron emission tomography, or endoscopic 

ultrasound is very difficult. The diagnosis of pancreatic cancer thus relies on imaging methods 

and invasive procedures, such as tissue biopsies used for the final confirmation [327].

The pathogenesis of PDAC is a multi-stage mutation from normal pancreatic tissue 

followed by the formation of microscopic precursor lesions, such as pancreatic intraepithelial 

neoplasia (PanIN), that can eventually progress into invasive PDAC (Fig. 16) [304,313,328].
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’----------------------------------- 1------------------------------------'Pre-cancerous stages

Fig. 16: Histological development and progression of PDAC (adopted from [313]).

Roughly 60-70% of PDAC cases are located in the head of the pancreas and are usually 

diagnosed earlier than tumors arising from the body and tail, which are characterized by 

a worse prognosis [327,329]. Additionally, only about 2% of PDAC patients are diagnosed at 

the pre-cancerous stage (i.e., T0), or at an early stage (i.e., T1 and T2) [310,328]. Conversely, 

most of them (80-90%) are diagnosed at the locally advanced (i.e., T3) or metastatic (i.e., T4) 

stage, when the surgery is no longer an option (Fig. 17) [305,306,330].
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Fig. 17: Pancreatic cancer staging (adopted from [313] and https://immunoviainc.com/, accessed on 

January 11, 2023).

The tumor, node, and metastasis (TNM) system (Tables 13 and 14) is a widely adopted 

and universal staging system for solid tumors primarily intended for cancer surveillance, 

deciding eligibility for clinical trials, and guiding treatment and prognosis. The tumor size 

prognosis of PDAC is however not reliable due to unpredictable behavior compared to other 

solid tumors. Moreover, TNM system does not take into account the resection status [331].
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Table 13: T-staging system for solid tumors modified from [331].

T-stage (tumor size)
H o T1a T1b T1c T2 T3 T4b

__ < 0.5 cm 0.5-1 cm 1 - 2  cm 2 - 4  cm > 4 cm __

ano tumor lesions, btumor penentrates deep into the peritoneum or affect other organs

Table 14: N-staging system for solid tumors modified from [331] and M-category.

Another hallmark of PDAC is its extremely poor survival rate caused mostly due to the 

lack of reliable and effective diagnostic methods, a tendency to metastasize at an early stage, 

and high degree of resistance or tolerance against virtually any kind of available therapeutic 

options (i . e chemotherapy, radiotherapy, molecularly targeted therapy, and immunotherapy). 

Moreover, these traditional methods do not exhibit any significant improvements [332-334], 

which renders the development of novel treatment strategies one of the superior challenges in 

current oncological research. As a result, the effectiveness of PDAC treatment is primarily 

determined by the stage at the time of diagnosis and the possibility of resection (Table 14).

Table 15: Surgical resectability of PDAC tumors related to the tumor stage [304].

% of patients Tumour stage Surgical resection
1 0 - 2 0 T0, T1, (T2) resectable
30-40 T2 borderline resectable pancreatic cancer

T3 locally advanced unresectable pancreatic cancer
50-60 T4 unresectable (metastases)

Gemcitabine, capecitabine, paclitaxel, or 5-fluorouracil are commonly used 

chemotherapeutic medicaments together with FOLFIRINOX, a polychemotherapy regiment 

composed of folinic acid (FOL), 5-fluorouracil (F), irinotecan (IRIN), and oxaliplatin (OX)
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that is used for treatment of advanced and metastatic pancreatic cancer. Unluckily, these 

protocols are accompanied with relatively high toxicity and a number of side effects, thus 

complete surgical resection remains the only curative therapy [307,335]. Consequently, there 

is an urgent need for ( 1 ) the discovery of new and highly specific biomarkers enabling non­

invasive early diagnosis, such as those from plasma/serum, and/or (2 ) the development of new 

therapeutic strategies to overcome treatment resistance in order to improve the overall 

prognosis of PDAC representing a global public health issue that needs to be addressed [310].

The use of diagnostic biomarkers for the early detection of cancer is crucial for successful 

therapy, however, their development and implementation are challenging and slow. To 

improve the ability to detect pancreatic cancer at a curable stage, it is critically important to 

find accurate and reliable biomarkers or more effectual routes of treatment [336].

The most widely used biomarker of pancreatic cancer, carbohydrate antigen 19-9 (i.e., 

CA 19-9 or SLea-5), remains the only diagnostic biomarker approved by the U.S. Food and 

Drug Administration (FDA) in the clinical use for pancreatic cancer. However, it is 

recognized as a poor screening tool due to insufficient sensitivity, selectivity, and high risk of 

both false positive and false negative diagnoses [336-339]. It has been shown that CA 19-9 is 

not increased in approximately 25-35% of patients at the cut-off value of 37 U/mL [340]. In 

the two meta-analyses, CA 19-9 had a median sensitivity and specificity of 78% and 83% 

(~3000 patients, meta-analysis A [339]) and 79% and 82% (~2000 patients, meta-analysis B 

[341]). Moreover, CA 19-9 levels can be elevated even in individuals with benign conditions 

(~20%) and may therefore be difficult to distinguish from cancer patients [341,342]. 

Additionally, individuals with a negative Lewis blood type (~5%) do not elevate CA 19-9 

levels due to mutation in FUT3 gene as well [343]. Despite the limitation of the CA 19-9 test 

for the early diagnosis, CA 19-9 assays are applicable for monitoring of PDAC progression, 

recurrence, and/or therapy response. Extremely high levels of CA 19-9 are also indicative of 

metastatic disease [339,344]. We should also mention the work of Wolrab et al. [345], who 

developed a method for the early diagnosis of pancreatic cancer based on the lipidomic 

analysis of human serum. Remarkably, the method outperformed commonly used CA 19-9 

assays in terms of sensitivity and specificity (>90%), and provided comparable results to 

commonly employed imaging methods. Moreover, Zhang et al. [346] analyzed the expression 

profiles of glycosylation-related genes, in particular genes encoding GTFs. The obtained 

results suggest that O-glycosylation have more dominant role compared to N-glycosylation in 

pancreatic cancer. Last but not least, Abd-El Halim et al. [347] studied an expression profiles 

of 169 GTFs and identified a combination of 19 GTFs allowing to discriminate PDAC

49



patients with different clinical outcomes. This glycol-signature could further contribute to 

guide the clinical decision by predicting patient outcomes. Ultimately, a combination of 

several biomarkers could provide better performance than any individual marker, therefore, 

their combined use could not only improve diagnostic accuracy, but also shed light on 

molecular differences between tumors [340].

(Immuno)therapies

Tumours often actively shed high levels of specific GSL from the cell surface resulting in 

their accumulation in the tumor microenvironment, impairing the killing capacity of the 

immune system [76]. Consequently, GSL may serve as tumor-associated antigens (TAAs) and 

eventually be used as target molecules in therapies [171].

The principal approaches to fight against cancer are chemotherapy and radiotherapy, the 

efficacy of which depends on their ability to increase ceramide levels in tumor cells, leading 

to ceramide-mediated apoptosis. Though, drug resistance still remains a considerable problem 

that can severely limit the effectiveness of therapies [152,156]. There are also several types of 

(immuno)therapies, including glycosyltransferases inhibitors (e.g., glycomimetic drugs), 

glycan-based vaccines, monoclonal antibodies (mAbs), immune system modulators, and 

immune effector-cell therapy [91,348].

Notably, immunotherapy is a highly promising and rapidly evolving field representing 

a much more targeted approach using the immune system to treat cancer. Immunotherapy 

promises higher specificity while eliciting fewer side effects compared to traditional therapies 

like chemotherapy or radiotherapy [92]. However, the genetic instability of tumor cells should 

be taken into consideration, as tumor cells are able to rapidly adapt to changes in their 

environment. There are two major commonly applied approaches in clinical studies targeting 

GSL: passive and active immunotherapy [349]. On the one hand, passive immunotherapy is 

short-lived (i.e., requires repeated application) and is induced by supplying high amounts of 

effector molecules (i.e., tumor-specific antibodies or effector cells) to induce tumor antigen- 

specific response. On the other hand, active immunotherapy is long-lasting and vaccine- 

induced. The response can be further enhanced by unspecific stimulators, such as cytokines 

[172,350,351].

The most common available immunotherapeutics are mAbs or immune checkpoint 

molecules [348]. For instance, GD3 ganglioside is considered a melanoma-specific antigen 

[352] and has been used as a target of mAbs therapy and/or immune cell-mediated therapy for
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malignant melanomas [353,354]. The mAbs provide limited duration since tumor cells may 

escape immune surveillance by downregulating the targeted antigen. In contrast, pAbs 

targeting several epitopes could strongly reduce evasive potential, and may eventually prevent 

tumor escape. Transplantation of embryonic stem cells or any other allogeneic stem cells has 

shown the potential for the treatment of various human diseases through cell replacement 

therapy despite the possible immunological rejection of cells or their derivatives after 

transplantation, which is the major concern limiting their use in therapies [355].

A more extensive overview of the role of GSL in immunology is given in several reviews 

[356,357]. It is also predicted that glycan-based immunotherapies will be flourishing in the 

foreseeable future since the list of targets of commercially approved substances is limited and, 

moreover, these are almost exclusively protein molecules [348]. There have been numerous 

papers published on candidate biomarkers although this research is difficult and time­

consuming. The major assumption for the establishment of biomarkers in clinical practice is 

to proceed three steps with the sufficient number of samples, i.e., discovery, qualification, and 

verification. However, the vast majority of biomarker research does not advance the last step 

(verification) despite the reportedly excellent performance [358].

The major issues are the absence of the large number of case-control studies covering all 

risk groups and the inconsistent reporting of statistics making comparisons difficult. Once 

a biomarker test is developed, it should be first used to monitor high-risk patients followed by 

confirmatory tests, such as imaging, endoscopy, etc. Then, if the test shows a good 

performance, it could be used more broadly (e.g., in low-risk populations).

1.2 Sample pre-treatment and processing

1.2.1 Sample collection, storage and handling

Sample collection and storage are the first and one of the most critical steps how maintain 

the integrity of the sample. These pre-analytical steps should be performed thoroughly to 

ensure the reproducibility of the data, as up to 50% of laboratory errors can originate from 

this pre-analytical processing [359]. Various pre-analytical factors affecting the stability of 

plasma, serum, and urine samples were deeply reviewed by Stevens et al. [360].

Briefly, fresh biological samples should be used, but most biological samples are 

collected in hospitals and analyzed elsewhere rendering the storage of samples prior to 

analysis inevitable. Consequently, samples must be processed as quickly as possible and
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further kept either in cold or rapidly flash-frozen in liquid nitrogen and stored at -80 °C [361]. 

Lipids with unsaturated double bonds are specifically prone to variable chemical reactions, 

such as oxidation, peroxidation, enzymatic activity, and hydrolysis in the presence of water. 

A crucial matter is mainly the high susceptibility of FAs to degradation via peroxidation and 

their behavior related to temperature. The stability of lipids in human plasma and serum with 

respect to temperatures were previously examined [362,363] pointing out that biases may 

arise even when samples are stored at -80 °C, especially when stored for months, years, or 

decades. Specifically, non-polar lipids have been shown to be prone to change over time, 

while Cer and SM were relatively stable [362,363]. Furthermore, Kronenberg et al. 

demonstrated compositional changes in samples that had been stored for 24 months at -80 °C 

and that had undergone 1-3 freeze-thaw cycles, while, no difference was found between 

freeze-thaw cycles [364]. On the contrary, GSL are considered to be more resistant since their 

ceramide backbones are generally more saturated [361]. In addition, it has also been shown 

that certain biological matrices can be safely stored for years at -80 °C [365]. Next, 

ethylenediaminetetraacetic acid (EDTA) was found to be the preferred anticoagulant for blood 

samples [366]. It is also highly advisable to aliquot samples to avoid freeze-thaw cycles and 

fill the vials completely to minimize contact with oxygen that could potentially stimulate the 

lipid degradation [367,368].

Blood-derived samples, i.e., serum (Fig. 18A) and plasma (Fig. 18B) that can be obtained 

after clotting and/or centrifugation, are most commonly used samples in clinical studies since 

they can be easily obtained in a less invasive procedure and are considered to represent 

overall metabolic behavior. Other biofluids including urine, saliva, or cerebrospinal fluid are 

not commonly used because the lipid content is comparably lower [359,369].

As a consequence, proper storage conditions and handling protocols are key factors 

minimizing analytical errors and variability in samples. Nonetheless, there is still little 

information about specific storage conditions and handling protocols.
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Fig. 18: Preparation of plasma and serum form blood samples (modified from [360]).
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1.2.2 Homogenization

In order to ensure the homogeneity of the sample, the homogenization is usually 

necessary. The type of homogenization differs depending on the biological sample used. The 

homogenization of biofluids is not necessarily required, but it is crucial for solid samples, 

where the disintegration of complex and rigid cell walls is essential to access intracellular 

environment to facilitate the solvent penetration and extraction of lipids [361,370]. Several 

mechanical, chemical, and biological methods are used, including vortexing, centrifugation, 

ultrasonication, manual grinding, bead milling, or high-speed and high-pressure homogenizer 

[371]. Currently, the biggest gap in sample homogenization is the processing of solid samples, 

which require an additional step (e.g., slicing into smaller pieces, lyophilization), thus, is 

more labor-intensive and complex compared to biofluids that can be immediately aliquoted 

and frozen upon collection [372]. Major disadvantages and obstacles facing sample storage 

and homogenization were pointed out elsewhere [371,373,374].

1.2.3 Extraction and purification

Regardless of the analytical approach, the next crucial step for successful lipid profiling 

is their efficient extraction from highly complex biological matrices using an appropriate 

organic solvent mixtures along with the removal of interfering substances (e.g., salts, proteins, 

nucleic acids, sugars, and other small biomolecules) [361]. Generally, less abundant and more 

complex GSL are co-present with phospholipids and other substances with which they 

compete for ionization in. Consequently, these molecules must be removed during sample 

preparation [65]. In particular, the removal of phospholipids is important to reduce matrix 

effects and increase the ionization efficiency of GSL [361]. Thus, the extraction and 

purification (if necessary) are first critical steps toward their isolation and enrichment [375].

Due to the uniqueness of each sample, various extraction methods have been developed 

to isolate and enrich GSL from complex matrices [65]. Nonetheless, uniform extraction of 

GSL is challenging due to their structural complexity and heterogeneity, as well as different 

chemical stability and coverage of a wide range of polarities. Since GSL present the 

contradictory properties of being both hydrophilic and hydrophobic, they are rather 

amphiphilic than “lipid-like” biomolecules. These specific physicochemical properties must 

be taken into account during their isolation and purification [372]. Moreover, their abundance 

within the biological samples significantly varies. Therefore, it is crucial that the polarity of
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the solvent systems allows the simultaneous solubilisation of relatively hydrophobic GSL 

(e.g., cerebrosides), relatively hydrophilic GSL (e.g., globosides, complex GSL), and highly 

polar GSL (e.g., gangliosides and sulfatides) [376].

To date, no single extraction method is able to recover all lipid subclasses and species 

uniformly with a high recovery as reported by Reis et al.[375], thus relying on a single 

extraction method may fail to detect these molecules [65,375]. However, the recoveries of the 

major lipid subclasses are similar, and structural similarities do permit the use of many 

analogous techniques to extract a wide range of lipid subclasses [377]. The following 

subsections describe common extraction methods used in lipidomics.

Liquid-liquid extraction (LLE)

The most predominant extraction method used in lipidomics is liquid-liquid extraction 

(LLE). The extraction from biological samples is typically accomplished by the use of two- 

phase LLE based on the partitioning of hydrophobic lipids to an organic layer, while 

hydrophilic and/or ionic lipids and unwanted molecules (e.g., salts, proteins, nucleic acids, 

polar metabolites, and cellular debris) are partitioned to an interphase and aqueous layer. 

A variety of organic solvent mixtures is used for LLE extraction. The solvent mixtures 

typically consist of polar and less polar or non-polar solvent. The polar solvent disrupts the 

electrostatic forces and/or hydrogen-bonding network between proteins and lipids, while the 

other one mediates the diffusion and mass transfer of lipids across the cell wall. Therefore, the 

solvent polarity substantially influences the diffusion of lipids across the cell wall [371].

Specifically, the chloroform/methanol-based extraction systems introduced more than 

a half of century ago by Folch [378] and Bligh-Dyer [379] (Fig. 19A), generally regarded as 

“the gold standard”, are routinely applied. In these protocols, lipids are partitioned into the 

lower chloroform phase of the binary solvent system. Polar solvent, such as (e.g., MeOH, 

EtOH or iPrOH) are used to increase the solubility of the lipids in the organic phase [65,371]. 

These biphasic systems are able to recover wide range of lipids, however, sialylated and 

sulfated GSL or neutral GSL with at least four glycan residues mostly partition to the 

methanol-rich layer. On the contrary, neutral GSL with less than four glycan residues and 

other less polar lipids remain rather in the chloroform-rich layer. Thus, these methods do not 

provide effective recovery of the amphiphilic and highly polar GSL, as they generally require 

more aqueous portion [65,377]. The major drawback, besides the use of harmful chloroform, 

is the collection of the bottom layer, in which a glass pipette or a needle must penetrate the
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voluminous layer of insoluble residues at the interface of two phases. As 

a result, even a minute amount of these insoluble residues accidentally taken together with the 

chloroform layer can contaminate the lipid extract and eventually clog the HPLC tubing 

system, the chromatography column, or the electrospray interface of the mass spectrometer. 

These protocols usually require an additional micro-filtering step prior to analysis [372,380].

Over the years, several modifications and alternative strategies to these original protocols 

have been developed and evaluated to improve the extraction process along with overcoming 

the above-mentioned shortcomings. One of them is the method described by Matysh et al. 

[380] (Fig. 19B), which utilizes methyl tert-butyl ether (MTBE) and which was specifically 

developed for shotgun lipidomics of samples with excessive amounts of biological matrices. 

The MTBE method is generally similar to Folch and Bligh-Dyer protocols and provides 

comparable or better recoveries of lipid species [380]. However, Teo et al. [369] reported that 

MTBE method was able to extract only 10% of major polar lipids (e.g., glycolipids). 

Additionally, MTBE method greatly simplifies sample handling making the method faster and 

extracts cleaner since lipids are recovered into an easily accessible upper phase while non­

extractable residues resides at the bottom of the extraction vial. Additionally, MTBE is 

nontoxic, non-carcinogenic, non-corrosive and chemically stable, which reduces the 

environmental and health burdens [370,380].

Furthermore, single-phase butanol-methanol (BUME) extraction system firstly described 

by Lofgren et al. [381,382] and further modified by Alshehry et al. [383] (Fig. 19C) has been 

reported to provide a similar yield of lipids compared to traditional Folch and Bligh-Dyer 

methods. It should be also mentioned that Wong et al. [384] investigated the comparison of 

monophasic and biphasic extraction methods, which resulted in Alshehry’s single-phase 

method being able to extract more GPs and their lyso-derivatives compared to conventional 

biphasic extraction methods. Despite the good feasibility of single-phase extraction reducing 

picking up non-extractable residues, as well as the adaptability to capture a wide range of 

lipids of interests, the monophasic nature of the extraction does not allow the removal of polar 

and ionic impurities, leading to an increased risk of matrix effects and ion suppression.

Interestingly, Vale et al. [385] used a three-phase solvent system with two organic layers 

and one aqueous layer at the bottom for successful extraction of GLs, GPs, and SLs. Last but 

not least, non-polar lipids, such as free and esterified FAs, cholesterol, CEs, TGs, and DGs, 

are commonly extracted with non-polar solvents, such as hexane, toluene, hexane-iPrOH 

[371].
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Nonetheless, the use of alternative solvents do not exhibit significant differences in the 

recovery compared to the traditional protocols, but they rather minimize chlorinated solvents, 

such as carcinogenic and environmentally unfavorable chloroform [375,380,381,386,387]. In 

addition, spontaneous decomposition of chloroform yielding phosgene (COCh) and 

hydrochloric acid (HCl) may cause chemical modification of labile lipid species [388].
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Fig. 19: Schematic illustration of phase separation in common LLE methods (modified from [384] and [385]). 

(A, aqueous phase; O, organic phase; NR, non-extractable residues)

Over the past years, monophasic extractions like the Alshehry method, also simply 

termed as protein precipitation methods, have gained popularity and have been applied to the 

simultaneous analysis of polar and non-polar lipids and other metabolites. The one-phase 

extraction methods are generally faster, cheaper and less complex compared to conventional 

two-phase partition systems, and eliminates the risk of losses during transfer between phases. 

The extraction is usually achieved through simultaneous protein precipitation with a variety of 

organic solvents including methanol (MeOH), ethanol (EtOH), acetonitrile (MeCN), acetone 

(ACE), isopropanol (iPrOH), 1-butanol (BuOH), as well as their mixtures [361,384,389,390].

Although one-phase extractions provide high recoveries (>90%) of a wide range of lipids 

with high reproducibility (RSD<20%), highly non-polar lipids are not efficiently extracted as 

they can stick to the proteins and be lost due to their precipitation in polar solvents [361,389]. 

Furthermore, Sarafian et al. [390] have compared 8  extraction protocols and found out that 

one-phase extraction using iPrOH is the most suitable method for lipid profiling, providing
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similar results to those well-established biphasic methods. Additionally, one-phase extraction 

suffers from an inability to remove salts and other polar impurities, making it more prone to 

adverse matrix effects. Thus, the application of one-phase extractions should be limited to 

polar lipid classes or should be followed by a sample clean-up using liquid-liquid extraction 

(LLE) and/or solid-phase extraction (SPE) [361,372,389]. The brief summary of LLE 

methods used in lipidomic analysis is shown in Table 16.

Table 16: Overview of LLE methods used in lipidomic analysis

Method Solvent system (v/v) Phase separation 
(or reextraction) Phases Ref.

Folch
(1957)

CHCE/MeOH (2:1) +H2O or salt 
2 :1 :0 . 8

2 [378]

Bligh-Dyer
(1959)

CHCE/MeOH (1:2) +H2O
1 :2 :0 . 8

2 [379]

Cham
(1976) BuOH/DIPE (2:3) Separation induced by 

H2O in sample 2 [391]

Hara-Radin
(1978)

hexane/iPrOH (3:2) ~0.5M Na2SO4 
(~ half of volume)

2 [392]

Retra
(2008)

CHCE/MeOH (1:2) H2O + 0,5% 6 M HCl 
1 :2 :0 . 8

2 [393]

Matyash
(2008) MTBE/MeOH (10:3) +H2O

10:3:2.5 2 [380]

Hammad
(2 0 1 0 )

iPrOH/EtOAc/formic
iPrOH/EtOAc (3:17) acid

(3:17:1)
2 [366]

Lofgren
(2012,2016)

BuOH/MeOH (3:1) heptane:EtOAc:1% AA 
(3:1:4) 1 (2 ) [381,382]

Lydic
(2014) CHCl3/MeOH/H2O (1:2:0.74)

CHCl3/MeOH
(1 :2 )

1 [394]

Lee
(2014)

MeCN/iPrOH/H2O (3:3:2) 
ACE/MeOH (3:7)

1

1
[395]

Alshehry
(2015) BuOH/MeOH (1:1) 1 [383]

Vale hexane/MeOAC/MeCN/H2O 3 [385]
(2019) (4:4:3:4)

Horejsi
(2 0 2 1 ) EtOH/H2O (5:1) + C18-SPE 1 [396]
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Several extraction protocols also utilize acidification to improve the solubility of anionic 

lipids in the organic phase. However, care must be taken to avoid hydrolysis under long 

exposure times to concentrated acids, especially at elevated temperatures, to minimize the 

generation of possible artifacts [370]. Unfortunately, lipid species with hydrophilic glycan 

chains (e.g., gangliosides and sulfatides) or amphiphilic nature (e.g., complex neutral GSL) 

are mostly partitioned into the aqueous phase and/or are lost to the interphase, limiting the 

scope of many studies. Consequently, comprehensive lipidomic studies aiming to analyze 

a wide range of lipids with various polarities typically require more specialized extraction 

protocols [397], which may otherwise increase sample preparation time, analysis time, or 

introduce additional experimental errors. Furthermore, such extraction may not be feasible 

from limited amounts of biological samples, such as tissues or cells.

Solid-phase extraction (SPE)

Solid-phase extraction (SPE) is well-grounded method for the isolation and purification 

of selected lipids and enrichment of minor lipid classes as well [371]. The most frequently 

used SPE columns (Fig. 20) include normal-phase (e.g., silica, Fig. 20A), reversed-phase 

(e.g., C8  and C18, Fig. 20B), and ion-exchange (e.g., aminopropyl, Fig. 20C) columns. For 

instance, passing sample through C18 SPE column is the most convenient method removing 

interfering substances, such as salts and/or other water-soluble non-lipid contaminants [377]. 

It should be bear in mind that SPE has limitations, such as limited selectivity and/or 

sensitivity, and may adsorb matrix constituents as well, eventually leading to an increased 

matrix effects. SPE is also usually applied in combination with LLE as an additional clean-up 

step [361,369].

C8 phase silica phase aminopropyl phase

C18 phases (endcapped) C18 phases (uncapped)

Fig. 20: The most common sorbents used in SPE extractions (modified from [398]).
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Interestingly, ZrO2/TiO2-coated silica-based sorbents [399] have been reported to be 

useful for GSL isolation, with ZrO2 appearing to be superior to TiO2 particles as elution of 

SMs prior to GSL is not necessary in this case [400,401]. Furthermore, sulfobetaine-based 

zwitterionic sorbents and silica-based sorbents coated with TiO2 or ZrO2 particles (Fig. 21) 

have allowed selective extraction of GSL from phospholipids without the use of alkaline 

hydrolysis, using only the elution with 2,5-dihydroxybenzoic acid in MeOH. This method has 

shown to be useful for removal of especially alkali-resistant SMs and GPs possessing ether 

bonds [401,402]. More recently, Phree SPE columns (ZrO2-based) may be used for selective 

removal of phospholipids [403]. Additionally, graphitized carbon sorbent can be applied for 

glycan purification and desalting using water as a wash solvent followed by sequential elution 

of neutral glycans with 25% CH3CN and then acidic glycans with 25% CH3CN containing

0.05 M trifluoroacetic acid [404].

Fig. 21: Illustration of ZrO2/TiO2-coated silica [399,402] and sulfobetain zwitterionic sorbents [405].

There are also several other extraction methods that are not routinely used:
Solid-phase microextraction (SPME) using fused-silica fiber coated with an appropriate 

stationary phase may be used for the analysis of fatty acid methyl esters (FAME) and/or 

eicosanoides with either gas chromatography-mass spectrometry (GC-MS) or liquid 

chromatography-mass spectrometry (LC-MS). SPME allows highly efficient sample clean-up 

due to small volumes used, which is beneficial when the sample amount is limited or targeted 

compounds are low abundant [369]. Another method is supercritical fluid extraction (SFE). 

SFE is modern technique based on an increase in solvation power of a supercritical fluid 

above its critical values. The most popular supercritical fluid is CO2 because it is non-toxic, 

easily removable and has relatively low critical parameters (i.e., 32 °C and 7.4 MPa). SFE is 

more effective, in particular for hydrophobic lipids, compared to commonly applied LLE
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methods. However, polar lipids may be extracted if modifiers, such as MeOH, EtOH, H2O or 

other polar solvents are used to increase the polarity of the supercritical fluid [361,369]. 

Despite being not yet very popular in lipidomics with only a few studies published in dry 

blood spot [406,407], it is expected to be an ideal extraction method for modern clinical 

lipidomic studies. Next, ultrasonic-assisted extraction (UAE) applying ultrasonic energy to 

facilitate mass transfer between immiscible phases to improve extraction efficacy is usually 

combined with LLE method. The major advantages of the UAE are high reproducibility and 

time efficiency [408]. Then, microwave-assisted extraction (MAE) can be used for the 

analysis of FAs and FA esters as well, nevertheless, it is not generally applied in lipidomics 

due to potential degradation of thermally labile compounds [409]. Furthermore, Soxhlet 

extraction can be used in the case large amount of samples are available. Nevertheless, 

continuous heating can lead to oxidation and degradation of heat-labile compounds. A more 

detailed investigation comparing the efficiency of Soxhlet extraction using various extraction 

solvents for lipid analysis has been published by Ramluckan et al. [410]. Last but not least, 

relatively novel extraction approach called dispersive liquid-liquid microextraction (DLLME) 

can be used to enrich lipids from small volumes of aqueous samples. DLLME is based on 

ternary solvent system, where mixture of dispenser (e.g., CH3OH, CH3CN or (CHO2CO) and 

extraction solvent (e.g., CH2Q 2 , CHCb, CCU) is rapidly injected into the aqueous sample 

forming a cloudy solution of fine droplets. Then, the solution is centrifuged and sedimented 

solvent is collected and analyzed [411]. DLLME has several major advantages, such as

(1) simple operation, (2) inexpensive extraction, (3) environmentally friendly character, and 

(4) rapid and efficient extraction with high recovery. Nonetheless, no lipidomic study has 

used this approach to date [412].

1.2.3 Enzymatic digestion

The preparation of intact glycans from GSL has received substantial attention, and the 

emphasis on their detailed structural analysis, including information on the glycan sequence 

and linkage positions, is of long-standing interest since many biological functions of GSL are 

determined by their glycan head group. Moreover, complex GSL generally require multistep 

fragmentation to achieve stepwise cleavage of glycosidic bonds and ceramide moieties 

[376,413]. Specific glycan-detaching enzymes that cleave the P-glycosidic linkage between 

the oligosaccharide chain and the ceramide moiety of various GSL have been discovered.

60



Specifically, endoglycoceramidase (EGCase) [414], ceramide glycanase (CGase) [415], and 

sphingolipids ceramide N-deacylase (SCDase) [416] have allowed the digestion (Fig. 22).

3'-sialyllactose
(3'-SL)

(a) EGCase

^/EGCase

Fig. 22: Action of EGCase and SCDase on GSL (adopted and modified from [65,416]).

This platform for GSL head group profiling is preferred against harsh chemical methods 

based on ozonolysis [417] and Os-catalyzed peroxidate oxidation [418] followed by alkaline 

treatment, as these glycan-releasing methods cause various disruptions in the GSL structure. 

To permit the optimal enzymatic release of glycans from GSL, a reaction buffer containing 

detergent (e . g Triton X-100 or sodium cholate) is required. However, it has to be removed 

prior to subsequent isolation, purification and analysis of released glycans. Volatile buffers 

are preferred to avoid the inclusion of inorganic salts as well. It was also found that about 

1 0 % of organic solvents, such as dimethylsulfoxide, dimethylformamide, tetrahydrofuran, or 

ethyl acetate, can replace sodium cholate when using CGase and may be beneficial in 

inhibiting microbial growth during prolonged incubation time [413].

To date, three isoform species of EGCases are known to be derived from Rhodoccocus 

strains (i.e., EGCase I, II, and III) [419]. The substrate specificities of known EGCases for 

various GSL (sub)classes are shown in Table 17, where the extent of hydrolysis (0-100%) is 

determined for ~1-2 mU of the enzyme applied to ~2nmol of GSL in similar conditions as 

a heat map. The blank areas correspond to those GSL, whose enzymatic hydrolysis was not 

investigated within the respective work.
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Table 17: The extent of hydrolysis by EGCases for different GSL in various studies.

GSL
GA1
GM1a
GM2
GM3
GD1a
GD1b
GD3
GT1b
Fuc-GM1
GlcCer
GalCer
Gala-series
LacCer
Gb3Cer
Gb4Cer
GbsCer
S-nLc4Cer

Extent of hydrolysis

It can be inferred that EGCase I is able to effectively hydrolyze not only gangliosides, but 

also globo- and (neo)lacto-series GSL compared to EGCase II. Both EGCase I and II are not 

capable of hydrolysing sulfatides, GlcCer, GalCer and gala-series GSL. Moreover, globo- 

GSL are strongly resistant to hydrolysis by EGCase II compared to EGCase I. In contrast, 

EGCase III is the only enzyme allowing hydrolysis of gala-type GSL [419,421]. The ideal 

enzyme would have been the CGase from Macrobdella decora, which has a more universal 

hydrolytic activity toward GSL than the Rhodococcus endoglycoceramidase. However, the 

M. decora enzyme is no longer commercially available [423]. Thus, EGCase I is the best 

glycan-detaching enzyme for GSL to date and well-suited to a complex analysis of GSL 

[422]. Furthermore, it has also been shown that the extent of hydrolysis is largely dependent 

on the amount of enzyme used [419] and the incubation time [422].

62



It could also be feasible to employ a mixture of both EGCase I and II for complex glycan 

analysis [424]. Additionally, a type of anomeric linkage of the monosaccharide residue linked 

to Gal-GlcCer residue appears to affect susceptibility to the hydrolysis. Specifically, a-linked 

Gal to Gal-GlcCer residue of a globo-GSL can reduce substrate availability for EGCase II 

[419]. Han et al. [420] also showed that EGCase I and II possess several major structural 

differences in their substrate-binding cavities that could explain their different substrate 

specificities. Namely, EGCase I has an enlarged substrate-binding pocket that could 

accommodate more extended and/or branched oligosaccharides. Finally, the glycans released 

from the GSL are separated by Folch partitioning and enriched in the aqueous phase.

1.2.4 Alkaline hydrolysis

Since phospholipids are dominant lipids in cellular membranes, the mild alkaline 

hydrolysis using diluted sodium or potassium hydroxide in methanol is used to cleave ester 

linkages to eliminate major lipid classes, such as GPs, GLs, and sterol esters (Fig. 23), that 

are further removed by using silica-based column chromatography fractionation. On the 

contrary, core structure and glycosidic linkages between of GSL are under these mild alkaline 

condition quite stable [377,425,426]. As a result, this step efficiently removes major lipid 

contaminants significantly enhancing ionization and detection of GSL by LC-MS [65,427], 

which would otherwise be suppressed to a greater extent [370]. It should be bear in mind that 

O-acetylated derivatives are also alkali-labile and may be degraded as well, if they are present 

[377].

0 0
II II

h 2c; — o — c — r. H3C-O— C— R, H2(; — OH

o O
II OH' w II

HC— 0 — C— R, +  3 CH3OH H3C- 0 — c — r 2 + HC— OH
o -H20

0

II II
H2C— 0 — c — r3 H3C - 0 — c — r3

X01O
CM

X

Glycerolipids Methanol Fatty Acid Methyl Esters Glycerine

Fig. 23: Illustration of possible alkaline hydrolysis o f glycerolipids.
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1.2.5 Open column chromatography

The use of large amounts of starting material allows performance of multiple purification 

and sub-fractionation to isolate even a more complex GSL. Since the more complex GSL are 

generally very minor, there is a significant problem of contamination. Consequently, it is 

strongly recommended to remove highly abundant lipids, mainly alkali-labile phospholipids 

(see chapter 1.2.4 -  alkaline hydrolysis) and other contaminants from glycolipids and alkali- 

stable phospholipids (i.e., SMs) by, for instance, silica-based column chromatography [425]. 

The silica-based column chromatography is commonly carried out on silicagel 60 pre-soaked 

in appropriate solvent(s), then the sample is loaded onto the column, and finally purified and 

fractionated using various solvents with variable concentrations (e.g., gradient elution) [425].

In addition, weak anion-exchange chromatography using diethylaminoethyl(DEAE)- 

linked matrices (Fig. 24) is convenient to separate A-GSL from N-GSL using a 5% (w/v) 

LiCl in methanol. The obtained fractions can be further purified by various methods, such as 

dialysis with 3 kDA molecular weight cut-off membrane, solvent partition, C8/C18-SPE, 

silica gel chromatography, or gel filtration chromatography on Sephadex G-50 gel [425,426].

cellulose C---- CH,
H2 3

Fig. 24: Structure of DEAE-cellulose used as a weak anion-exchange sorbent.

1.3 Analysis of GSL and other lipids in biological samples

Following the lipid extraction, the next key step in the lipidomics workflow is the 

analysis of lipids present in the samples. Lipids can be analyzed by various analytical 

methods depending on what information is required, which include thin-layer 

chromatography (TLC), chromatogram binding assay (CBA), nuclear magnetic resonance 

(NMR) spectroscopy, gas chromatography or liquid chromatography coupled with mass 

spectrometry (i.e., GC-MS or LC-MS). The most powerful tool for complete lipid profiling in 

current lipidomic analysis is the use of either matrix-assisted laser desorption ionization 

(MALDI) or atmospheric pressure ionization (API) mass spectrometry with or without 

separation method, such as (ultra)high-performance liquid chromatography, (U)HPLC [372].
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1.3.1 Thin-layer chromatography (TLC)

TLC (regular particle size 10-50 pm) and its advanced version, high-performance TLC 

(i.e., HPTLC, reduced particle size ~5 pm and ~0.2 mm thin layer), are very simple, rapid, 

and inexpensive methods that has been the cornerstone of biochemical detection and analysis 

of GSL for decades. Currently, it is still an indispensable and convenient method of modern 

analytical chemistry employed for the preparative isolation and detection of selected lipid 

(sub)classes or monitoring the purification process of GSL [428,429].

There are still several limitations that restrict the application of TLC. On the one hand, 

there is a risk of potential oxidation due to the exposure to atmospheric oxygen. On the other 

hand, the resolution and sensitivity is insufficient compared to HPLC methods. However, 

there are some methods able to separate GSL and other lipids according to the degree of 

unsaturation of FAs in ceramides, and even cis and trans isomers of FAs (e.g., AgNO3- 

impregnated TLC plate) [430,431] or distinguish different sn-isomers of DG, MG and 

phospholipids (e.g., H3BO3-impregnated TLC plate) [432]. Regardless, TLC can provide 

valuable information on possible glycan structures, especially if compared to reference GSL 

[432]. The major advantages are (1) consumption of smaller amounts of solvents, (2) absence 

of “carry-over effect”, (2 ) rapid semi-quantitative analysis (i.e., staining with a dye that binds 

specifically to characteristic functional groups or residues, (3) simultaneous analysis of 

several samples despite the recent availability of “multiplexing” LC solutions, and 

(5) analysis of “suspicious” and overloaded samples that could contaminate an HPLC system 

[432].

TLC is usually performed in a one-dimensional (1D-TLC) or two-dimensional (2D-TLC) 

set up, where both resolution and sensitivity is significantly improved. Nonetheless, 2D-TLC 

has also serious drawbacks limiting its applications. First, only a single sample can be 

analyzed. Second, simultaneous application of various references is impossible making the 

spot assignment highly difficult. Consequently, multiple development in one dimension is 

often used as an alternative using the solvent system with high elution power followed by 

lower elution power [432]. The typical solvent systems are composed of either 

CHCl3/MeOH/H2O (60:35:8; v/v/v) for analysis of N-GSL or CHCb/MeOH/0.5% CaCh in 

water (55:45:10; v/v/v), which is advantageous for the resolution of gangliosides [372,426]. 

More detailed inspection on the use of 1D- and 2D-TLC is described in the review published 

by Fuchs et al [432]. Co-migration of neutral and anionic GSL on TLC should be avoided to 

prevent poor resolution [65,433]. If needed, the resolution of TLC can be significantly
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increased by the use of micro-TLC combined with a multidimensional separation technique 

and other methods [428]. The silica gel is the most popular and dominant stationary phase 

used for separations and is typically pre-coated on plastic-, aluminium- or glass-backed plates. 

The latter ones are preferred since the particles size and thickness of the layer provide better 

separation of GSL, and lower detection limits can be achieved [428,432].

Tiny quantities of GSL (pmol to nmol) can be chemically detected on TLC using various 

staining reagents of different specificity and sensitivity as well reviewed by Fuchs et al. [432]. 

The most commonly used staining reagents are orcinol, resorcinol, or anisaldehyde (Fig. 25). 

Briefly, the staining reagent is applied in a fine mist sprayer that moves in a zigzag pattern 

over the entire TLC surface. Finally, the plate is heated in an oven for color development 

[426]. Resorcinol is very specific reagent used to identify and/or quantify sialic-acid 

containing GSL (e.g., gangliosides) appearing as blue-violet zones. This method was firstly 

established and reported several times by Svennerholm et al. [434-436]. The orcinol is 

nowadays not commonly used but can be used to detect monohexosylceramides [437].
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Fig. 25: Reference GSL separated on HPTLC plate using CHCf/M eOH/^O (60:35:8; v/v/v) mobile phase and 

stained with anisaldehyde reagent.
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Nowadays, TLC is only seldomly used alone. Despite it is hard to hyphenate TLC with 

MS detection, TLC can be coupled to modern MS-based techniques, such as matrix-assisted 

laser desorption/ionization mass spectrometry (MALDI-MS) or desorption electrospray 

ionization mass spectrometry (DESI-MS), which provide a developmental advance in 

exploring the glycosphingolipidome of various biological samples [426,428]. In 2009, 

Stübiger et al. used HPTLC-MALDI-MS for the first time to monitor several lipid classes in 

human plasma samples [438] alongside Goto-Inoue et al., who reported highly sensitive and 

semiquantitative TLC-blot-MALDI-MS method for imaging of detailed patterns of 

phospholipids in human brains. Paglia et al. introduced 2D-TLC hyphenated with DESI-MS 

for the analysis of several lipid categories in porcine brain, including cholesterol, FAs, GPs, 

and sphingolipids [439]. It is evident that coupling HPTLC or 2D-TLC with MALDI or 

DESI-MS opens new possibilities for the application of TLC in lipidomics.

1.3.2 Chromatogram binding assay (CBA)

Chromatogram binding assay (CBA) is an easy, rapid and sensitive overlay technique 

introduced by Magnani et al. [440], where GSL separated on TLC plate are directly detected 

in situ with specific carbohydrate-binding ligands, such as proteins (e.g., antibodies or 

lectins), organisms (e.g., bacteria or viruses), or their metabolites (e.g., toxins), see Fig. 26.

Fig. 26: Various TLC overlay assay schemes (adopted from [441]).

The CBA is similar to the enzyme-linked immunosorbent assay (ELISA) but uses 

a chromogenic substrate (e.g., 5-bromo-4-chloro-3-indolylphosphate, BCIP) for staining (see 

Fig. 27). In order to avoid scratching off the silica gel from the plate during incubation and 

washing steps, a TLC plate is fixed with plastic prior to overlay assay [441].
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Ref. A A  B AB O
1 i------------------------ '

Blood group
Fig. 27: BCPI staining of GSL isolated from plasma of various blood groups using anti-A antibody showing the 

presence of A-type GSL in blood group A and AB extracts.

The advantage of this strategy is that even crude lipid extract containing minor complex 

GSL can be detected and analyzed, avoiding laborious and time-consuming purification. Such 

a typical overlay assay used for the detection of GSL is well demonstrated in works of Barone 

et al. [442-444]. Although the use of specific anti-GSL antibodies allows specific detection of 

lipid-bound glycan epitopes, cross-reactivity of monoclonal antibodies (mAbs) with GSL has 

been reported. The cross-reactivity is mainly caused by antibodies reacting to different extents 

with the same glyco-epitope included in different glycoforms or glycoconjugates, which may 

pose difficulties in detecting particular GSL [355]. Meisen et al. also established multiple 

immunostaining combined with multicoloring [441]. Lectins are powerful tool for simple 

oligosaccharide analyses as well, although there are applicable to only a few glycan epitopes 

because often exhibit cross-reactivity as well as low affinity for specific oligosaccharides 

[169].

Alternatively, TLC overlay analysis using radioactive 125I-labeled carbohydrate-binding 

proteins may be employed in combination with autoradiography for the detection of 

extremely small amounts of glycolipids without the use of expensive instrumentation [377]. 

Generally, the TLC plate with separated GSL is covered with an X-ray film, inserted into 

a light-tight autoradiograph cassette and left exposed for appropriate time. Then the X-ray 

film is developed [426], see Fig. 28.
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Fig. 28: Principle of autoradiography using radioactive iodine isotope 125I.

By the introduction of immunohistochemical techniques and monoclonal antibodies 

targeting specific terminal carbohydrate epitopes, it is possible to detect and localize the 

spatial distribution of specific antigens (e.g., histo-blood group antigens) together with related 

carbohydrate structures in tissues based on specific antibody-antigen binding. The major 

drawback of these techniques is that the methods relies on targeted antibodies and are time­

consuming [44].

1.3.3 Nuclear magnetic resonance (NMR) spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy, generally used as complementary 

method to LC-MS methods [445], is a non-destructive technique and powerful tool for the 

elucidation of molecular structures of purified non-polar and polar lipids (1H-NMR and 13C- 

NMR) and phospholipids (31P-NMR) [446]. The method is able to locate the position(s) of the 

double bond(s), distinguish between stereoisomers (i.e., cis/trans) and positional isomers 

within the glycan sequence (e.g., a- or P-anomeric configurations) [432].

Nonetheless, NMR spectroscopy is much less sensitive compared to LC-MS methods and 

requires a large amount of highly pure material for the analysis (e.g., 20-100 pg for 1H-^MR 

and 0.5-1 mg for 13C-NMR), which are the major drawbacks limiting the use of NMR 

[444,445,447]. In addition, the high complexity of NMR spectra for biological samples may 

pose a challenge for trace and/or multicomponent analysis [448].
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Specifically, 31P-NMR is used exclusively for phosphorus-containing lipids allowing 

selective qualitative and quantitative analysis of all phospholipid subclasses within a single 

spectrum based on head group differences. However, it is less effective in differentiating the 

FAs composition. 31P-NMR spectra are typically acquired in the presence of a suitable 

detergent (e.g., sodium cholate) to minimize phospholipids aggregation [432]. Key 

applications of NMR spectroscopy in the lipid analysis have been described elsewhere [449].

6.0 5.0 4 0  3.0 2 0  1.0 0.0

PPM

Fig. 29: 'H-NMR spectrum of GM2 ganglioside obtained at 500 MHz with respective regions [447].

In addition, 2D-NMR, such as 1H-15N-NMR, has recently been used to differentiate 

between oligosaccharide isomers isolated from human milk [450].

1.3.4 Gas chromatography-mass spectrometry (GC-MS)

GC-MS is a technique used for the analysis of volatile and thermally stable analytes that 

are eluted from the chromatographic column according to their increasing boiling points 

followed by ionization using either electron ionization (EI) or chemical ionization (CI) [451]. 

Since most lipids are not volatile and some lipids are easily degraded under high temperature, 

GC is not widely used method in lipidomics because of the complexity of derivatization 

required for most lipids, which is a major drawback [452]. Consequently, pre-separation is 

absolutely necessary to analyze different lipid subclasses [453]. Nevertheless, GC-MS is
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a convenient method regularly used for the profiling of fatty acids (FAs) in the form of fatty 

acid methyl esters (FAMEs), and other lipids after derivatization of polar moieties since it 

provides higher resolution ability compared to liquid chromatography (LC) [454]. For 

instance, Sánchez-Ávila et al. demonstrated the ability to separate cis/trans isomers of FAs 

using conventional GC-MS method [455] together with Hejazi et al., who successfully 

differentiated cis/trans isomers of octadecatrienoic acid methyl ester (18:3) using GC-MS

[456] . Furthermore, Martin et al. reported method for the separation of cis/trans oleic acid 

methyl esters (18:1) regioisomers using flame ionization detector (FID) coupled with GC

[457] . Destaillats et al. presented GC-MS method able to identify MG regioisomers based on 

different MS fragments [458]. There are also few application on sterols [459]. GC-MS 

provide good reproducibility and allow comparison of MS spectra with libraries [460]. 

However, the majority of lipidomic studies are performed using liquid chromatography-mass 

spectrometry (LC-MS).

1.3.5 Liquid chromatography-mass spectrometry (LC-MS)

A) Liquid chromatography
LC and its advanced version (ultra)high-performance liquid chromatography ((U)HPLC) 

are the most widely used chromatographic techniques in lipidomics able to separate analytes 

as they migrate through a column based on distinct physical and chemical interactions with 

the stationary and mobile phases [369]. Over the last decade, UHPLC with sub-2-pm particles 

and high-operating pressures has increasingly replaced conventional HPLC systems, 

providing superior separation and higher resolution together with significant reduction of the 

analytical runtime [461].

There are several chromatographic modes used for the lipidomic analysis. Reversed- 

phase liquid chromatography (RPLC) provides an excellent separation of different molecular 

species within one lipid subclass based on the different fatty-acyl chains (i.e., lipid species 

separation), eventually allowing the separation of isomeric and/or isobaric lipids [462,463]. 

The retention time increases with increasing number of carbon atoms and decreases with the 

increasing number of double bonds [370]. Normal-phase liquid chromatography (NPLC) 

separates different lipid subclasses based on their polar head groups (i.e., lipid class 

separation) [464], however, it is poorly compatible with electrospray ionization due to 

extremely high nonpolar solvents used, thus is mainly applied for the (sub)class separation of 

nonpolar lipids [370]. A more recent approach using much less hydrophobic solvents is
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hydrophilic interaction liquid chromatography (HILIC). HILIC separates lipids mainly 

according to their polar head groups based on electrostatic forces associated with the 

polarities of individual lipid species and, therefore, is the most preferred mode for quantitative 

analysis of polar lipid (sub)classes [465-467] and polar GSL, such as gangliosides [174]. The 

selectivity in HILIC is complementary to that of RPLC. As a consequence, both RPLC and 

HILIC modes may be utilized in combination to 2D-LC methods for separation of a wide 

range of lipids with polarities ranging from polar to non-polar [465,468]. An alternative and 

highly specialized normal-phase technique called silver-ion chromatography (Ag-HPLC) 

represents a unique mode of separation, where silver ions are embedded into the normal 

phase. The separation is based on interactions between electrons of silver ions and n-electrons 

of double bonds in the lipid molecule. Ag-HPLC can be applied for the separation of lipids 

with different numbers and positions of double bonds, cis/trans isomers, as well as 

regioisomers [469,470]. Another separation technique capable of separating regioisomers and 

enantiomers is chiral HPLC [471]. Another popular tool is the use of two-dimensional liquid 

chromatography (2D-LC), where two chromatographic modes with orthogonal separation 

selectivity can be coupled to provide higher peak capacities either in offline [465] or online 

[468] modes.

B) Mass spectrometry
Qualitative and quantitative information about lipids are usually achieved by coupling 

HPLC with mass spectrometry (MS), which is the most popular and very powerful detector in 

the lipidomic analysis [472]. Mass spectrometer is an instrument composed of three main 

parts: (1) ion source, (2) mass analyzer, and (3) detector [2]. The principle of MS is 

following: The molecules of interest are first introduced into the ion source through an inlet 

system followed by molecules vaporization and ionization. The resulting ions are then 

transmitted to the mass analyzer, where they are separated according to their mass-to-charge 

ratio (m/z) and subsequently detected. The detected signals are recorded and displayed as 

a mass spectrum, a plot of relative ion intensity (y-axis) dependent on m/z (x-axis) [2,472].

Ion source

Ion source aims to vaporize and ionize analytes present in the sample. Many ionization 

techniques have been developed for lipidomic analysis. The most applied ionization in 

combination with HPLC are atmospheric pressure ionization (API) techniques, including 

electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI), and

72



atmospheric pressure photoionization (APPI), Fig. 30 [473]. Ambient ionization techniques, 

such as matrix-assisted laser desorption/ionization (MALDI) is also frequently used [2].
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Fig. 30: Scheme of atmospheric pressure ionization interfaces (adopted from [473]).

The invention of ESI by John Fenn in 1984 has revolutionized the lipidomics since it has 

become the major ionization mode [474]. In ESI, a solution containing the analytes is first 

introduced into the ion source via an inlet port. The solution pass through the capillary that is 

maintained at high voltage and form the Taylor cone. A fine aerosol of small droplets is then 

produced with the aid of high temperature and stream of drying gas. Due to the high voltage, 

the aerosol particles can carry positive or negative charges [2,475]. As the solvent evaporates 

from charge droplets, their size decrease, which lead to an increased surface charge density. 

After the critical point is reached, the droplets become unstable and deforms due to strong 

electrostatic repulsion. At this point, the droplets undergo Coulomb fission, and the original 

droplets explodes creating many smaller and more stable droplets. This process is repeated 

until the stable ion of analyte is produced (Fig. 31) [2,472].
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Fig. 31: Schematic illustration of electrospray ionization process (adopted from [475]).

ESI is perfectly suited for GSL analysis although the heavily glycosylated GSL may 

suffer from low ionization efficiency because of their hydrophilicity and low volatility, and 

care must be taken when ionizing GSL with labile structures (i.e., containing sialic acids 

and/or fucose) that may be cleaved off and overlooked [65]. GSL ionized by ESI (typically 1­

3 kV) may form several ions depending on the operational mode (i.e., positive or negative 

mode) and composition of mobile phase and samples. These include, for example, [M+H]+, 

[M-H]", [M+Na]+, [M+K]+, [M+NH4]+, [M+halide]", [M+formate]", and [M+acetate]" [2]. 

Furthermore, gangliosides may form multiply charged species [M-xH]x" due to the presence 

of sialic acids [476]. In addition, common background ions (Na+, K+) are the most commonly 

observed ions in the MS spectra due to their ubiquity and high affinity to GSL molecules, 

which may increase the ambiguity of molecular species assignment [380]. However, the 

addition of formic or acetic acid overwhelms those adducts and gives favor to protonated 

[M+H]+ ions [65]. Additionally, the development of nano-electrospray ionization (nano-ESI) 

has greatly expanded the applicability of ESI due to signal enhancement, minimization of 

sample amount, and less susceptibility to salted samples. However, the stability of nano"ESI 

may vary as it is more prone to capillary clogging [370]. In contrast, APCI and APPI are less 

frequently used ionization techniques despite being less susceptible to the matrix effects as 

the ionization of analytes occurs in the gaseous phase. APCI has been applied as an 

alternative technique for the analysis of neutral sphingolipids [477], human skin ceramides 

[478], and sterols [479]. The applicability of ESI, APCI, and APPI in the lipidomic analysis is 

demonstrated in Fig. 32.
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Fig. 32: Applicability of ESI, APCI, and APPI in lipidomics analysis (adopted from [480]).

Mass analyzer

Mass analyzer is a key component of the mass spectrometer that separates different type 

of ions of an ion beam based on their m/z. There are several types of mass analyzers, for 

example, magnetic (B) or electric (E) sector mass analyzer, quadrupole (Q), ion trap (IT), 

time-of-flight (TOF), orbitrap, and ion cyclotron resonance (ICR) mass analyzer. Some of 

these analyzers can also be combined in tandem arrangements, such as triple quadrupole 

(QqQ), quadrupole time-of-flight (QTOF), or tandem time-of-flight (TOF-TOF). Each mass 

analyzer separate ions based on different physical principles and most laboratories employ 

different mass analyzers for particular applications [481,482]. More detailed information 

about the construction and principles of individual mass analyzers can be read here [482]. In 

addition, mass analyzer can be categorized into three group based on their resolving power 

characterized by the full width at half maximum (FWHM), which is calculated as FWHM = 

(m/z)/(Am/z) and mass accuracy characterized by ppm, which is calculated as ppm = 106 x 

[(m/z)theor -  (m/z)exp]/(m/z)theor (Table 18) [483].
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Table 18: Characterization of three groups of mass analyzers adopted from [483].

Type of analyzer Resolving power Mass accuracy Examples

Low-resolution
(LRMS)

<10,000 >5 ppm Q, QqQ, it

High-resolution
(HRMS)

10,000-100,000 <5 ppm TOF, QTOF

Ultrahigh-resolution
(UHRMS)

>100,000 <1 ppm Orbitrap, FT-ICR

Detector

The purpose of the detector is to transform electric signal to graphical output (i.e., mass 

spectrum). The simplest detector is a Faraday cup, where ions are neutralized and the 

resulting current is measured. However, modern detector use a variety of electron multipliers, 

where the energetic ions strike the conversion dynode leading to emission of secondary 

electrons. The emitted secondary electrons are accelerated and focused onto the subsequent 

dynodes resulting in an increasing number of electrons emitted. The output current is then 

converted to a voltage signal and finally translated to a mass spectrum [475].

1.3.6 Supercritical fluid chromatography-mass spectrometry (SFC-MS)

Supercritical fluid chromatography (SFC) is a separation technique similar to LC, but 

using supercritical fluid as the mobile phase for the separation of hydrophobic compounds. 

SFC has made a breakthrough in the early 2010s as more robust and reproducible instruments 

were commercialized, e.g., hybrid SFC/UHPLC and ultrahigh-performance supercritical fluid 

chromatography (UHPSFC), followed by the development of columns with sub-2 pm 

particles [484,485]. Historical background and major developments along with the overview 

of application range of SFC compared to other technologies have been illustrated in the 

following review [484].

Carbon dioxide (CO2) is by far the most widely used supercritical fluid because it is 

cheap, has low critical parameters (i.e., Tc = 31 °C and po = 7.3 MPa), and fulfil several other 

health, safety, and environmental properties, such as low toxicity, non-flammability, non­

corrosiveness, and miscibility with most organic solvents [486]. Moreover, due to the low 

viscosity and high diffusivity of the mobile phase, higher velocities can be used without 

significant loss of efficiency [484]. In order to maintain the mobile phase in the supercritical
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state during the analysis, SFC instruments are equipped with a backpressure regulator, which 

has a key role for the reproducibility [484]. Although the solvation power of CO2 , a non-polar 

solvent, is not sufficient to elute more polar compounds, the addition of an organic modifier 

(e.g., MeOH, EtOH, iPrOH, and MeCN) and/or additives (e.g., organic acids, bases, buffers, 

and water) changes the polarity and the density of the mobile phase, and modifies or blocks 

the active sites on the stationary phase. Such flexibility significantly extends the application 

area of SFC allowing the fast, highly efficient, and simultaneous analysis of a diverse range of 

analytes with different physico-chemical properties. Nonetheless, organic modifiers also 

affect the critical parameters by shifting them to a higher values resulting in the fluid 

considered as a subcritical [484,486,487]. Additionally, SFC can also facilitate a move 

towards green chemistry via reduced usage of organic solvents [369]. Despite SFC is not 

directly compatible with ESI, the compatibility can be greatly improved with the addition of a 

make-up solvent after the column. [370].

Bamba and co-workers have played a key role in demonstrating the promising use of 

supercritical fluid chromatography-mass spectrometry (SFC-MS) in both targeted and non­

targeted lipidomics with multiple applications reported in the last decade, including, for 

instance, phospholipid profiling in plasma [406,488]. They have further demonstrated the 

technological progress, such as improved sample injection system [489] or the on-line 

coupling with SFE [490]. An interesting recent development is the on-line coupling of SFE to 

SFC, where extracted analytes from the SFE cell are transferred via a trap column to the SFC 

column to re-focus the analyte band prior to elution [486]. Furthermore, Holcapek and co­

workers employed ultrahigh-performance supercritical fluid chromatography mass 

spectrometry (UHPSFC-MS) for the analysis of human plasma and serum [491], as well as 

tumor tissue and erythrocytes of kidney cancer patients [492], where 30 lipid classes were 

separated within 6 min and quantified after systematic method optimization and validation. 

Recently, Yang et al. [493] reported a novel on-line 2D-SFC x RPLC method combined with a 

triple quadrupole MS for the analysis of plasma lipids of the breast cancer candidates, which 

was more than 4 faster than the reference RPLC NPLC method.

Although SFC-MS is not expected to fully substitute other chromatographic methods, the 

growing number of bioanalytical applications, as well-reviewed by van de Velde et al. [484], 

support the major role of SFC-MS in lipidomics. SFC represents a promising alternative to 

improve lipid coverage, while further increasing the analysis throughput.

The summary of applicability of GC-, LC-, and SFC-based methods in metabolomics and 

lipidomics is illustrated in Fig. 33.
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1.3.7 Ion mobility (IM)

Ion mobility (IM) is an emerging gas-phase separation technique with the applicability in 

lipidomics and other omics approaches. The historical background and important milestones 

leading to conceptualization, design, and construction of IM technologies have been well- 

described and illustrated through the timeline in the work of May and McLean [495]. IM is an 

ultrafast, proficient, and highly reproducible separation technique, where ions driven by an 

electric field migrate through a drift tube filled with an inert gas (commonly termed buffer 

gas, e.g., He or N2) with different velocities correlated to their size and shape [495,496]. For 

many analytical applications, the ion mobilities are converted into the calculated collision 

cross-section (CCS) values, a unique physicochemical measure related to the conformational 

structure of ions (i.e., size and shape), which is also highly reproducible across different 

instruments and laboratories. Generally, smaller and more compact ions travel to detector 

faster than larger and more extended ions [497-499].

While standalone IM is very powerful, interfacing with mass spectrometry has seen 

significant improvements and has flourished in the last two decades. IM nested in-between 

LC and MS gives an additional dimension of separation (i.e., CCS values) together with 

retention time and m/z. As a consequence, IM provides a valuable complementary source of 

information leading to exceptional levels of selectivity (i.e., separation power of isomers and 

isobars and more confident structural elucidation that helps in reducing the number of
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misidentifications) and sensitivity (i.e., significant reduction of chemical noise allowing 

analysis even low abundant ions and superior quality spectra acquisition) [495-497,500].

IM can be categorized into three groups based on the separation concept: (1) time- 

dispersive IM, (2) space-dispersive IM, and (3) trapping and selective release IM.

Time-dispersive IM

Time-dispersive IM is the most common type used in untargeted lipidomics as it allows 

the analysis of all ionized molecules in a sample in the same cycle. However, relatively low 

resolving power limits the detection of low abundant lipids and the isomer separation 

[495,499]. In time-dispersive IM, ions travel through the same drift path, but reach the detector 

at different times [499]. The most common time-dispersive IM technologies are drift tube ion 

mobility spectrometry (DTIMS) and traveling wave ion mobility spectrometry (TWIMS), which 

are typically coupled to QTOF analyzers [499], together with less used overtone ion mobility 

spectrometry (OMS) [496].

DTIMS consist of several closely-situated ring electrodes filled with an inert buffer gas with 

no directional flow so that the ions are driven only by the uniform electric field [495,499]. The 

resolving power of DTIMS can be increased by increasing the voltage drop (in V/cm) across the 

drift cell and decreasing temperature [496].

TWIMS has similar configuration as DTIMS. However, TWIMS utilizes an oscillating 

electric field creating voltage waves (i.e., non-uniform electric field) that push the ions through 

the drift cell towards detector [495,496]. The major caveat of TWIMS is that each instrument 

must be calibrated using structurally similar calibrator with known mobility (i.e., CCS value) 

prior to calculating CCS values of unknowns [496]. Two CCS calculation methods used for 

corrections were described in the following review [499]. In order to increase resolving power, 

new TWIMS-based systems, such as structures for lossless ion manipulation (SLIM), have been 

developed, in which drift paths are greatly increased to promote collisions with the buffer gas 

and improve ion separations [499].

Space-dispersive IM

Space-dispersive IM is mostly used for targeted approaches as only one ion can reach the 

detector at a time [497]. In space-dispersive IM, ions are transported by a buffer gas through 

different paths caused by alternating low and high electric fields strengths applied between two
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electrodes that guide the ion with a particular mobility to the detector [499]. The space-dispersive 

separation is very selective and has high resolving power, so it is the most useful for isomer 

separation [495]. In this group, the major types are field asymmetric waveform ion mobility 

spectrometry (FAIMS), differential mobility spectrometry (DMS), and differential ion mobility 

spectrometry (DIMS), which are typically coupled to triple quadrupole (QqQ) or Orbitrap 

analyzers along with and differential mobility analyzer (DMA) [496,499].

FAIMS, DMS, and DIMS are extremely small IM technologies typically interfaced directly 

behind the ion source of the MS. All three platforms operate at atmospheric pressure and under 

the same mechanism differing only in the geometry of electrodes. The periodic waveform is 

applied to separate ions under a parallel buffer gas flow. These platforms utilize compensating 

voltage scans to transmit ions with various responses to change the mobility over a set period, 

thus, in this manner, functioning as mobility filters analogous to quadrupole analyzer. As a result 

unwanted chemical noise in MS spectra can be avoided increasing the signal-to-noise ratio for 

the ions of interest [496].

DMA operates in a similar fashion to DTIMS, however, DMA operates at ambient pressure, 

has a well-characterized unidirectional buffer gas flow, and scanned for the detection of the 

molecule of choice. DMA is commonly less used than FAIMS [497] and is primarily designed 

for measuring extremely large molecules not possible with other IM-based methods [496]. There 

is also less used transversal modulation ion mobility spectrometry (TMIMS) [495].

Trapping and selective release IM

Trapping and selective release is typically applied for targeted approaches. However, it can 

be used for untargeted approaches as well. In trapping and selective release IM devices the ions 

are trapped by an electric potential and subsequently selectively ejected by decreasing the 

electric potential in a stepwise manner so the bigger ions with smaller mobility (i.e., larger CCS 

values) reach the detector first. The main representative is trapped ion mobility spectrometry 

(TIMS) [497,499].

TIMS operates in the static electric field as DTIMS. The TIMS mobility region is utilized to 

accumulate, trap, and elute ions of interest as a result of the interplay between gas flow and an 

opposing electric field [496]. The ions pass through the drift region towards MS parallel with the 

buffer gas flow. The electric field strength is slowly decreased to eject ions of specific mobilities. 

The small size of TIMS (ca 5-10 cm) is extremely advantageous in creating smaller instruments 

[496]. Moreover, TIMS is very selective device with higher resolving power than time-
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dispersive instruments making it a great candidate for isomer separation [495]. In conventional 

TIMS-MS/MS analysis, the quadrupole selects only one m/z for fragmentation in each TIMS 

separation, while all other ions are not fragmented, losing about 90% of the acquisition 

efficiency. To improve this, parallel accumulation-serial fragmentation (PASEF), where 

quadrupole is set to isolate as many precursor as possible by changing the selected m/z for each 

ion that elutes from TIMS, was developed [499]. Another alternative is multi-pass cyclic 

TWIMS, which enhances resolution by performing several ion passes through the closed-loop 

drift cell included in the instrument or segmented quadrupole gas counterflow IM [495].

CCS values can be calculated in DTIMS, TWIMS and TIMS so, when CCS values are 

reported, ideally, they should be reported with both the type of drift gas (e.g., CCSn 2 in case of 

nitrogen is used) and instrumentation used (e.g., d t CCSn 2 or t w CCSn 2 in case DTIMS or 

TWIMS are used) [501,502].

Moreover, Paglia et al. [503] provided a comparison of four main types of IM 

technologies, namely DTIMS, TWIMS, FAIMS, and TIMS, together with the use of TWIMS 

in lipidomics and metabolomics. The summary of separation principled of time-dispersive, 

space-dispersive, and trapping and selective release IM technologies is illustrated in Fig. 34.

T im e -d is p e rs iv e  IM

S p a c e -d is p e r s iv e  IM

T ra p p in g  a n d  s e le c t iv e  r e le a s e  ( f ie ld -d is p e rs iv e  IM)

Fig. 34: Separation parameters and principles of various IM technologies (adopted from [501]).

IM is advantageous since it does not require special solvents or complicated sample 

preparation, can be used for high-throughput analyses, and allows the real-time analysis of
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highly complex samples. Despite enormous progress in IM technologies, the separation of 

isomers still remains very challenging. Nonetheless, recent advances in chromatography and 

continual innovation of IM through novel instrumental developments pushed the popularity of 

IM forward by enhancing its sensitivity and selectivity, which in turn then aid in discovery of 

new and rare structures, deciphering of isomers and elucidating their roles in biological 

systems [496]. In addition, changing the experimental variables can lead to the ion mobility 

shift and eventually enhance the separation of lipid isomers as previously well-reviewed 

[497]. Briefly, these modifications include (a) complexation and adducts formation with metal 

ions, (b) introduction of buffer gas additives (e.g., 1-propanol, 2-propanol, 1-butanol), and 

(c) changes in the pressure, temperature, and composition, polarity, of the buffer gas (e.g., He, 

Ar, O2, N2, CO2, or their mixtures) [497].

It should also be emphasized that IM can be operated as a mobility filter, decreasing 

the background noise along with increasing the signal-to-noise ratio of ions of interest in 

order to acquire cleaner and high quality spectra free of interferences [496,499]. This is of 

particular importance in situations, where background noise has high relative abundance 

compared to ions of interests, or contaminating ions are present (Fig. 35). Space-dispersive 

IM technologies are well-suited for this purpose. This capability has been a key feature in 

avoiding biases in trap-based analyzers, which require an automated gain control [496].

Fig. 35: Illustration of the filtering ability of ion mobility spectrometry (IM) (adopted from [499]).
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To date, only a limited number of lipidomic studies utilizing IM technologies have 

successfully been applied for the separation of lipid isomers, however, the potential applications 

of this strategy are still being discovered [496]. Despite having a great potential for 

unambiguous characterization of various GSL isomers, the application of IM in GSL analysis 

remains very limited. More extended overview about IM approaches utilized for structural 

characterization of geometrical lipid isomers in combination with other pre-ionization (e.g., C=C 

bond selective derivatization approaches) and post-ionization (e.g., conventional CID-MS/MS or 

advanced MS/MS, such as OzID, electron- and photon-based fragmentations) strategies was 

provided in this review [497].

1.4 Overview of approaches used in lipidomics

There are three major approaches used in lipidomics including direct infusion MS 

analysis (DI-MS), liquid chromatography or supercritical fluid chromatography coupled to 

mass spectrometry (LC-MS or SFC-MS), and mass spectrometry imaging (MSI).

1.4.1 DI-MS

DI-MS also termed “shotgun” lipidomics is a technique when lipid extracts are directly 

introduced into the MS instrument without upfront separation and processed within few 

minutes in a high-throughput fashion [504]. DI-MS was firstly coined about three decades ago 

by Han and Gross, who also first utilized DI-MS for lipidomics [505]. DI-MS is primarily 

designed for targeted studies to detect unique intra-source fragments generated by specific 

lipid (sub)classes. The molecular characterization of lipid species thus relies either on the 

accurate m/z determination of precursor ions (i.e., using a high-resolution mass spectrometry; 

HRMS) or on the detection of specific product ions or neutral losses in MSn experiments (i.e., 

using a low-resolution mass spectrometry; LRMS). Nevertheless, the HRMS instruments are 

preferred due to their ability to differentiate the isomeric and isobaric compounds 

[372,380,506]. Additionally, multi-dimensional MS-based shotgun lipidomics (MDMS-SL) 

allows the separation of many lipid (sub)classes through selective ionization of certain 

category of lipids in the ion source (i.e., intra-source separation), even if the lipids are minor 

[504,507,508]. Although ESI and MALDI are by far the most widely used ion sources in DI­

MS, few relatively novel soft ionization technologies, namely DESI [509], laser ablation 
electrospray ionization (LAESI) [510], and matrix-free laser desorption ionization (LDI)
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[511] , have been successfully applied for the direct analysis of lipids in biological samples 

without complex sample pretreatment.

The major advantage of shotgun analysis is reproducibility and relative high-throughput 

capability allowing rapid acquisition of full mass spectrum within seconds while providing 

similar or better sensitivity than LC-MS approaches, especially in coupling with nano-ESI

[512] . On the contrary, the major drawbacks are possible carry-over effect and susceptibility 

to ion suppression due to the presence of other major lipids or polar compounds (e.g., salts 

and/or polar metabolites). Taken together, this limit ionization capacities and, in the worst 

case scenario, may even completely suppress signals of minor and/or poorly ionizable lipids. 

Thus, thorough sample preparation is required to ensure the removal of these interfering 

compounds. Another limitation is limited discovery of novel or unexpected lipid species since 

only lipids with known MS/MS fragmentation patterns can be usually analyzed 

[369,370,383]. In addition, flow injection analysis (FIA), where sample is infused from 

a pump, has been proven as a simple alternative to DI-MS [513]. More detailed reviews on 

MS-based shotgun lipidomics can be read elsewhere [514,515].

1.4.2 LC-MS and SFC-MS

LC-MS and SFC-MS, respectively (U)HPLC-MS and UHPSCF are key and well- 

established conventional analytical methods in lipidomics. They are powerful tools allowing 

lipid subclass and/or molecular species separation before MS analysis as well as the analysis 

of very low abundant lipids. However, care must be taken as there are many structural 

isomers in the sample and, therefore, a single analysis may lead to misinterpretations. The 

most frequently used API technique is ESI, which is best suited for a wide range of lipids that 

can be analyzed either in positive or negative ion modes. APCI and APPI are valuable 

alternatives for less polar lipids, such as MG, DG, TG, and CE [372].

ESI-MS is by far the most frequently used analytical technique utilized successfully in 

large-scale lipidomic studies due to several significant advantages including high sensitivity, 

easy coupling with chromatography techniques, and structural details based on the use of 

tandem mass spectrometers with high mass accuracy [451]. Last but not least, interfacing LC 

with IM has shown a great potential for lipid isomers separation together with increased 

selectivity and sensitivity [497].
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1.4.3 MSI

MSI has become a popular and powerful method perfectly designed for the analysis of 

solid samples with the ability to simultaneously display both spatial distribution and 

molecular level information. The most frequently used ionization technique employed in MSI 

is MALDI. However, many other less common ionization techniques, e.g., DESI, LAESI, or 

secondary ion mass spectrometry (SIMS) with the ability to produce sub-micron spatial 

resolution by using a tiny probe size, have been applied [369,460].

In MALDI, the samples are first cryodissected into slices (~pm), placed on a target 

surface, co-crystallized and immobilized with a suitable matrix, and then irradiated by laser to 

produce ions (typically singly charged). MALDI is also more tolerant to salts and can even 

ionize heavily glycosylated GSL, but generally have lower ionization efficiency compared to 

ESI [65]. Common matrices used for GSL analysis include, for example, 

2,5-dihydroxybenzoic acid, 1,5-diaminonaphtalene, 4-hydrazinobenzoic acid, 6-aza-2- 

thiothymine, 6,7-hydroxycoumarin (esculetin), and a-cyano-4-hydroxycinnamic acid 

[65,516]. Cheng et al. also demonstrated a selective ionization of sulfatides by using 

9-aminoacridine [517]. MALDI matrices used in lipidomics were also well-reviewed by 

Leopold et al. [518]. Since MSI requires minimal sample preparation, potential analyte losses 

are reduced with the most critical step being the decomposition of the MALDI matrix, which 

should be highly homogeneous [370]. MALDI also has a few limitations. It can barely resolve 

isomers without prior separation and generally experiences high background noise and ion 

suppression effects due to the formation of matrix clusters that preclude the application of this 

technology in full lipid profiling in complicated biological samples [65,452].

MALDI coupled to time-of-flight analyzers (MALDI-TOF or MALDI-TOF/TOF) is the 

most widely used MSI technology applied for rapid in situ screening of biomolecules in 

biological samples (e.g., a thin slice of a tissue, body fluid drop, or cultured cells) to map 

spatial distribution of individual lipid species. Specific m/z values of interest are then assigned 

different colors and plotted in 2D space using the associated imaging software to obtain 

a molecular image of the sample, which can directly visualize pathological changes, thus 

providing valuable information for the study of many biological processes [519-521]. 

Although MALDI-TOF/(TOF) generally provides high accuracy, a wide detection range, and 

good compatibility, these parameters can greatly vary depending on the selection of the 

instrument. Moreover, the comprehensive analysis is limited since the MSI is largely based on 

the qualitative comparison of healthy and diseased samples [521]. Recently, the coupling of
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MSI with high-resolution MS involving Orbitrap or Fourier transform ion cyclotron 

resonance (FT-ICR) has provided deeper insight into the lipidomic complexity of biological 

samples [522]. One such example is the application of MALDI-Orbitrap using MS/MS 

spectra to facilitate structural elucidation of even highly complex sulfo-GSL with up to five 

hexose moieties [173].

1.5 Qualitative analysis of GSL and other lipids

The rapid and direct structural elucidation of GSL and other lipids proves to be critical 

for studying their functional roles in many biological processes as well as the fundamental 

mechanism of lipid metabolism and the pathogenesis of various diseases. Although GSL can 

be relatively easily ionized and fragmented to product ions providing information about the 

head groups (i.e., lipid class) and type of the ceramide backbone, reps. FAs composition (i.e., 

lipid species), the precise and in-depth characterization of GSL is quite challenging.

In particular, the biological functions of GSL, as well as other lipids, highly depend on 

their varying expression levels and structural diversity, including carbon-carbon locations, 

cis/trans isomerism, and the sn-position of the fatty acyl chain(s), which further complicate 

the structural elucidation. Moreover, analysis of complex and heavily glycosylated GSL pose 

an additional challenge because multistage fragmentation mass spectrometry (MSn) is usually 

required to achieve step-by-step cleavage of the glycosidic bonds and ceramide backbones.

An indisputable advantage is also the fact that the fragmentation pathways of GSL can be 

predicted and structural databases can be constructed in silico to identify GSL by matching 

obtained MS/MS spectra with the database. In addition, the linkages in oligosaccharide head 

groups may also be determined by MS/MS analysis after the cleavage of glycosidic bond by 

specific enzymes (see chapter 1.2.3) and removal of the ceramide moiety.

1.5.1 Separation of isomers

One of the current major challenges in lipidomics is difficulty to separate and differentiate 

isomeric and/or isobaric species due to immense structural variability in head groups, acyl 

chains, numbers and locations of C=C bonds (cis/trans), and regioisomerism (sn-positions), 

which inhibit the delineation and assignment of their biological roles [523]. Consequently, the 

specific functions of isomer have remained largely unknown due to these challenges [523]. 

Especially, in the case of GSL, the isomer problem is multiplied as many glycans have the
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same formula (e.g., Glc vs. Gal) as well as there can be distinct linkages in oligosaccharide 

chain also with option for either a- or P-glycosidic bond, which further complicate GSL 

analysis [376,523]. Moreover, the glycosphingolipidome is not only amazingly large, but also 

expanding with a number of new lipid species. Specifically, GlcCer with less prevalent 

a-linkage rather than P-linkage have been recently found [116,524,525] together with 

ceramides either lacking the 1-hydroxyl group [526] or having a fatty acyl attached to the 1- 

hydroxyl [527] alongside GSL with polyunsaturated very long-chain FAs (C26-C36) [528]. 

Furthermore, humans only synthesize cis (Z) FAs, while trans (E) FAs are not endogenously 

produced but present in human body due to dietary intake. They are well known to play an 

important role in various physiological processes and therefore, the separation of cis/trans 

isomers is of great interest [529]. In addition, co-elution of different lipid subclasses can lead to 

ion suppression obscuring the detection of low abundant lipids [529]. To address these issues, 

improved separation of lipids together with the ability to distinguish and identify GSL isomers is 

essential and highly advantageous for the investigation of their physiological role and functions 

in health and disease [523,529]. Although MS is very selective in identifying analytes with 

different chemical formulas, isomers often provide similar fragmentation spectra. Thus, 

identification and differentiation of isomers in complex samples require coupling with LC, 

IM, and/or alternative methods, such as specific fragmentation approaches (chapter 1.5.4) or 

chemical derivatization (chapter 1.5.5) providing diagnostic ions of each species. Previously, 

specific chromatographic techniques have been applied to separate lipids according to the 

number and position of C=C bonds (i.e., Ag-HPLC) [470] or acylglycerols enantiomers (i.e., 

chiral HPLC) [469]. Most recently, Vaňková et al. [462] demonstrated reversed-phase 

UHPLC method coupled with HRMS using a C18 column with sub-2-pm particles capable of 

identifying several hundreds of lipid species within a wide range of lipid subclasses, including 

their isomers and isobars. The developed method has high reliability together with significantly 

reduced run time. This was further supported by retention dependencies on the number of carbon 

or C=C bonds in the FAs chain of homologous lipid series (Fig.36).

Fig. 36: Example of retention dependency of ceramides with various fatty acyl chain lengths [462].
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Remarkable and unique separation power for isomers has been demonstrated using porous 

graphitized carbon (PGC) columns, even though the retention mechanisms are not yet fully 

understood but are likely mediated via hydrophobic, polar, and in some cases ionic interactions 

[404,423]. Specifically, the separation and characterization of GSL-derived oligosaccharide 

isomers using in-house packed PGC columns have been reported by the group of Teneberg and 

co-workers [284,530-532]. Moreover, Wuhrer and co-workers [533,534] performed an in-depth 

studies of GSL-glycan profiles of colorectal cancer and acute myeloid leukemia cell lines and 

revealed high expression of GSL-glycan isomers including sialyl-Lewisa/x and Lewisb/y antigens 

in cancer cell lines along with glycans with blood group A, B,, and H antigens in undifferentiated 

cell lines. Furthermore, a commercial Hypercarb PGC column from Thermo Scientific has been 

used as well. Mank et al. [535] used Hypercarb PGC column for the separation and structural 

elucidation of human milk oligosaccharides by LC-ESI/MS2. In addition, Cho et al. [536], 

investigated the separation of permethylated glycans on Hypercarb PGC column using nano- 

flow-LC/MS. They also investigated the effect of PGC column temperature and revealed that 

increased temperature drastically improved the peak shape and resolution of some positional 

permethylated glycan isomers. The major drawback of using PGC column is that the double 

peaks caused by a and P anomers of the Glc at the reducing end are mostly observed. 

Although this issue can be overcome by the reduction leading to a single peak, the respective 

MS/MS spectra of reduced oligosaccharides are then more complicated making the 

interpretation of the glycan sequence more difficult [423]. Despite PGC columns are able to 

separate structurally similar glycan isomers, they are still used only by a limited number of 

research groups.

In recent years, IM has appealed as a suitable technique for the separation of lipid isomers. 

However, due to the current IM resolving power limitations, lipid isomers cannot be fully 

resolved by IM alone in complex mixtures [523]. Damen and co-workers [529] have 

demonstrated the UPLC method coupled to TWIMS-QTOF and using C18 stationary phase 

incorporating charge surface hybrid technology, which enabled the separation and structural 

elucidation of lipid isomers including cis/trans isomers. Wojcik et al. [523] utilized ultra-high 

resolution IM separation with travelling waves in a serpentine and extended multi-pass SLIM 

platform for selected lipid and glycolipid isomers. They were able to differentiate C=C bonds 

positions and their cis/trans orientations in phospholipids using multi-pass separation. In case of 

glycolipid isomers, the partial separation of GlcSph 18:1;O2 vs. GalSph 18:1;O2 and GlcCer 

18:1;O2/18:0 vs. GalCer 18:1;O2/18:0 (Fig. 37), differing only in the identity of glycan, was 

achieved after four-passes (~60 m path). Moreover, the baseline separation of GD1a and GD1b
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gangliosides, which only differ in the location of SA residue, has been accomplished even with 

minimal possible path 1.25 m (i . e without using the multi-pass separation). However, the major 

issue is the limited number of passes due to increasing peak widths with the increasing number 

of passes, which reduce the detection and range of mobilities.

2. G lcC e r(d l8 :l/1 8 :0 )

(M+Na)' 
30.6 m

(M+Na)' 
59.9 m

82 84 86 88
Arrival Time (ms)

1. G a lC e r(d l8 :l/1 8 :0 )

OH HO. 0 ^ HH '-'h  HO, UH
i. ;.H

(M+2Na)2+

1.25 m

Arrival T «ne (ms)

B ase line  se p ara tio n  o f 
G D 1a and G D 1b isom ers

Fig. 37: Examples of separation GSL isomer with IM using SLIM (adopted from [523]).

Next, May et al. [537] also resolved GD1a and GD1b gangliosides in a standard mixture as 

doubly sodiated species [M+2Na]2+ along with two pentasaccharide GSL differing in the 

location and linkage of fucose (Fig. 38).

G a n g lio s id e s  H u m an  m ilk  o l ig o s a c c h a r id e s

GD1b
36:1;O2

(18:1 ;O2/18:0)

GD1a
36:1;O2

(18:1 ;O2/18:0)

I ■ I r  T

36 37 39 39 40 41
Arrival Time (ms)

42 43 44 45 46 47 43 
Arrival Time (ms)

Fig. 38: Separation of GD1a/GD1b isomers and pentasaccharide isomers using IM [537].

Moreover, Djambazova et al. [538] have reported a partial separation of GD1a and GD1b 

isomers with 36:1;O2 and 38:1;O2 ceramide in tissue samples using MALDI-TIMS. 

Furthermore, Xu et al. [539] have shown effective resolution of GlcCer and GalCer species 

from human plasma and cerebrospinal fluids using DMS coupled to LC-ESI/MS (Fig. 39).
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GalCer GlcCer GalCer
18:1;O2/16:1 18:1;O2/16:0 18:1;O2/16:0

Fig. 39: Separation of HexCer isomers using differential mobility spectrometry (adopted from [539]).

In summary, although the separation of lipid isomers still remains very challenging and only 

a limited number of lipidomic studies have been carried out to differentiate GSL isomers using 

IM technologies, recent advances in chromatography and continuous innovation of IM through 

novel instrumental developments have pushed the popularity of IM forward by enhancing its 

sensitivity and selectivity. The coupling of IM with LC-MS is thus likely to become a very 

valuable tool capable of efficiently separating and reliably distinguishing various lipid isomers. 

However, further progress is still needed as potential applications of IM are still being discovered 

[496].

1.5.2 Fragmentation (MS2 and MSn spectra)

Tandem mass spectrometry (MS/MS) analysis is essential in the structural elucidation of 

GSL The systematic nomenclature of MS/MS fragments for carbohydrate part of GSL was 

proposed by Domon and Costello [540] and include fragments containing the non-reducing 

end (i.e., A, B, and C) and the reducing end (i.e., X, Y, and Z). Fragments B, C, Y, and Z 

correspond to glycosidic cleavages that determine glycan sequence (Fig. 40A), while A and X 

fragments are cross-ring cleavages allowing the differentiation of linkage positions (Fig. 

40B). Since the A, B, and C type ions do not include ceramide structure, unlike their X, Y, 

and Z counterparts, their masses are not affected by a lipid moiety. The naming was later 

modified by Ann and Adams [541] in order to include more detailed ceramide fragments. The 

major fragments are shown in Fig. 40C, where the N  and Nn fragments are diagnostic of the 

long-chain base.
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Fig. 40: Fragmentation patterns of GSL (adopted from [540-542]).

O

Neutral GSL are relatively poorly ionized in the negative ion mode due to their basic (i.e., 

amino sugar-containing) and acidic counterparts [543], thus neutral GSL are commonly 

analyzed in the positive ion mode, where GSL are better ionized and provide abundant Y/Z- 

pair ion series indicative for sequence information accompanied by less common B/C-type 

fragments. The A/X-type ions involving C-C bond usually require higher energies [64]. 

Moreover, complex neutral GSL suffer from poor ionization efficiency. It is known that ESI 

sensitivity decreases with the increasing length of the glycan chain of GSL due to increased 

hydrophilicity [543,544]. Furthermore, a large majority of GSL share a Gal-Glc disaccharide 

core linked to the ceramide moiety, which may complicate the product spectral analysis as the 

Y0/Z0 , Yi/Zi, and Y2/Z2 fragments of different GSL species can have the same mass, despite 

their intensities may vary among GSL species [64]. General fragmentation patterns of neutral 

GSL have previously been well-demonstrated and extensively studied [396,423,545]. GSL 

containing 2-hydroxy fatty acyl groups are also typically characterized by abundant fragment 

ion derived from the loss of the hydroxy-acyl group [546].
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In contrast, acidic GSL (i . e sulfatides and gangliosides) are broadly analyzed in the 

negative ion mode since the molecule is readily ionisable due to anionic sulphate group and 

sialic acid residues, respectively [547]. However, the use of positive ion mode is also 

common [64]. Sulfatides provide prominent diagnostic ion at m/z 97 (i.e., loss of HSO4"), 

which is, however, not observed in ion trap MS because of the low-mass cut off, together with 

B/C-type fragment ions reflecting 3-sulfoGal (m/z 259 and 241) and 3-sulfoGal-Glc (m/z 419 

and 403) residues accompanied by dehydration (Fig. 41). Furthermore, the differentiation of 

non-hydroxylated and hydroxylated sulfatides has been well documented. The a-hydroxylated 

fatty acid-containing sulfatides are recognized by the unique and prominent ion cluster 

originated from primary cleavage of the fatty acyl CO-CH(OH) bond (ion a) accompanied by 

the direct loss of fatty acyl as a ketene from precursor ion via the NH-CO bond cleavage (ion 

b), which further undergoes a water loss (ion c) [547-549] (Fig. 41).

S H exC er 18:1 ;O 2/16:0 (34:1;O 2)
non-hyd '

G al-O S O 3-
j t  B, m / z  241 

C, m / z  259

H
NH

507
O

n on  c  (-H2O), m / z  522

S H exC er 18:1 ;O 2/16:0;O  (34:1;O 3) G al-O S O 3-
h y ..................... . j  B, m / z  241 

*  C, m / z  259

O
In SHex2Cer, all affected ions will have 
mass difference ^  A m /z  162 (+G lc) ion b, m / z  540

ion c  (-H2O), m / z  522 
i_o_n_a,_ m /z _  _56_8__________
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--O --G lc-G al-O S O 3-
e.g ., B at m / z  403 and C at m / z  419

Fig. 41: Typical fragmentation of (non)-hydroxylated sulfatides in negative ion MS/MS [548].
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In some cases, the analysis of underivatized GSL-derived oligosaccharides in the 

negative ion mode may be advantageous for the isomer recognition due to low chemical 

background noise and low level of cation adducts formation [550,551]. Negative ion MS/MS 

spectra of oligosaccharides are generally dominated by a series of B/C-type ions providing 

information about the glycan sequence. More interestingly, Ci ion can provide additional 

information about the terminal Gal linked to GlcNAc. The fragmentation of Gal1-4GlcNAc 

linkage is more facile, and thus can be readily cleaved, while Gal1-3GlcNAc linkage is more 

resistant. However, when Gal is substituted with Fuc, the 1-3 linkage can be cleaved (Table 

19) [550].

Table 19: Distinction of 3-/4-linked Gal to GlcNAc with and without Fuc substitution [550].

Linkage Substitution of Gal Structure Ci ion

non-substituted
Present at m/z 179 
(low abundance)

Gal1-4GlcNAc

Fuc
Present at m/z 325 
(high abundance)

non-substituted

Gal1-3GlcNAc
Fuc

Absent

Present at m/z 325 
(low abundance)

Generally, cross-ring fragmentation (i . e A-type ions) is useful for defining the linkage 

positions between individual monosaccharides [551]. A cross-ring 0,2A-type cleavage is 

typical for 4-linked GlcNAc or Glc (i.e., type 2 chain), whereas it is not produced from 

3-linked GlcNAc (i.e., type 1 chain). It can be used to discriminate between Gb and iGb as 

well. In addition, a double glycosidic D-type cleavage (i.e., C-Z double cleavage) is unique to 

a non-substituted 3-linked GlcNAc/Glc or 4-linked GlcNAc/Glc substituted with Fuc (Table 

20). Similarly D-type ion indicate 3-linked GlcNAc substituted with Gal at the 4-positions. 

Taken together, A- and D-type ions are important for differentiations of type 1/2 chain, and 

blood group H, Lea, Leb, Lex, and Ley determinants [550].
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Table 20: Typical D-type fragments of type chain and blood group determinants [550].

Produced D ion Residue after cleavage Chain type + cleavage

m/z 202 3-linked GlcNAc
Type 1 

H

m/z 348
(202 + 146)

4-linked Fuc to 3-linked GlcNAc

m/z 364
4-linked Gal to 3-linked GlcNAc

(202 + 162)

Type 1 
Lea, Leb

Type 1 
Lex

m/z 510
(202 + 162 + 146)

4-linked Fuc-Gal to 3-linked GlcNAc
Type 1 

Ley

In case of complex branched GSL-derived oligosaccharides, MS/MS spectra can provide 

complimentary structural information. In the MS/MS spectra of [M-H]-, fragments derived 

from 6-linked branches (a) are dominant, while those from 3-linked branches (P) are absent. 

In contrast, fragments from both branches are dominant in the MS/MS spectra of [M-2H]2-. 

Similarly, double cleavage (D-type ion) occurs only at 3-linked branches (Fig. 42) [551].

6-linked branch
(a-region)

3-linked branch
(ß-region)

chain core

°’2A ion

D ions

Fig. 42: Illustration of 3- and 6-branched oligosaccharides with typical fragment ions [551].
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Additionally, sialylated GSL (i . e gangliosides) have been considered difficult to analyze 

as SA is relatively labile and preferentially lost during the ionization process. The loss of SA 

is favored particularly, when two or more SA are present, but the stability of SA can be 

improved by the formation of alkali metal adducts (i.e., [M-2H+Na]"). This is a typical 

feature of MALDI-MS [546,552]. Generally, SA on glycoconjugates can be linked to Gal via 

2-3/6 linkage and to GalNAc via 2-6 linkage. There are also a-/p-anomers of SA with 

a-anomeric form being the most common, while P-anomeric form is typical for free SA. It is 

also unclear if the P-anomer is present in oligosaccharide chains or ignored/escaped from 

detection due to low concentration. The linkages positions and anomeric configurations of SA 

are reflected in the stability of the molecule during ionizations: P2-3 > a2-6 > a2-3 > P2-6 as 

well as in the characteristic fragmentation patterns in MS/MS spectra (Table 21) [552].

Table 21: Differentiation of 2-3/6 and a/p linkages of sialylated oligosaccharides [552].

Linkage and anomeric configuration Characteristic fragments

2-3-linked NeuAc (SA)
a linkage 

P linkage
24A-CO2 ; B2-CO2

24A; B1-CO2

2-6-linked NeuAc (SA)
a linkage 

P linkage
°,4A-CO2; °,2A, 2,4A

°,4a

D-type ion at m/z 493 Internal location of SA on the 3-linked GlcNAc and Glc

In-depth description of the MS/MS of oligosaccharides can be found in this review [543]. 

The differentiation of blood group A, B, H and Lewis blood group Lea, Leb, Lex, and Ley 

determinants on GSL-derived oligosaccharides has been described in detail as well [530,553]. 

Additionally, GSL with acidic residues usually facing in-source and/or post-source 

fragmentation, or produce metastable ions, especially when MALDI-MS is used [544,546].

1.5.3 Dissociation techniques

MS/MS analysis of GSL relies on various dissociation techniques. Each dissociation 

technique provides a distinct level of structural information since it cleaves bonds at different 

locations of the molecule. Their combined use can provide complementary structural details 

of GSL [65]. There are three major types of dissociation techniques including collision-, 

electron-, and photon-mediated dissociation along with unique radical-directed dissociation.
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A) Collision-mediated dissociation
Collision-mediated dissociation is conventional and mostly default dissociation technique 

employed for MS/MS experiments. It covers three common techniques, namely low-energy 

collision induced dissociation (CID), higher-energy collisional dissociation (HCD), and 

surface-induced dissociation (SID). The activation in CID and SID is achieved by single or 

multiple collisions of precursor ions with an inert gas or with a stationary solid surface. 

Furthermore, HCD is uniquely used in orbitrap configurations. Both CID and HCD provide 

structural information aid in elucidating the glycan sequence (i.e., B- and C-type ions) and the 

lipid part. A supplemental option, implemented exclusively for ion trap MS, is pulsed 

Q dissociation (PQD), which deposits higher energies on the ions compared to CID and 

allows the observation of low m/z fragments that are usually excluded from CID, however at 

the cost of reduced fragmentation efficiency [65,554].

Incremental Am/z indicate the loss of a hexose (Am/z 162) and N-acetylhexosamine 

(Am/z 204). Moreover, sulfatides and gangliosides can be recognized by the loss of sulfate 

group (m/z 97) and sialic acid (m/z 290) in the negative mode, respectively [65]. In addition, 

the ceramide composition, respectively sphingoid bases, can be identified from the specific 

fragment ions in the positive mode (Table 22) [396].

Table 22: Typical Nn fragments corresponding to the respective sphingoid base [396].

m/z 238 236 266 264 262 294 292 282

base 16:0;O2 16:1;O2 18:0;O2 18:1;O2 18:2;O2 20:0;O2 20:1;O2 18:0;O3

One caveat of CID is that to be able to distinguish isomers with subtle structural 

differences, multi-stage collisional dissociation has to be usually used, even when coupled 

with the chromatographic separation. This was exemplified in the work of Li et al. [555], 

where MSn of permethylated GSL allowed differentiation of Gb4Cer (specific ion at m/z 315) 

and iGb4Cer (specific ion at m/z 357).

B) Electron-mediated dissociation
Electron-mediated dissociation relies on interactions between analyte ions and electrons 

and is based on the conversion of precursor ions to radical ions followed by the dissociation 

of the metastable radical ions via intramolecular rearrangements to produce fragments [556]. 

However, the formation of radical ions differs between electron-capture dissociation (ECD),
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electron-detachment dissociation (EDD), and electron-transfer dissociation (ETD) techniques. 

ECD and EDD operate similarly, the ions pass through a beam of low-energy electrons that 

are captured by these ions to form radical ions. ECD and EDD apply to multiply-charged 

positive and negative ions, respectively. Moreover, ECD provides the extensive fragmentation 

of GSL while EDD is relatively inefficient [65,554]. Both ECD and EDD have been 

implemented mainly in FT-ICR [557,558], but attempts have been made to integrate them 

into the more accessible ion trap analyzer, such as orbitrap [559]. EDD technique has been 

several times used for the structural characterization of oligosaccharides [560-562]. On the 

contrary, in ETD, precursor ions react with radical ions generated in situ finally yielding 

ceramide backbones fragments and identifying acetylated glycans [65]. Unlike ECD and 

EDD, ETD can be performed using ion trap mass spectrometers, as shown by Han and 

Costello [563]. Moreover, there is a so-called electron-induced dissociation (EID) which can 

be employed for both singly charges and multiple charge precursor ions [554].

C) Photon-mediated dissociation
Photon-mediated dissociation includes three major techniques, specifically infrared 

multiphoton dissociation (IRMPD), ultraviolet photodissociation (UVPD), and blackbody 

infrared radiative dissociation (BIRD), which is not discussed here, but is of special interest 

for investigation of dissociation energetics of rather weak interactions.

In UVPD, the precursor ions are activated and dissociated by the absorption of high- 

energy photons. Ions are irradiated in a collision cell typically by ns-pulsed UV laser (e.g., 

157 nm-F2 and 193 nm-ArF excimer lasers, or 213 nm solid-state laser, depending on the 

application) delivering a high flux of photons in a short time period. Thereafter, activated ions 

can undergo one of many competing processes leading to dissociation, such as de-excitation, 

vibrational redistribution of internal energy, or direct fragmentation. The excitation in UVPD 

is fast and occurs in a single step rather than in a stepwise fashion. UVPD was first 

implemented in FT-ICR mass spectrometer and has been mainly used in the combination with 

ion trap MS. Whereas collision-mediated dissociation methods mainly induce glycosidic bond 

cleavage, UVPD yields extensive fragmentation patterns of GSL. These include more 

informative cross-ring fragments of the glycan moieties (A/X-type) and several unique 

UVPD-specific cleavages at ceramide C-C and C-N bonds that allow differentiation between 

isomeric glycans and ceramides. In particular, UVPD can reliably locate C=C bonds in 

ceramide moieties of GSL. Despite the advantages, UVPD is not widely used due to the lack 

of automated software tools for spectra annotation, however, there are a few lipidomics
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applications [554,564,565]. Ryan et al. [566] have reported that 193 nm UV irradiation leads 

to extensive fragmentation of both glycan and ceramide parts in the neutral GSL and 

gangliosides along with a certain level of fragmentation close to the carbon-carbon double 

bonds. Recently, Brodbelt and co-workers implemented 193 nm UVPD as well as hybrid 

triple-stage collision-induced dissociation mass spectrometry (CID-MS3) coupled with UVPD 

to localize double bonds and differentiate ^«-positional isomers of various phospholipid 

subclasses via the presence of diagnostic fragment pairs [567,568]. 193 nm UVPD was also 

employed to study neutral and acidic GSL [564]. It should be also noted that the analysis of 

C=C bonds locations by UVPD is limited by its low fragmentation efficiency caused by low 

photon absorption by C=C bond, therefore, high-power laser or incorporation of more 

efficient chromophores in lipids is needed to improve the sensitivity to locate C=C bonds in 

lipids [569]. The detailed description of UVPD applied to the analysis of various biological 

molecules can also be found in an excellent review by Brodbelt et al [570].

Similarly, IRMPD has similar experimental setup except that infrared lasers (e.g., CO2 

lasers centered around 10.6 pm or Nd:YAG laser) are employed, and the dissociation is 

induced by sequential absorption of multiple IR photons accompanied by intramolecular 

vibrational redistribution (IVR) until the cumulatively acquired internal energy exceeds the 

dissociation barrier resulting in fragmentation (Fig. 43) because a single IR photon is not 

sufficient to cause bond rupture in most biologically relevant molecules. IRMPD was first 

implemented in FT-ICR mass spectrometers and subsequently integrated into commercial 

quadrupole ion traps. A major advantage of IRMPD is a certain degree of selectivity as 

fragmentation can be controlled by the wavelength of the laser and duration of laser 

irradiation. Moreover, IRMPD does not discriminate between precursor and product ions, thus 

product ions can be subsequently fragmented via additional photon absorption [554,565].

Fig. 43: Schematic representation of multiphoton activation mechanism in IRPMD [554].
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Although IRMPD does not usually provide additional information on the lipid structure 

compared to conventional CID, it proves to be suitable mainly for phosphate-containing 

compounds [571]. Besides, a few non-phosphorylated lipids were investigated as well [557]. 

Lee et al. used MALDI coupled to FT-ICR mass spectrometer for structural elucidation of 

gangliosides utilizing both CID and IRMPD for MS/MS experiments, although the IRMPD 

produced less fragmentation compared to CID [572].

A more detailed description of applications of photon-mediated dissociation techniques in 

the analysis of biomolecules including a variety of different lipid subclasses, such as GPs, 

GSL, lipid A, and large lipopolysaccharides have been provided in the following reviews 

[565,570,573]. The comparison of CID, UVPD, and IRMPD is illustrated in Fig. 44

S0 ... ground state 
S1 ... excitation state 
D0 ... dissociation treshold 
v‘,v“ ... vibrational state

(1) ... direct dissociation
(2) ... intersystem crossing
(3) ... internal conversion

Fig. 44: Comparison of CID, UVPD and IRMPD using Jablonski diagram (adopted from [565]).

D) Radical-directed dissociation (RDD)
Radical-directed dissociation (RDD) is a unique fragmentation technique whose 

employment for lipidomics was demonstrated by the Blanksby group in 2012 [574]. In the 

RRD approach, molecules are first derivatized or complexed to introduce UV-labile 

chromophores (e.g., carbon-iodine bond). The modified molecules are then ionized and 

subjected to UVPD, where the UV-labile bond breaks via homolytic cleavage to form 

radicals. These radicals abstract protons from the analyte ions to form radical ions that are 

finally fragmented using CID [65,574]. Although the application of RDD is limited mainly 

due to complicated sample preparation, RDD has been shown to distinguish GSL epimers, 

namely GlcCer and GalCer, based on the inverted abundance of the major fragments caused
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by the differential ability of GlcCer and GalCer to lose water (i . e neutral loss of water is 

easier in Gal than Glc) [575].

There are also several other dissociation techniques, such as metastable atom-activated 

dissociation (MAD) [569,576], electron impact excitation of ions from organics (EIEIO) 

[569,577,578], or charge-remote fragmentation (CRF) [569]. More detailed description of 

collision-, photon-, and electron-mediated activation techniques can be read from the 

following papers [554,556,579].

1.5.4 Innovative ion activation technologies (location of C=C bonds)

Nowadays, the collision-induced dissociation tandem mass spectrometry (CID-MS/MS) 

is well-established dissociation technique providing a head group and ceramide composition. 

However, the ceramide backbones of GSL as well as other lipids may contain unsaturated 

FAs with one or more carbon-carbon double bond (C=C), which cannot be located using 

collision-mediated techniques. The determination of C=C bonds is not trivial and is possible 

with the use of UVPD or RDD. The determination of C=C bonds has become a hot topic in 

recent years, thus, several novel and selective ion activation technologies have been 

developed to address this issue [580,581].

Over the recent years, ambient ionization mass spectrometry (AIMS) techniques coupled 

with novel ion activation technologies have allowed rapid and direct structural elucidation of 

carbon-carbon double bond (C=C) locations, cis/trans isomers, and sn-position isomers of 

lipids isolated from various complex biological samples with minimal or no sample 

pretreatment [580]. These novel ion activation methods are discussed below.

A) Paterno-Büchi (PB) reaction
In 2014, Ma and Xia [582] introduced a novel method of pinpointing C=C bond locations 

by online coupling of the Patemô-Büchi (PB) reaction with tandem mass spectrometry (PB- 

MS/MS). The PB reaction is photochemical cycloaddition between electronically excited 

aldehyde or ketone and a C=C bond using typically acetone as PB derivatization reagent for 

254-nm UV irradiation. The reaction provides fast and highly specific modification of the 

C=C bonds in lipids yielding abundant C=C diagnostic fragment ions, which are used for 

accurate location of C=C bonds (Fig. 45) [583].
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Fig. 45: PB reaction: (A) mechanism and (B) differentiation of FA 18:1 isomers (modified [584]).

This strategy has been applied for the large-scale analysis of C=C location isomers of 

different lipid subclasses, including non-esterified FAs, GPs, and other lipids in a variety of 

biological samples, but it also has a potential for the location of C=C bonds in ceramide 

moieties of GSL [584-586]. PB-MS/MS has a number of unique features, including (1) fast 

reaction kinetics allowing online coupling with ionization, (2) simple experimental setup 

without requiring modification of MS instrument, (3) wide applicability to different lipid 

subclasses, (4) formation of PB products with the specific mass increase from the original 

molecule, and (5) production of highly abundant diagnostic ions derived from PB products 

enabling both confident localization of C=C bonds and quantitative analysis [580,581]. 

Furthermore, PB reaction is compatible with different MS techniques, including DI-MS, 

LC-MS, and MSI [569].

Moreover, Bednařík et al. [587] developed an on-tissues PB reaction for the localization 

of C=C bonds in phospholipids and glycolipids by MALDI-MS using benzaldehyde. In 

addition, benzophenone [588,589], 2-acetylpyridine [590], and 2',4',6'-trifluoroacetophenone

[591] have been shown as potential PB derivatization reagent as well.

B) Ozone-induced dissociation (OzID)
Ozone-induced dissociation (OzID exploits the gas-phase reaction and was firstly 

implemented in 2008 by Blanksby's group, who replaced inert collision gas in mass 

spectrometer with O3/O2  mixture so that the ozonolysis can take place inside the collision cell

[592] . The reaction is based on cycloaddition of O3 to unsaturated lipids generating 

metastable ozonide that spontaneously decays to more stable Criegee and aldehyde diagnostic
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ions with a constant mass separation of 16 Da. OzID coupled with soft ionization techniques 

is highly specific and efficient method for the assignment not only the position of carbon­

carbon double bonds, but also their stereochemistry in unsaturated lipids (Fig. 46) [569,593]. 

The major drawbacks are that OzID typically requires modification of commercial 

instruments and specialized equipment generating ozone as well as requires longer reaction 

time (0.2-10 s) to accumulate detectable C=C diagnostic ions due to the low ozone density 

allowed in an ion trap analyzers [583]. This reduces the analysis speed and makes the 

coupling with LC inefficient, which greatly restricts the application of OzID. To circumvent 

this limitation, OzID has been implemented in a high-pressure IM cell with high O3 density 

significantly accelerating ozonolysis and producing abundant C=C fragment ions [594], 

which also facilitated a coupling with LC, a novel platform for the analysis of isomer [595]. 

In addition, online coupling of OzID with HRMS instrument has been reported together with 

significantly improved ozonolysis efficiency by slowing down ions in the trap region for their 

prolonged interaction [596].

1st oxidation by O3

Criegee Product

Aldehyde Product

2nd oxidation by O3

Fig. 46: Mechanism of ozone-induced dissociation (OzID) (modified from [597]).

Marshall et al. have also implemented OzID into shotgun lipidomics workflow for fast 

human plasma lipid profiling [598]. Barrientos and co-workers have demonstrated the 

structural analysis of sodiated adduct ions of unsaturated GSL using OzID-MS that yielded 

more informative cross-ring cleavages compared to protonated ions [599]. Later, they

102



reported that adducts can remarkably influence both the bond cleavage and the fragmentation 

behavior and illustrated distinct fragmentation patterns of [M+H]+, [M+Na]+, and [M+Li]+ 

precursor ions of GSL in OzID-MS. Specifically, they reported that [M+H]+ ion primarily 

undergoes dehydration yielding [M+H-H2O]+ ion followed by the sequential loss of 

monosaccharide units, while [M+Na]+ and [M+Li]+ adducts dissociate preferably at the 

double bonds yielding similar fragmentation patterns, albeit the relative intensities of 

diagnostic ions were remarkably different (Fig. 47) [597].

-G lc -Gal

m/z m/z

Fig. 47: OzID-MS spectra of LacCer 18:1;O2/18:1;O(9Z) (modified from [597]).

* denotes ozonide stabilized secondary oxidation product of sphingosine n-14 double bond

C) Epoxidation
Recently, Feng et al. reported an innovative epoxidation reaction using 

metachloroperoxybenzoic acid (m-CPBA) coupled with LC-MS/MS for the analysis of 

unsaturated phospholipids. The m-CPBA epoxidation is completed within minutes and 

without overoxidized by-products, showing potential for high-throughput analysis [600]. As
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a consequence, m-CPBA epoxidation [601] and peracetic acid(PAA)-mediated epoxidation 

[602] have been used for large-scale identification and spatial mapping of biological C=C 

isomers. Briefly, epoxidation is initiated by the oxidation of unsaturated lipids via m-CPBA 

or PAA either in-solution or on-tissue reaction to generate an epoxide product, which is 

further subjected to CID-MS/MS analysis generating a pair of diagnostic ions pinpointing the 

location of C=C bond (Fig. 48) [602]. The major advantages of the epoxidation are versatility 

and user-friendly platform with minimal requirements for instrumentation [601].

Fig. 48: Schematic illustration of epoxidation reaction (modified from [581]).

Very recently, Zhang et al. [603] proposed a rapid light-controlled photoepoxidation 

using benzoin to locate the positions of C=C double bonds of various isomers of unsaturated 

lipids in mouse tissue extract, in both positive and negative ion modes. The epoxide formation 

occurs under UV-light and aerobic conditions. Sawaki and Ogata found that benzoin can 

transfer oxygen atom in O2 to benzoyl oxy under UV irradiation, then, acyl peroxy radicals 

can open the double bonds and photoepoxidation products [604].

In addition, the rapid switch-on/off electrochemical epoxidation controlled simply by 

tuning the electrospray voltage was recently developed to locate the C=C bond positions in 

lipids within seconds (Fig. 49) [605].

Fig. 49: Schematic representation of electrochemical epoxidation (modified from [605]).
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The electrochemical epoxidation can generate on-demand mono- or multiple electro- 

epoxidized products at different voltages that are further fragmented to generate diagnostic 

ions to locate the C=C bond [605]. In addition, chloroauric acid (HAuCl4)-dopped solvent 

introduced into an electrospray has been reported to induce epoxidation [606].

Low-temperature plasma(LTP)-induced epoxidation using atmospheric oxygen as an 

oxidizing agent without additional need for special solvents can also be used for the 

assignment of C=C bonds. The reaction is performed by blowing the LTP plasma into the 

mixture of lipids in acetone/water (50/50, v/v). (Fig. 50). The conversion of C=C bonds to the 

corresponding epoxides is rapid and nearly complete [607]. Moreover, the LTP probe enabled 

online epoxidation of unsaturated FAs on a paper-based analytical devices [608].

MS spectrum 
(before epoxidation

MS spectrum 
(after epoxidation)

MS/MS spectrum

Mechanism of epoxidation of an unsaturated FA followed by CID-MS/MS

o—o
0X

Not observed Detected by MS
o

^generated <n siftr y  
by blowing LTP 

. into acalionefl-li O

In situ generation of dioxirane in acetone/water
(50/50, v/v)

CID A * * 0  +<v f t > A o -

A s * + ° v % A 0.

Fig. 50: Schematic representation of epoxidation using low-temperature plasma (modified [607]).
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Notably, a novel method based on ambient oxidation (i . e oxidation reaction in air) 

coupled with air flow-assisted desorption electrospray ionization (AFADESI) was proposed to 

conveniently and rapidly characterize spatial distribution of unsaturated lipid isomers using 

MSI technology (Fig. 51) [609].
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Fig. 51: Set up of AFADESI with MS/MS analysis of two isomers of FA 18:1 (modified from [609]).

A novel, online and selective photosensitized oxidation of C=C bonds induced by singlet 

oxygen (1Ü2) coupled to CID-MS/MS has been proposed to distinguish positional isomers 

based on the formation of unique lipid hydroperoxide products (neutral losses) generated 

promptly after laser irradiation. Characteristic neutral losses arise from cleavage at the 

location of the hydroperoxide group of the respective lipid hydroperoxide, which was 

produced by the interaction of unsaturated lipids with 1Ü2 (Fig. 52) [610].

green laser 
A=532 nm

ESI .I MS

Rose Benge + lipid 
in MeOH/water

.!
15 cm î *

1 inlet

J
(90/10, v/v)

ESI t i p " !

Fig. 52: Schematic depiction of the oxidation of C=C bonds in lipids by '6 2  (adopted from [610]).

In summary, CID commonly generates diagnostic ions of the glycan chain, sphingoid 

base, or N-fatty acyls composition, while more detailed structural information including 

branching and linkages in the glycan sequence and double bond positions in the ceramide
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backbone can rather be determined using more specialized dissociation techniques (i.e., ECD, 

EDD, ETD, UVPD, RDD, OzID, 1O2 , PB reaction, or epoxidation), see Fig. 53 [65].

Among the above-mentioned strategies, the PB reaction is the most commonly used 

method to locate C=C positions in both DI-MS and HPLC-MS/MS workflows, although 

OzID and epoxidation provide much higher specificity. There is also a common concern 

regarding the use of UV light and ozone in the PB reactions, OzID, and UVPD as these might 

pose potential health risks. A more detailed description of applications of AIMS techniques 

utilizing novel ion activation methods in the elucidation of unsaturated lipids can be found in 

the following reviews [569,580].

Paterno-Büchi 
(PB) reaction

UV ~ 254 nm
low-temperature 
plasma (LTP)

: o*
t

Ozone-induced 
Dissociation (OzID)

Epoxidation
reaction

Fig. 53: Approaches utilized for location of C=C bonds in lipids by MS (modified from [569,583]).
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1.5.5 Chemical derivatization

Besides LC-MS tools capable of separating isomers and enzymatic digestion utilized for 

the determination of glycan sequence, linkages, and anomeric configuration in GSL, chemical 

derivatization of specific functional groups has a great potential to overcome existing 

analytical barriers in the differentiation of isomeric and/or isobaric compounds to truly 

comprehensive lipidome coverage [394].

Derivatization in lipidomics serves for two purposes. First, it increases the ionization 

efficiency of lipids, which is beneficial, in particular, for neutral and heavily glycosylated 

GSL that suffer from low ionization efficiency. Second, it may allow isomeric separation in 

combination with UHPLC-MS or IM together with the increased sensitivity either by 

introducing a specific moiety to scan for selective precursor ions or neutral losses or by 

incorporating a stable isotopically-labelled moiety for differential quantitation. A great 

example of such strategy has been applied, for example, to phospholipids [611].

The derivatization reaction should be fast, high yield, precisely controlled, and provide 

highly abundant diagnostic ions alongside few by-product ions. The reaction device should be 

simple and convenient without sophisticated MS modifications [603]. Besides decreasing the 

risk of false identification due to the presence of specific fragments, the derivatization is not 

as easy as it may seem and can pose a few challenges (i.e., possible contamination or 

formation of artifacts [361].

A large number of derivatization approaches can potentially be used for the analysis of a 

variety of lipids, including FAs [612-617], GPs [618-623], GLs [624-626], STs 

[581,627,628], and SPs. For example, Bollinger et al. [612] introduced charge-switch 

derivatization using N-(4-aminomethylphenyl)pyridinium (AMPP), which has been 

successfully applied for the analysis of FAs double bond positional isomers providing more 

than four orders of magnitude improvement in the sensitivity [612,613]. There are also a few 

modifications of this strategy [614,615] as well as other approaches [616,617]. Furthermore, 

diazomethane (methylation)-based derivatization approaches, e.g., trimethylation 

enhancement using 13C-diazomethane (13C-TrEnDi) [618,619] and

trimethylsilyldiazomethane (TMSD) [620,621,629], together with 4-(dimethylamino)benzoic 

acid N-hydroxysuccinimide ester (DMABA-NHS) [622] have been used for the analysis of 

phospholipids and FAs. One-step in situ derivatization of PE and lyso-PE for shotgun 

lipidomics using 9-fluorenylmethoxyl carbonyl chloride (FMOC-Cl) has been developed by 

Han et al. [623]. Wang et al. [624] and Liu et al. [625] applied a facile one-step derivatization
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approach using N,N-dimethylglycine and N,N-dimethylalanine for differentiation of 1,2-DG 

and 1,3-DG regioisomers along with Yang et al. [626], who utilized acetylation for definitive 

differentiations of MG. In addition, Liebisch et al. [627] established method for simultaneous 

analysis of cholesterol and CEs using acetyl chloride derivatization. Several other 

derivatization methods for sterols can be found in the review from Zhao et al. [581] along 

with relatively novel thiyl radical-based method developed by Adhikari and Xia [628]. Reid 

G. E. and co-workers introduced an ultrahigh resolution accurate mass spectrometry (i.e., 

mass resolution >100,000 and mass accuracy <1-2 ppm) coupled with the chemical 

derivatization using d6-S,S-dimethylthiobutanoylhydroxysuccinimide ester (d6-DMBNHS). 

This combined strategy designed for shotgun lipidomics of a wide range of lipids made 

possible the resolution of both isomeric and isobaric lipids [630,631].

Since this thesis is primarily devoted to GSL, derivatization approaches suitable for 

analysis of sphingolipids and GSL are discussed in more detail below.

A) Permethylation

Tandem mass spectrometry of permethylated GSL, where the active protons in -OH and 

-NH 2 functional groups of GSL react with methyl iodide in alkaline solution (NaOH) of 

dimethylsulfoxide (see Fig. 54), is a powerful tool for rigorous glycan sequence and linkages 

determination, and ceramide composition due to the formation of specific fragments. 

However, the data analysis of permethylated GSL may be complicated since GSL may have 

different numbers of reaction sites [65].

Permethylation can be carried out using both natural and isotope-labelled methyl iodide 

(i.e., 12CH3I, 13CH3I, or 12CD3I) [65]. When combined, the so-called differential isotope 

labelling technique is very useful in the quantitation of intact GSL, resulting in up to 20-fold 

signal enhancement compared to their low sensitivity in the presence of total lipid extracts. It 

has also been observed that alkaline conditions during permethylation significantly reduced 

ion-suppressing ester-linked lipids, thus encouraging the usefulness of the permethylation for 

quantitation of low-abundant GSL in complex mixtures [427]. In addition, the permethylation 

process enhances hydrophobicity, volatility, ionization efficiency, and sensitivity [361]. On 

the contrary, the permethylation in NaOH/DMSO is not suitable for pH-sensitive functional 

groups of carbohydrates (e.g., O-acetylation) or GSL with polysialic acids, as these may be 

destroyed under these harsh chemical conditions [377].
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Fig. 54: Example of permethylation process of LacCer 18:1;O2/18:0 (taken from [427]).

The use of permethylation to improve ionization efficiency and structural analysis of 

GSL in positive-ion mode has been demonstrated [632]. In addition, Ejsing et al. reported a 

shogun-based method for quantitative profiling of long-chain sphingoid bases metabolites by 

using 12CD3I, which significantly enhanced the sensitivity (Fig. 55) [633].

Fig. 55: Methylation of long-chain sphingoid bases using 12CD3I as proposed by Ejsing et al. [633].

B) Sialic acid-related derivatization strategies
Acidic GSL, such as gangliosides include a large number of sialyl-linked glycan isomers 

with a2,3-, a2,6- and a2,8-linked polysialic acids typically on the non-reducing ends of sugars
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[634]. Sialylated GSL are commonly analyzed in the negative-ion mode, while they are hard 

to analyze in the positive-ion mode due to its poor ionization efficiency [635]. Moreover, the 

treatment under acidic conditions can cleave terminal sialic acids from the oligosaccharide 

[636]. It should also be stressed that MS cannot fully supply sugar sequence since it has been 

well-documented that the various sialylated oligosaccharides lose sialic acid during in-source 

and post-source dissociation, decreasing the sensitivity of molecular ion and dominantly 

yields product ions lacking sialic acid, representing a major problem in MALDI-MS analysis 

of sialylated GSL [636,637].

Therefore, distinct chemical derivatizations methods of sialic acids, e.g., esterification 

[636], amidation [637], permethylation [638], or perbenzoylation [639] have been developed 

to stabilize the sialylated residues and to improve ionization efficiency of acidic GSL in 

positive-ion mode. This modification allow highly sensitive and simultaneous identification 

of both neutral and acidic GSL without ion mode switching, especially for gangliosides with 

more sialic acids [635]. As another example, Hanamatsu et al. [634] developed method based 

on ring-opening aminolysis for the discrimination between a2,3 and a2,8-linked sialic acids 

isomers of GSL-glycan by MS. Liu et al. [635] labelled the carboxyl group of sialic acid with 

an easily ionizable tertiary amine, i.e., N,N-dimethylethylenediamine (DMEN), which 

enhanced the ionization more than 4-fold and provided diagnostic ion to facilitate rapid 

structural assignments of gangliosides and discrimination of isomers. This strategy was 

successfully applied for the simultaneous identification of neutral and acidic GSL in human 

plasma. Moreover, labelling approach using 2-(2-pyridilamino)-ethylamine (PAEA) has been 

developed by Huang's group. The method has been applied to plasma using MRM-based LC- 

MS/MS method, which resulted in 15-fold enhancement of ionization compared to 

underivatized analogs. However, the derivatization efficiency of PAEA approach was not 

sufficient, thus only monosialogangliosides (i.e., GMi, GM2 , and GM3) were analyzed [640].

C) Isobaric labelling
Isobaric labelling is a relatively novel technique in glycosphingolipidomics, where 

samples are labelled with isobaric tags consisting of the same molecule with varying 

placement of isotopes (e.g., 13C and 15N). To date, two versions of commercially available 

isobaric tags have been applied to GSL: iTRAQ™ (i.e., isobaric tag for relative and absolute 

quantitation) reacting with free amines [641] and aminoxyTMT™ (aminoxy tandem mass 

tag) [642] reacting with aldehyde and ketones.
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There are also other derivatization strategies that can be used for GSL analysis. Notably, 

Peterka et al. [643] established and optimized a simple, robust, and highly reproducible 

derivatization of multiple lipid subclasses, including even simple GSL, such as HexCer, using 

non-hazardous benzoyl chloride. Importantly, Zheng et al. [644] developed a highly sensitive 

method for simultaneous analysis of multiple sphingoid bases using 3-(N,N- 

dimethylamino)propyl isothiocyanate (DMPI) and its isotopically labelled counterpart (d4 - 

DMPI). Additionally, naphthalene-2,3-dicarboxyaldehyde (NDA) has been employed for 

simultaneous quantitation of Cer and Sph [645].

A few other chemical strategies utilized for the elucidation of GSL structures are 

summarized in Table 23 as well. The mechanisms of these strategies are illustrated in Fig. 56.

Table 23: Summary of chemical oxidation strategies used for the elucidation of GSL.

Oxidation of A to B
Strategy

A B
Ref.

NaIO4 (diluted) OH group of 
sialic acid aldehyde [646]

DDQ
2,3-dichloro-5,6-dicyano-1,4-benzoquinone

OH group of 
sphingosine allyl ketone [647]

ORNG
oxidative release of the natural glycans with NaOCl

glycosidic bond 
of ceramide nitrile [648]

Allyl Ketone
GM3 18:1 ;O2/18:0

Aldehyde

Nitrile

Fig. 56: Illustration of the mechanisms of chemical strategies utilized for GSL (modified from [65]).

More detailed description of chemical derivatization of various functional groups for 

LC/MS-based analysis of small molecules can be found in the review from Zhang etal. [649].
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1.6 Quantitative analysis of GSL and other lipids

A major challenge of current lipidomics is to accurately and precisely quantify the lipid 

species in complex biological samples using appropriate internal standards (ISs) together with 

standardized annotations and report reliable quantitative results. These issues are crucial to 

address in order to gain a detailed understanding of functional roles of lipids and to enable 

a wider acceptance of lipidomics results in various biomarker intra- and inter-laboratory 

studies [650,651]. Furthermore, due to missing methodological standardization, 

harmonization, and lack of suitable ISs and reference materials (RMs) providing a sort of 

quality assurance/quality control (QA/QC), the lipidomic research is challenging and the use 

of lipid biomarkers in laboratory medicine is limited. This is largely because there are vastly 

deviated results between various laboratories. Successful inter-laboratory comparisons using 

appropriate ISs are of utmost importance and will be key to further translating experimental in 

vitro and in vivo studies into clinical settings [650,652,653].

1.6.1 Standards and standard mixtures

Standards (i.e., highly pure substances or standard solutions) and their mixtures are 

generally matrix-free materials with similar or preferably identical chemical structures as 

naturally occurring lipid species. They are either artificially synthesized or isolated and 

purified from natural sources. Standard solutions and mixtures are typically premixed in 

organic solvents [654]. There are 3 major types of standards: (1) endogenous, (2) exogenous, 

and (3) stable isotopically-labelled (SIL) ISs that are used for both qualitative and quantitative 

lipidomics (Table 24). Nonetheless, SIL ISs are considered ideal and the gold standard for 

quantitation due to their nearly identical physicochemical properties compared to their 

naturally occurring endogenous counterparts, nearly replacing the use of endogenous and/or 

exogenous structural analogues as ISs [655,656]. SIL ISs better mimic their respective 

unlabeled and naturally occurring lipid species, which is important to ensure similar 

extraction recoveries, ionization efficiency as well as to correct matrix effect and improve the 

accuracy and precision of quantitative results [654,655]. However, one should bear in mind 

that particularly commonly used deuterated ISs can behave differently, sometimes exhibiting 

slight shifts in retention time or different extraction recoveries [654,655].
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Table 24: The characteristics of three major types of standards used in lipidomics [655,657]

Type Description Example

Endogenous
Structural analogues naturally occurring in biological samples 

Application: qualitative analysis, method optimization

LacCer
18:1;O2/16:0

Exogenous

Structural analogues not commonly found in biological samples 
e.g., shorter/longer/odd FA chain (C12:0, C14:0, C17:0, C19:0)*

Application: method optimization, validation, quantitation

LacCer
18:1;O2/12:0

LacCer
18:1;O2/17:0

Isotopically-
labelled

Synthetic stable isotopically-labelled analogues 
e.g., 2H (D), 13C, 15N, 18O, 31P

Application: validation, quantitation

LacCer
18:1;O2-d5/15:0

*based on observations that such fatty acyls are not usually found in higher organisms (e.g., mammals) or their 
endogenous abundance is low (typically <1%)

Moreover, the co-elution of SIL ISs with lipid species can lead to ion suppression or 

enhancement (details in chapter 1.6.4), which may affect quantitative analysis. Additionally, 

the use of SIL ISs is very restricted due to the high costs and limited availability, thus 

structural non-labelled analogues can be useful alternatives in some cases [655].

Although the amount of standards has significantly increased over the past several years, 

still only a small number of suitable and commercially available SIL ISs are accessible on the 

market compared to the complexity of the lipidome. Specifically, this issue is multiplied in 

the case of GSL as only a few SIL ISs are commercially available for simple neutral GSL and 

some acidic GSL compared to a large number of naturally occurring GSL subclasses. 

Consequently, the absolute quantitation on a large scale is unrealistic as there are estimated to 

be between 10,000 and 100,000 distinct lipid species [654]. Moreover, the global quantitative 

lipidomics in a complex lipidome with thousands of expensive SIL ISs is currently 

impractical until a suitable stable-isotope labelling method is developed and adopted (more 

details in the chapter 1.6.3) [658]. The list of currently available endogenous, exogenous and 

SIL ISs of GSL is summarized in Table 25. These standards are readily accessible mainly 

from the following companies:

• Avanti Polar Lipids (Alabaster, AL, USA, www.avantilipids.com)

• Matreya LLC. (State College, PA, USA, https://www.matreya.com/)

• Cayman chemical (Ann Arbor, MI, USA, https://www.caymanchem.com/)
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Table 25: Commercially available standards for GSL analysis, valid as October 31, 2023.

GSL subclass Endogenous Exogenous Isotopically labelled
18:1;O2/16:0a,b,c 18:1;O2/8:0a,b,c 18:1-d7 ;O2/13:0a

18:1;O2/18:0a 18:1;O2/12:0a,b,c 18:1-d7 ;O2/24:1a

18:1;O2/18:0;Oa 18:1;O2/15:0b,c 18:i;O2/22:0-d4b ’c

GalCer 18:1;O2/18:1a

18:1;O2/22:0b,c

18:1;O2/24:0a

18:1;O2/24:1a

18:1;O2/18:0-d35b’c

18:1;O2/16:0a 18:2;O2/6:0b,c 18:1-d7 ;O2/15:0a

18:1;O2/18:0a 18:1;O2/8:0a 18:1-d5;O2/18:0a

GlcCer 18:1;O2/18:1a 18:1;O2/12:0a 18:1-d5;O2/18:1a

18:1;O2/22:0b,c 18:1;O2/17:0a 18:1;O2/16:0-d3b ’c

18:1;O2/24:1a 18:i;O2/22:0-d4b ’c

18:1;O2/16:0a,b,c 18:1;O2/8:0a 18:1-d7 ;O2/15:0a

18:1;O2/18:0a,c 18:1;O2/12:0a 18:1-d7 ;O2/24:1a

LacCer 18:1;O2/18:1a

18:1;O2/24:0a

18:1;O2/24:1a

18:1;O2/17:0a,b,c 18:1;O2/16:0-d3b ’c

Ga2Cer 18:1;O2/17:0a

18:1;O2/16:0b,c 18:1;O2/17:0a,b,c 18:1;O2/18:0-d3b ’c

(i)Gb3Cer 18:1;O2/18:0b,c 18:1;O2/17:0a (i) 
18:1;O2/23:0b,c

18:1;O2/16:0-d9c

(i)Gb4Cer
18:1;O2/16:0b,c 18:1;O2/2:0c 18:1-d7 ;O2/13:0a

18:1;O2/18:0b,c 18:1;O2/12:0a,b,c 18:1-d7 ;O2/24:1a

SGalCer 18:1;O2/18:0;Oa 18:1;O2/17:0a,b,c 18:1;O2/18:0-d3b ’c

18:1;O2/18:1b c

18:1;O2/24:0a,b,c

18:1;O2/24:1a,b,c

18:1;O2/19:0a,b,c

SLacCer 18:1;O2/18:0b

18:1;O2/16:0b,c 18:1;O2/17:0a 18:1;O2/18:0-d5a

GM1 18:1;O2/18:0b,c 18:1;O2/18:0-d3b ’c

18:1;O2/20:0a 18:1;O2/16:0-d9b ’c

18:1;O2/24:1b,c 18:1;O2/24:1-di8 b’c

GM2 18:1;O2/18:0b 18:1;O2/18:0-d3b ’c

18:1;O2/24:1b,c i8:i;O2/i6:0-d9b ’c

18:1;O2/18:0a i8:i;O2/i6:0-d9b ’c

GM3 i8:i;O2/i8:0-d5a

i8:i;O2/i8:0-d3b ’c

GD1, GD2, GD3 18:1;O2/18:0a (GDia ) 18:1;O2/17:0a (GDia ) i8:i;O2/i8:0-d3b ’c (GD3)
GT1, GT2, GT3 18:1;O2/18:0a (GTib )

GQ1 18:1;O2/18:0b (GQib )
Available from: a Avanti Polar Lipids, b Matreya LLC, c Cayman Chemicals (table do not include lyso-GSL)
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The stable isotope is typically introduced in the N-acyl chain of the ceramide (Table 25), 

but it can also be done in the sphingoid base or oligosaccharide head group.

Moreover, new standard mixtures (including deuterated analogues), that qualitatively and 

quantitatively represent the endogenous lipid subclass distribution in biological samples, have 

recently been designed and added to the catalogue of the major manufacturers, such as Avanti 

Polar Lipids, to simplify and permit pre-standardization efforts. These commercial mixtures 

offer ready and continuous access to qualified and consistent standard mixtures for 

a particular sample matrix produced with high reproducibility and with well-established 

stability criteria [372,654] (Tables 26 and 27).

On the other hand, mixtures of standards prepared within the laboratory (i.e., in-house 

standard mixtures) can also provide access to the unique needs of the locally employed 

methods or where reference materials (RMs) for specific types of sample matrices are not 

available [654]. These mixtures are generally prepared from a wide range of neat chemical 

standards available within the laboratory making their preparation affordable and adjustable 

to specific purposes. Thus, the production of novel labelled standards designed for specific 

lipid subclass, matrices, and/or applications will facilitate future harmonization toward more 

accurate quantitation [654].

There are also OxysterolSPLASH and Bile Acid SPLASH containing 13 deuterated 

oxysterol standards and 17 deuterated bile acids, respectively. Additionally, The Lipidyzer™ 

platform kits (https://sciex.com/br/products/consumables/lipidyzer-platform-kits) designed to 

simplify tuning and allow the method validation and normalization of quantitative results 

have been developed by SCIEX in collaboration with Avanti Polar Lipids and Metabolon. 

Particularly, the ISs mix contains over 50 deuterated ISs covering 13 lipid subclasses (i.e., 

PC, LPC, PE, LPE, SM, DG, TG, FFA, CE, Cer, dHCer, HexCer, LacCer) mimicking the 

natural composition of human plasma [654].
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Table 26: Commercially available standard mixtures designed for lipidomics (Avanti Polar
Lipids).

SPLASH
Lipidomix

I

SPLASH
Lipidomix

II

Equi
SPLASH

Ultimate
SPLASH

Light
SPLASH

MSI
SPLASH

Mouse
SPLASH

Solvent MeOH MeOH MeOH
DCM:MeOH 

(1:1, v/v) MeOH Powder
DCM:MeOH 

(1:1, v/v)

Type Deuterated Deuterated Deuterated Deuterated Unlabelled Deuterated Deuterated

Number of 
subclasses 14 12 13 15 13 13 14

Number of
ISs 14 12 13 69 13 13 14

Amount Variable Variable 100 pg/mL Variable 100 pg/mL Variable Variable

Application Human
plasma*

Human
plasma*

Calibration
curve

generation

Human
plasma*

Calibration
curve

generation

Neurologic
tissues
(brain)

Mice 
plasma or 

tissues

Product No. 330707 330709 330731 330820 330732 330841 330710

PC y y y y (5) y y y
PE y y y y (5) y y y
PS y y y y (5) y y y
PG y y y (5) y y y
PI y y y y (5) y y y
PA y y y

LPC y y y y (3) y y y
LPE y y y y (3) y y y
LPS y (3)
LPG y (3)
LPI y (3)

Plasm-PC y y
Plasm-PE y y

MG y y y
DG y y y y (5) y y
TG y y y y (9) y y
SM y y y y (5) y y y

Cholesterol y
CE y y y y (5) y y
Cer y y (5) y y

GlcCer y
LacCer y

SGalCer y
* also used for tissue samples

117



Table 27: Commercially available standard mixtures designed for lipidomics (Avanti Polar
Lipids).

Ceramide
Lipidomix

Deuterated
Ceramide
Lipidomix

Cer/Sph 
Mixture I

Cer/Sph 
Mixture II

Sphingo 
SPLASH I

Sphingo 
SPLASH II

Sphingo
SPLASH

III

Solvent
DCM:MeOH 

(1:1, v/v)
DCM:MeOH 

(1:1, v/v) EtOH EtOH MeOH MeOH MeOH

Type Unlabelled Deuterated Unlabelled Unlabelled Deuterated Deuterated Deuterated

Number of 
subclasses 1 1 5 5 5 1 5

Number of
ISs 4 4 10 9 6 4 5

Amount Variable Variable ~10 pg/ml ~10 pg/ml Variable 10 pM 10 pM

Application
Human
blood

samples

Human
blood

samples

Sphingolipid
profiling

Sphingolipid
profiling

Study of 
Cer

metabolism

Study of 
Sph

metabolism

Study of 
Sph

metabolism

Product
No. 330712 330713 LM6002 LM6005 330734 330735 330737

Lipid
species

Cer C16:0 Cer-d7
C16:0 Sph C17:0 Sph C17:0 dHCer-d7

C13:0
3-KSph

C18:0-d7
GlcSph

C18:1-d7

Cer C18:0 Cer-d7
C18:0 Sph C17:1 Sph C17:1 Cer-d7

C15:0
Sph C18:0- 

d7
GalSph

C18:1-d7

Cer C24:0 Cer-d7
C24:0

Sph-1-P
C17:0

Sph-1-P
C17:0

GlcCer-d7
C15:0

Sph C18:1- 
d7

LacSph
C18:1-d7

Cer C24:1 Cer-d7
C24:1

Sph-1-P
C17:1

Sph-1-P
C17:1

GalCer-d7
C15:0

Sph C18:2- 
d7

SGalSph
C18:1-d7

Cer C12:0 Cer C12:0 LacCer-d7
C15:0

Lyso-SM- 
d9 C18:1

Cer C25:0 Cer-1-P
C12:0

SM-d9
C15:0

Cer-1-P
C12:0

GlcCer
C12:0

GlcCer
C12:0

LacCer
C12:0

LacCer
C12:0 SM C12:0

SM C12:0

1.6.2 Artificial synthesis of GSL and standards

Since GSL are amphiphilic molecules with immense structural heterogeneity, acquiring 

specific GSL species via isolation and purification from natural sources is very difficult, 

making their artificial synthesis the most viable option [659,660]. From a synthetic point of 

view, the direct coupling of glycans to ceramides is extremely difficult, primarily because of 

the substantially reduced nucleophilicity of the ceramide caused by high steric hindrance (i.e., 

the large size of the ceramide) and hydrogen bonding between the -OH and -NH2 groups in
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the ceramide moiety [659]. Although the discovery of bacterial GTFs that are superior to 

mammalian GTFs (e.g., higher abundance, stability, and substrate range) has significantly 

enriched the GTFs pool, streamlined syntheses of GSL through their natural synthetic 

pathways are still beyond our capabilities due to the absence of some key enzymes involved 

in the ceramide glycosylation, so that glycan-ceramide coupling to access primers required 

for GTFs-catalyzed glycosylation remains dependent on the chemical synthesis [660]. 

Consequently, chemoenzymatic synthesis or other rapid, simple, and efficient methods for the 

synthesis of GSL are highly desirable as they could address the lack of appropriate standards. 

These reactions can also be adapted for the synthesis of non-natural and more complex 

glycolipids, which could have useful applications in GSL-related research [659,661].

Notably, Chiang et al. reported a viable and straightforward chemoenzymatic method for 

the synthesis of globo-series GSL, namely Gb3Cer, Gb4Cer, Gb5Cer, Globo H and S-Gb5Cer 

[662] along with Globo A, Globo B, and (para)-Forsmann GSL [661]. This strategy uses 

a lactoside acceptor with a partial ceramide structure (i.e., LacpSph, Fig. 57), which 

represents a common substrate for unique glycan extension via the action of a panel of GTFs 

in a highly efficient one-pot multienzyme procedure. In addition, the late-stage N-acylation 

allows the incorporation of various FAs to produce distinct ceramide parts in the GSL 

molecules to permit easy access to different GSL forms [661,662].

Carbohydrate head Ceramidegroup

Glycan OH OH
—v-i—-OV -x—

C 1 3 H2 7
H OOH

ENZYMATIC
glycan elongation

CHEMOSELECTIVE
N-acylation

Fig. 57: Retrosynthetic analysis of globo-senes GSL (modified from [659,662]).

Remarkably, Rohokale et al. [659] established a novel diversity-oriented strategy to 

prepare GSL and their derivatives using the similar strategy and starting material as in the
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works published by Chiang et al. [661,662]. In this strategy, the stepwise elongation of the 

glycan is achieved via chemical glycosylation and on-site remodeling of the lipid through 

chemoselective cross-metathesis and N-acylation (Fig. 57). Moreover, the formation of lipid 

part in the diversity-oriented strategies is conducted at the late stage compared to 

conventional chemoenzymatic synthesis, allowing dual diversification of both glycans and 

lipids to achieve broader application scope [660]. In contrast, the early-stage incorporation of 

the FA chains into the ceramide of lactosyl substrate causes solubility issues leading to low 

glycosylation efficiency, the major reason why smaller lipid groups (e.g., sphingosine) have 

been ubiquitously adopted in the initial acceptors [660]. Additionally, a detailed overview of 

the common strategies designed for the synthesis of GSL, including their limitations has been 

published by Rohokale et al. [659] (Fig. 58).

Fig. 58: Overview of common strategies developed for the synthesis o f GSL (adopted from [659]).

Last but not least, Mills et al. [663] reported the synthesis of deuterated (d4, d47) ISs 

composed of C16- and C24-isoforms of GalCer, LacCer, Gb3Cer, SGalCer, SM and GM1, 

GM2 , and GM3  gangliosides from their respective lyso-forms.
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1.6.3 Stable isotope labelling (in vivo)

Recently, SIL compounds synthesized in vivo have become key for MS-based qualitative 

and quantitative analysis [652]. For instance, the internal standardization by uniformly 

13C-labelled cell extracts was already introduced in 2005 [664]. Over the last decades, 

libraries of SIL metabolites (2H, 13C, 15N, 34S) have been generated using various organisms 

(e.g., bacteria, yeast, or plants) growing on labelled growth media or fed with labelled 

materials. A summary of SIL biomass materials can be found in the work of Rampler et al. 

[652]. More importantly, in vivo stable isotope labelling has become a fundamental technique 

for monitoring metabolic pathways and dynamics [656]. Specifically, Rampler et al. [665] 

introduced lipidome isotope labelling of yeast (LILY), a fast and efficient in vivo labelling 

strategy induced in Pichia pastoris to generate a library of 13C-labelled ISs, paving the way 

for normalization and reliable quantitation in lipidomics. The method is based on growing 

yeast on a fully 13C-labelled glucose as a carbon source, resulting in almost complete 

(>99.5%) labelling efficiency of yeast metabolites with the 13C isotope [656]. Jaber et al. 

[666] investigated a comparative study of in vivo 13C-labelling strategy to synthesize 13C- 

labelled ISs in four species, namely Escherichia coli, Arthrospira platensis, Saccharomyces 

cerevisae, and Pichia pastoris. Out of these four species, the P. pastoris provided the best 

match to the human plasma lipidome, thus providing the best source of labelled ISs mixture 

from tested species for quantitative lipidomics of human plasma samples by isotope dilution.

The biologically generated 13C-labelled ISs mixtures provide a cost-effective and 

promising alternative avoiding expensive or difficult-to-obtain commercial SIL ISs. 

Moreover, they can significantly reduce unwanted variations introduced during the lipidomic 

workflow compared to other normalization approaches (e.g., total ion counts, deuterated ISs 

mixtures). Although fully-labelled ISs mixtures have limited coverage of the mammalian 

lipidome, this strategy could eventually be applied to a variety of mammalian samples and 

compensate for the lack of available SIL ISs. It should also be noted that batch-to-batch 

variability may occur in any biosynthesized lipid mixture, therefore, a sufficient amount of 

material should be produced to meet the requirements of any lipidomics study [666].

Despite the great advances in GSL synthesis that have allowed the successful synthesis of 

a number of GSL using various target-oriented strategies (i.e., synthetic method adapted to the 

preparation of specific GSL of interest), GSL synthesis and access to GSL and related 

derivatives remain a significant challenge [659,660].
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1.6.4 Relative and absolute quantitation

Depending on the nature of the analyte and the biological matrix (i.e., authentic, 

surrogate, artificial, etc.), different quantitation strategies can be considered to estimate the 

analyte concentration-response functions, in particular the analytical calibration [667]. The 

amount of lipid species in MS-based studies can be determined using relative, semi, and 

absolute quantitation. Relative quantitation is performed by analyzing the sample before and 

after an alteration or compared to a control situation, such as degradation (i.e., measuring 

differences between sample groups -  intensity fold change, Fig. 59A). In semi-quantitative 

analysis, the calibration function is established using standards similar to the analytes of 

interest or other matrices comparable to one of the study samples (e.g., neat solutions, 

artificial matrices). The instrument response is then converted into concentration using 

another reference (Fig. 59B). Finally, absolute quantitation relies on the use of authentic ISs 

and matrix to construct the calibration function from which concentrations are back- 

calculated, and requires proper standardization and method validation (Fig. 59C) [652,667].

The relative quantitation approach is useful and common for biomarker discovery and 

readout after treatment or stimulation, but nowadays, lipidomics is progressing towards 

absolute quantitation, as it is critical to elucidate the biochemical mechanism(s) responsible 

for changes in order to discover corresponding biomarkers [658] based on the comparison of 

reported lipid species concentrations of the cellular lipidome of interest against the consensus 

values [668]. The overview of relative, semi, and absolute quantitation is shown in Fig. 59.

A) RELATIVE QUANTITATION B) SEMI-QUANTITATION C) ABSOLUTE QUANTITATION

Study Study Calíbranos) Calibrant(s)

Retention time

Fig. 59: Overview of (A) relative, (B) semi, and (C) absolute quantitation approaches (modified [667]).

The calibration function can be constructed as the external calibration (EC, i.e., out­

sample), which uses only one calibration curve that can be used for many study samples. 

Conversely, internal calibration (IC, i.e., in-sample) is performed directly on the study
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samples, thus, one calibration curve is obtained for each sample. EC can implement different 

configurations (discussed in more detail here [667]) depending on the availability of an 

analyte and matrix: (a) authentic analyte in authentic matrix, (b) authentic analyte in surrogate 

matrix, (c) surrogate analyte in authentic matrix, and (d) surrogate analyte in surrogate matrix.

In contrast, IC relies solely on the availability of the analyte (authentic or surrogate) as 

there is no choice of matrix. The standard addition method is one of the most commonly used 

IC methodology in analytical chemistry, where the study sample is divided into identical 

aliquots and the calibration curve is obtained by spiking of known amounts of authentic 

analyte at various concentrations covering the expected concentration range of endogenous 

species. Nonetheless, this approach is quite impractical in high-throughput lipidomics for 

several reasons: (1) limited availability of authentic standards, (2) limited availability of 

sufficient sample quantity, (3) method is time-consuming due to the need to prepare multiple 

samples, and (4) multiple additions at different concentration levels are required as the levels 

of the lipids in biological samples vary widely [667]. A summary of ISs-based quantitation 

established in lipidomics and metabolomics is shown in Table 28.

Table 28: Established ISs-based quantitation strategies [652,667].

Authentic ISs

Fully labelled ISs
(compound specific)

Isotope dilution 
One-point calibration

+ high potential for accuracy

Partially labelled ISs
(compound-specific)

Surrogate ISs
(SIL ISs or exogenous ISs)

Isotope dilution
(multiple linear regression)

Multi-point One-point
calibration calibration

+ potential for accuracy + reduced number of ISs

- high number of species specific ISs
- cannot compensate for 
differences in ionization and 
extraction recovery

One-point calibrations are estimates that are based on the comparison of peak intensities 

of an analyte and the corresponding IS multiplied by the concentration of the IS [669]. Thus, 

fully validated concentrations can only be obtained by using of calibration curves with 

authentic and isotopically-labelled ISs [651].

Isotope dilution using a known amount of fully or partially labelled ISs represents a 

method of high metrological order. Nevertheless, in the absence of compound-specific ISs, 

surrogate ISs (i.e., structurally similar and isotopically labelled or non-endogenous ISs) can
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be used. Surrogate calibration is also accepted in lipidomics, provided that the lipid subclass 

co-ionize with the ISs and the use of response factors is ensured [652].

When using SIL-ISs as surrogate calibrators, the potential presence of interference with 

endogenous species must be investigated. Two methods can then be considered (Fig. 60). The 

first one, called isotopic pattern deconvolution, is considered when partially SIL-ISs are used 

and the contribution from SIL-ISs is observed in the MS signal (i.e., overlapping isotopic 

envelopes). This approach is based on the alteration of the natural isotopic pattern with an 

enriched isotopically-labelled analogue. It is typically used by chemical manufacturers to 

calculate the isotopic enrichment and purity of SIL-ISs. The second one, called direct internal 

calibration, is considered when the fully SIL-ISs are used together with the absence of 

significant interference from the SIL-ISs. In this approach, which is one of the most 

promising methodologies in modern absolute quantitation based on LC-MS, the authentic 

analyte and the surrogate calibrant are measured together in the study sample and the analyte 

concentration is obtained directly from their area ratio [667]. A more detailed discussion of 

the quantitative strategies can be found in the following reviews [652,667].
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Fig. 60: Principle of isotope pattern deconvolution and direct internal calibration (modified [667]).
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A useful tool for predicting isotope distributions from chemical formulae as well as their 

combination can be calculated using either IsoPatrn© software [670] or web-based platform 

called enviPat (https://www.envipat.eawag.ch/index.php).

In lipidomics, the most commonly used quantitation approach is internal standardization 

of external calibration using authentic SIL-ISs. Multi-point external calibration at the working 

range is used and defined by lower limit of quantitation (LLOQ) and upper limit of

quantitation (ULOQ) based on the natural abundance of endogenous species. In addition, 

other external calibration strategies could meet the recommendations of widely accepted 

(bio)analytical method validation guidelines, as long as they properly employ internal 

standardization [652]. Before drawing biological conclusions and evaluating the clinical

perspectives of newly discovered lipidomic signatures, it is important to know the normal 

levels of lipid subclasses and lipid species, including the ranges of their variations (Fig. 61).
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Fig. 61: Estimated ranges of molar concentrations of lipid subclasses (colored horizontal bands) and individual 
lipid species (vertical lines) within lipid subclass based on the inter-laboratory comparative analysis of 
reference human plasma (NIST SRM 1950) (adopted from [671]).
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It should also be considered whether the corresponding lipid species are observed in 

similar concentrations in other pathophysiological contexts, as many lipids have no apparent 

direct link to disease pathophysiology [668]. Furthermore, care must be taken when using 

pooled matrices, as concentrations may vary due to intra- and inter-sample variation, 

potentially leading to variable results [667]. In addition, the abundances of lipids and other 

metabolites may be related to the abundance of proteins involved in their metabolism [668].

It is also worth mentioning the use of differential isotope labelling by permethylation for 

the relative quantitation of intact neutral GSL analyzed using RPLC-MS. In this strategy, each 

individual sample and a pooled sample are permethylated using 12CH3I and 13CH3I. The ratio 

of the peak areas between the 12C- and 13C-labelled GSL serves as a measure of their relative 

concentrations. This method could also address the lack of SIL IS by using a pooled 13C- 

labelled sample serving as an omnipresent internal standard. Permethylation has been shown 

to increase the ionization efficiency of neutral GSL, while significantly reducing the 

analytical background by eliminating highly abundant ester-linked lipids (e.g., GPs, GL). This 

is advantageous when analyzing particularly low abundant GSL, whose ionization may be 

suppressed by better ionizing phospholipids when they co-elute [427].

Requirements for ISs
The best practice in quantitative lipidomics involves the use of series of multiple ISs 

spiked into all study samples, ideally at the earliest stage of the sample processing. This helps 

to control the variability in extraction recoveries, ionization, fragmentation, and matrix effects 

[669]. The main criterion for the selection of ISs is the absence or very low abundance (i.e., 

<< 1% of the most abundant lipid species within the lipid subclass) of planned ISs in the 

study sample. This is particularly important when using non-labelled ISs. Additionally, the 

selected ISs should not overlap, or at least overlap as little as possible (<1%), with the 

endogenous lipid species to minimize the effect on the ionization. These conditions must be 

pre-determined by analyzing lipid extract without ISs [372,658]. It is also necessary to 

assume that the behavior of ISs is representative of each analyzed lipid subclass [654].

Number of ISs
The quantitation requires at least one non-endogenous IS per lipid subclass, but ideally, 

two or more ISs eluting at different times (i.e., covering the whole FA chains heterogeneity) 

would be more appropriate for reliable quantitation [650,658]. Generally, one IS per lipid 

subclass is sufficient for polar lipid species as their ionization efficiency is predominantly
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dependent on the inherent charge of the polar head group and only slightly affected by 

structural modifications in FA chains [658]. In contrast, neutral lipids are substantially 

affected by the number of carbon atoms and double bonds in their FA chains as they often 

span a greater range in terms of FA chains, thus three or more ISs are required to efficiently 

cover a wide range of FA chains heterogeneity [672]. Consequently, the structure-response 

relationship within and in between each lipid subclass should be bear in mind as it vary to 

a certain extent [651,658]. Moreover, the signal response of lipid species also vary markedly 

based on the composition of solvent at the time of ionization. The instrument responses for 

both saturated and unsaturated phospholipids decrease with the increasing FA chain length 

[669]. These issues can be addressed by the application of response factor models (e.g., type I 

and II isotopic effects, see chapter 1.6.5).

Lipids are typically quantified using either DI-MS, where lipid subclasses are separated 

based on a characteristic scan event (i.e., precursor ion or neutral loss scans) or lipid subclass 

separation approach (e.g., HILIC-MS or SFC-MS), where all native lipid species within 

particular lipid subclass co-elute and co-ionize with ISs guaranteeing the same or comparable 

and matrix effects originating from the same or similar solvent composition during ionization 

[372,654]. Therefore, HILIC is believed to be best suited for lipidomic quantitation [673] 

(Fig. 62A). Conversely, the use of RPLC-MS approach provides superior lipid species 

separation based on the differences in FA chains, however, the co-ionization of ISs and 

analytes from particular lipid subclass does not follow the logic of HILIC (Fig. 62B), thus, 

such approach should be avoided whenever possible until the suitable SIL method is 

developed [372,674], Nevertheless, RPLC-MS has to be used in the case, where the 

separation of several isomers (e.g, oxylipins [675] and oxysterols[676]) is required [372], 

Similarly, 2D-HPLC poses the same issues since the first mode typically resolves lipid classes 

(HILIC or NPLC), while the second mode separate lipid species (RPLC) or provide specific 

interactions [465,468],

A) HILIC B) RPLC
SM(d38:l) SM(d32:l)

SM(d36:2)-d9 SM(d34:l)
SM(d32:l) SM(d34:l) SM(d36:2)-d9 SM(d38:l)

Fig. 62: Quantitation using (A) lipid class (HILIC) and (B) lipid species (RPLC) approach [673].
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Effect of amount of ISs
Precise and accurate quantitation of lipids also relies on the use of an appropriate amount 

of ISs correlating with the physiological values of the endogenous species (Fig.63), as too 

much or too little amount of ISs can lead to large experimental errors [650,658]. If too much 

ISs is added (Fig. 63A), the ionization of endogenous lipid can be suppressed, eventually 

hindering the quantitation of low-abundance species. If too little ISs is added (Fig. 63B), then 

the ionization of SIL IS can be suppressed by endogenous species and any small error caused 

by ISs will be amplified [658,667]. Consequently, it is generally recommended to optimize 

the added amount of ISs to make the relative intensity of the ISs peak close to mid-point (i.e., 

30-50% (Fig. 63C) compared to the ion peak that corresponds to the most abundant lipid 

species in the lipid subclass. Accordingly, the optimal amounts of ISs needed for quantitation 

can vary widely between various types of samples [658]. In addition, care must be taken when 

selecting ISs as the chemical impurities from SIL ISs become relevant when the concentration 

is close to upper limit of quantitation [667].

A B C
IS

lipid

lipid

IS

lipid

IS

Retention time

Fig. 63: Effect of added amount of ISs on quantitation (modified from [667]).

1.6.5 Type I and II isotopic effects

Type I isotopic effect is caused by the natural abundance of 13C atom. The intensity of 

M+0 isotopolog relative to the summed ion intensity of all isotopologs M+0, M+1, M+2, etc.) 

decreases with the increasing number of carbon atoms [651,673,677]. This effect can be 

simply corrected based on the calculated isotopic pattern or by extrapolating the peak
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intensities for the corresponding isotopolog based on the number of carbons in the molecule, 

natural abundance of 13C, and the intensity of the monoisotopic mass [673].

Type II isotopic effect is caused by DB series within a lipid subclass leading to the 

overlap of isotopic envelopes of lipid species differing in one DB numbers (i.e., overlap of 

M+0 and M+2 isotopologs. Moreover, isobaric peak overlap may also occur between lipid 

species from different lipid subclass, whose isotopologs overlap with the isotopologs of the 

other lipid [651,677]. This effect can be corrected by subtracting the calculated peak area of 

the M+2 isotopolog from the M+0 isotopolog. Such correction is only needed when two lipid 

species differing in one DB cannot be chromatographically resolved, such as in HILIC. When 

using LRMS, this effect is typically corrected by calculating isotopic patterns, while HRMS 

with Orbitrap or ICR can resolve this isobaric overlap due to sufficient resolving power [673].

For example, some natural GSL, such as GM1 gangliosides have a large molecular 

weight and a high 13C isotope abundance up to the M+5. Here, the GM1 gangliosides have 

their natural M+3 isotope very abundant as well as having almost the same mass as its d3- 

labeled IS, thus the overlap can contribute to the variability in the deuterated IS and can 

negatively impact quantitation. Thus, d9-labelled IS might overcome this issue because it does 

not interfere with natural isotopes of GM1, however, the physicochemical properties may 

differ slightly due to the high degree of deuteration as mentioned above.

1.6.6 Method validation

Bioanalytical methods must meet strict requirements to provide accurate and precise 

results. Method validation is a fundamental process to confirm that the quantitative results 

obtained for an analyte in a certain biological matrix using the developed method are reliable 

[678,679]. There are three types of validation that are summarized in Table 29.

Table 29: Summary of three types of method validation [678].

Type of validation Applicability

Full

Partial

Cross-validation

Newly developed bioanalytical method

Modification of already validated bioanalytical method
(e.g., change in sample processing, sample matrix, calibration range)

Two or more bioanalytical methods are used within the same study
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In addition, the depth of method validation can be limited when addressing research 

questions based on semi-quantitative results. However, the full method validation in 

accordance with regulatory requirements is an indispensable part of any quantitative clinical 

trial [651]. Method validation in bioanalysis is regulated by approved authorities (Table 30) 

who have issued guidelines detailing every aspect of method validation, including definitions 

and criteria. Although the key parameters are similar, these guidelines differ in experimental 

design and evaluation approaches [494]. Full method validation should include: linearity 

(calibration curve), accuracy, precision, selectivity, stability, recovery rate, carry-over, 

dilution integrity, repeatability, robustness, limit of detection (LOD), limit of quantitation 

(LOQ), and matrix effects [494,678]. Although the full validation has not been frequently 

applied in lipidomics, the situation is changing due to several harmonization efforts.

Table 30: Method validation guidelines from approved authorities.

Authority Guideline Ref.

EMA European Medicines Agency Guideline on bioanalytical method 
validation [680]

FDA Food and Drug Administration Bioanalytical Method Validation: Guidance 
for Industry [681]

I m p o r t a n t  n o t e :  I C H  g u i d e l i n e  M 1 0  p u b l i s h e d  o n  J u l y  2 0 2 2  h a s  f o r m a l l y  r e p l a c e d  t h e  p r e v i o u s l y  e n f o r c e d  E M A  g u i d e l i n e  

a n d  s h o u l d  b e  u s e d  i n  a l l  m e t h o d  v a l i d a t i o n s  w i t h o u t  e x c e p t i o n  a s  o f  t h e  d a t e  o f  c o m i n g  i n t o  e f f e c t  o n  2 1  J a n u a r y  2 0 2 3 .

The individual parameters required by various authorities along with acceptance criteria 

are summarized in the following works [494,678,682]. To date, there are still no standardized 

guidelines for the lipidomic workflow including the entire process along with a variety of 

commercially available MS instruments from various manufacturers with different 

instrumentation settings. Taken together, these issues may have a significant impact on the 

quantitative results and currently represent a major limitation in translation of lipidomics into 

clinical practice [650]. Over the last few years, several lipidomics communities devoted 

considerable effort towards the standardization that should allow reproducible and reliable 

interlaboratory comparisons independent on the MS platform used to address the 

discrepancies not only in confidence of structural assignments but also in quantitative results, 

and to raise transparency and overall quality of published data [650,651,674].

Although the standardization is currently underway, community-wide harmonization 

efforts were focused more on broadly defining the lipidome rather than on harmonizing
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lipidomics workflow [654]. Thus, common problems of improper annotation of lipid species, 

misidentifications, and over-reporting among others will continue until the minimal 

guidelines have been published and implemented into the lipidomic workflows [674].

Specifically, Kofeler et al. [677] have pointed out that exclusive reliance on software- 

assisted lipid assignments without an independent inspection of MS spectra has a significant 

impact leading to over-reporting, potentially misguiding other lipidomics laboratories. 

Nowadays, guidelines and recommendations for interpreting and reporting lipidomic data in 

order to reduce potential experimental errors have been provided and refined as a result of 

collaboration of lipidomic communities including the International Lipidomics Society (ILS, 

https://lipidomicssociety.org/), the Lipidomics Standards Initiative (LSI, https://lipidomics- 

standardsinitiative.org/), and LIPID MAPS [651].

As a consequence, continuous efforts leading to the standardization of lipid workflows 

and definition of the minimum of quality requirements are of paramount importance to 

provide reliable and accurate quantitative readouts as well as to translate lipidomics into 

a high-throughput clinical settings [653,673].

1.6.7 Reference materials

Reference materials (RMs) are standards with certified values and/or consensus estimates 

that should be incorporated into routine lipidomic analyses as quality assurance (QA) and 

quality control (QC) samples to reduce variances and allow a comparability of lipidomic 

results [654,683]. RMs are critical tools that serve as benchmarks for the determination of 

lipid concentrations in various biological matrices when measured in parallel with study 

samples, paving the way towards reproducibility and most importantly inter-assay 

commutability [650,653]. Consequently, QA/QC is key aspect for the data standardization 

from different instrumental platforms across different laboratories [654].

Biological RMs are typically pooled matrix-based materials derived from natural sources 

and designed to be representative of the biochemical complexity observed in a particular type 

of sample. They are frequently used as QC samples. Ideally, these materials should be 

(1) matrix-specific, (2) inexpensive, and (3) available on a long-term basis [654].

One of the commercially available standard reference materials (SRMs) with certified 

values for various metabolites designed for the use in lipidomics has been developed by the 

National Institute of Standards and Technology (NIST) in collaboration with the National 

Institute of Health (NIH). This RM is called the NIST SRM 1950 Metabolites in Frozen

131

https://lipidomicssociety.org/
https://lipidomics-standardsinitiative.org/
https://lipidomics-standardsinitiative.org/


Human Plasma and is considered a “universal matrix”, consisting of plasma from 100 

individuals (equal numbers of men and women) between the ages of 40 and 50 years, 

reflecting the racial distribution of donors in the US population at the time of implementation 

(more details can be found here https://tsapps.nist.gov/srmext/certificates/1950.pdf) 

[684,685]. It is routinely used as community-wide quantitative benchmark for intra- and inter­

laboratory quality control and analytical method validation [654]. It has also been shown that 

normalization to commonly available RMs (e.g., the NIST SRM 1950) can largely correct for 

quantitative biases and significantly improve quantitative data obtained from the same 

samples across different methods in different laboratories. Nevertheless, one should bear in 

mind the drawbacks associated with the use of the NIST SRM 1950, such as relatively high 

cost and limited long-term availability due to extensive use (stocks will run out) [685], which 

makes its use as a routine and forever-sustained RM material impractical [654].

To meet QA/QC requirements, cheaper and matrix-specific references (i.e., QC samples) 

can be produced in-house. These QC samples represent a pool of aliquots from all study 

samples with the average abundance of lipid species present in all samples [685].

Alternatively, a flexible and easily adaptable method, applicable to any type of matrix, 

called iterative batch averaging (IBAT), can be used to produce in-house RMs. In IBAT, 

multiple batches of starting material are produced from a common source of material and 

homogeneous aliquots from different batches are then pooled into a single tube, containing 

only small amounts of newly produced material. This allows continuous generation of 

reference material over time with minor variances [686] (Fig. 64).

Fig. 64: Schematic illustration of iterative batch averaging (IBAT) process (adopted from [686]).

The unavailability of appropriate and diverse RMs designed adequately for specific 

applications poses a significant challenge for current lipidomics [683], primarily due to the 

complexity of the RMs design process, which limits the production of RMs for any common
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matrix. Moreover, the limited supply of human tissues amplifies this challenge. To address 

this issue, NIST has initiated the development of tissue-based RMs specifically for untargeted 

analysis. In addition, the time and expense of adding metrological traceability increases the 

cost of RMs, another limitation to the wider harmonization [654]. A summary of available 

and potential RMs is listed in the Table 31.

Table 31: Reference materials (RMs) used in lipidomics and metabolomics [652].

Reference material Type of sample Ref.

NIST SRM 1950 Pooled human plasma [684,687,688]
CHEAR Pooled human plasma

[688]
Qstd3 Pooled human plasma

NIST candidate 8231-1* Diabetic plasma
NIST candidate 8231-2* High triglyceride plasma [683]
NIST candidate 8231-3* African-American plasma

Candidate 8462a Frozen Human Liver Suite Under development
Suite of pooled urineb Pooled urine suite (NIST) [654]

* candidate RMs means the values has not been certified (i . e only semi-quantitate analysis) 
a RM composed of cryogenically homogenized and freeze-dried liver tissues that will be characterized for 
differential expression of lipids, metabolites and proteins 
b RM composed of both male and female smokers and non-smokers

1.6.8 Intra- and inter-laboratory comparison

Intra-laboratory and especially inter-laboratory studies, often referred to as ring trials, are 

useful to assess the differences in lipidomic workflows to validate the overall process and 

methodology. More importantly, studies utilizing RMs are an effective tool to identify sources 

of variation or challenges that affect lipidomics results [654].

Inter-laboratory studies
In 2017, Bowden et al. [687] initiated and conducted a large-scale international ring trial 

to compare the lipid concentrations in the NIST SRM 1950. The ring trial was attended by 

a total of 31 laboratories from all over the world using non-standardized, laboratory- 

independent lipidomic workflows, and their preferred MS-based methods. As expected, the 

study revealed significant disparities in the quantitative results and lipid profiles reported by
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the participating laboratories, most likely due to the different lipidomic workflows used 

including the use of different ISs. Besides that, the inter-laboratory comparison included 

1,527 unique lipid species and provided consensus mean values with associated uncertainties 

for 339 lipids in the NIST SRM 1950, including 5 major lipid classes (i . e FAs, GLs, GPs, 

SPs, and STs). Nevertheless, GSL, which constitute a large proportion of SPs, are covered by 

only a few simple GSL species, leaving the more complex neutral and acidic GSL (i.e., 

sulfatides and gangliosides) unnoticed. Consequently, the use of the NIST SRM 1950 in 

glycosphingolipidomics is very restricted until a more comprehensive characterization of GSL 

in the NIST SRM 1950 becomes available.

Another example, Triebl et al. [685] have systematically investigated the variability of 

results using multiple lipidomic approaches considering (1) different sample induction 

methods, (2) different MS instruments, and (3) inter-laboratory differences in comparable 

analytical platforms. They demonstrated different quantitative results caused by each of these 

analytical variables, even with the inclusion of SIL-ISs for individual lipid subclasses.

Furthermore, Ghorasaini et al. [653] presented a cross-laboratory comparison using 

standardized lipidomics protocols that allowed highly reproducible analysis of several 

hundred of lipids in human plasma across 9 laboratories. They compared two lipid extraction 

protocols (i.e., MTBE and Bligh-Dyer using dichloromethane instead of chloroform) and 

incorporated clinically relevant disease-related plasma materials to demonstrate that the 

harmonized protocols can provide excellent inter-laboratory data. The limitation of this study 

is that only one experimental platform was use for this comparison.

Intra-laboratory studies
Quehenberger et al. [689,690] published a semi-quantitative estimates of lipid 

concentrations in a widely adopted plasma reference material NIST SRM 1950, identifying 

and quantifying nearly 600 distinct lipid molecular species within 6 major lipid classes 

together with their relative distribution (SLs and PKs were not included). This was the first 

attempt to define the human plasma lipidome, which also indicated that lipids are the major 

metabolites of human plasma [690].

In 2017, Čajka et al. [669] compared 9 different LC/MS-based platforms under identical 

conditions for human plasma lipidomics in an intra-laboratory study and found highly 

comparable quantitative results even when different MS instruments were used. Moreover, 

Lange and Fedorova [673] compared lipidomics workflows for the quantitation of five lipid 

subclasses (PC, LPC, PE, LPE, and SM) in human plasma based on HILIC- and RPLC-MS
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and found out that the concentration determined were comparable for most of the lipids 

studied, except for highly unsaturated PC. Furthermore, Chocholousková et al. [650] 

investigated the intra-laboratory comparison of four platforms, including two HILIC and two 

UHPSFC methods coupled to two different QTOF analyzers, in human plasma.

More recently, Zhang et al. [674] developed a multiplexed NPLC-HILIC-QqQ-MS 

method that allows the quantitation of 900 lipid species from across over 20 lipid subclasses 

spanning a wide range of polarities in a single 20-minute run, using multiple fragment MRM 

experiments for each lipid species for deeper information. However, only HexCer and 

Hex2Cers were measured in this study, leaving more complex GSL unrevealed or unnoticed.

1.7 Software tools and online resources

Unequivocal identification of diverse lipids is a fundamental challenge and key component 

of lipidomics studies, which significantly affects the interpretation and significance of analyses 

aimed at revealing the associations of lipids with underlying cellular mechanisms, understanding 

their complex interactions as well as highlighting their biological relevance [691,692].

Over the last years, advances in MS-based platforms, mainly improved sensitivity and 

resolution, have allowed considerable progress in the analyses of lipidomic data, enabling 

researchers to routinely identify hundreds of unique lipid species in a variety of complex 

biological samples, an important step to integrate lipidomics MS data into a biochemical or 

medical context [692,693]. This is evidenced by the increasing number of lipidomic studies that 

generate extremely large datasets. Nonetheless, manual data processing of these large raw 

datasets is labor- and time-intensive and represents a significant bottleneck in the analysis of 

numerous complex biological samples. Therefore, increased efforts and sophisticated solutions to 

support the automation in the data processing are highly desirable to reduce the bias and burden 

associated with the extensive manual inspection [693-696]. Although data processing is rather 

demanding, it represents an important step in keeping the integrity and quality of lipidomic 

data. Consequently, the automated data processing is required to ensure fast, reliable, and 

consistent lipid species identification along with the relative or absolute quantitation [372].

To address this issue, numerous commercial, open-source, and in-house software packages 

have been developed and tailored to enable effective computational processing of the data and 

automated lipid species annotation based on MS/MS spectra [693,694]. These tools improve the 

confidence of lipid identifications, enable mutual interconnection of identified lipids with 

biological knowledge via the use of databases and libraries, and integrate lipidomics data with
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other classes of molecules for the cellular and molecular understanding of lipid homeostasis and 

metabolism [692].

However, these tools face four major issues [677], namely (1) isomeric and/or isobaric 

lipid species from different lipid subclasses often yield similar fragments, thus do not allow 

unambiguous identification, (2) the abundance of fragment ions strongly depends on 

experimental conditions, (3) fragmentation of co-isolated precursor ions originating from 

different lipid classes often yields highly convoluted spectra, and (4) missing adaptation of 

standardized nomenclature and reporting.

What is more, current software tools face the major challenge of keeping pace with 

rapid technological progress as high accuracy and high throughput MS technologies continue 

to improve and enable more comprehensive characterization of the lipidome [691,693]. 

Therefore, novel and comprehensive open-source bioinformatics tools are urgently needed to 

capture the data as well as to facilitate their automated processing [691,692]. Otherwise, the 

rapidly evolving lipidomics would be slowed down by the scarcity of suitable bioanalytical tools 

able to handle the big datasets [691]. Care must also be taken as exclusive reliance on 

annotations by a single software without additional means of validation usually leads to 

unacceptably high rates of false positive identification, thus, further inspection is 

indispensable for MS spectra [677]

It should also be noted that most vendors of MS instruments use proprietary or non-standard 

data formats. These strict formatting requirements do not allow data processing from all MS 

platforms, thus limiting the possibility of universal use, mutual result comparison, or data 

exchange [691,693]. The interoperability is also limited or completely prevented by the 

development of software tools dedicated to specific MS instrument or a preferred MS/MS-based 

method. For simplicity, developers should publish their source code under an open-source 

license in publicly available repositories to improve overall data quality [693,694].

To date, numerous freely available bioinformatics tools used in lipidomics have been 

summarized and described in the following reviews [370,461,695]. Notably, Hoffmann et al. 

[693] recently compiled an up-to-date encyclopedia of bioinformatics tools, data formats, and 

resources for MS-based lipidomics. This excellent work catalogs in detail freely available 

software tools, libraries, databases, repositories, and other resources that support lipidomics data 

analysis including those suited for both targeted and non-targeted analysis together with their 

brief description. Furthermore, Wolrab et al. [694] developed a vendor-independent and freely 

available script for automated data processing in lipid class separation lipidomics called 

LipidQuant 1.0, which can be run on every computer with Microsoft Excel. This simple tool
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works with m/z values and their corresponding intensities in txt tables acquired by any peak­

picking software and provides the full flexibility to modify (1) the extent of the embedded lipid 

database (i.e., the addition of another lipid class, lipid species, or IS), (2) choice of IS (i.e., 

simultaneous application of up to three IS at various concentrations), and (3) mass tolerance 

window. Recently, Lin et al. [691] developed a highly flexible and user-friendly web-based 

platform called LipidSig designed for easy and efficient data mining to help the user identify 

significant lipid-related features in order to advance lipid biology. In addition, Ni et al. [695] 

provided guidance for the appropriate choice of tools and software for lipidomics applications as 

well as evaluated the data processing pipelines.

Despite the current evolution and ever-increasing interest in IM-MS technology, only a few 

software tools are available, reflecting the still restricted adoption of ion mobility as well as 

software support. Indeed, only two free and open-source software tools (i.e., Skyline and MS- 

DIAL) are capable of performing a complete analysis of IM-MS lipidomics data, emphasizing 

the software pool for data analysis by IM-MS is surprisingly insufficient [696]. Notably, Ross et 

al. [696] provided a survey and in-depth evaluation of two essential bioinformatics software 

tools for IM-MS analysis of lipidomics data utilizing total lipid extracts from NIST 1950 SRM 

plasma. They also highlighted the identification discrepancies between the two software tools 

that are likely attributed to (1) a lack of coverage for some lipid subclasses in the internal 

(reference) databases, (2) the specific difference in data extraction and processing, and (3) biases 

introduced through the manual inspection of results by the user. Specifically, the latter two 

factors are often less discussed despite their possible significant impact on the reproducibility of 

the results. It is also possible that the factors contributing to lipid identification (i.e., retention 

time, isotope patterns, and MS/MS spectral matching) differ between those two software tools. 

Moreover, Zhou et al. [697] have developed LipidCCS Predictor for precise prediction of lipid 

CCS values from SMILE structures, including database with >15,000 lipids and >63,000 CCS 

values. The Predictor covers three major categories of lipids, i.e., GPs, GLs, and SPs, and the 

CCS values are predicted for 5 common adducts, i.e., [M+H]+, [M-H]-, [M+Na]+, [M+NH4]+, 

and [M+HCOO-]-. The prediction precision was externally validated with a median relative error 

of ~1% across different instruments and laboratories using independent datasets. Nonetheless, 

there are two major limitations: (1) inability to accurately predict CCS values of isomers 

differing in position or geometry (cis/trans) primarily due to the missing isomeric lipid standards 

in the training data set and (2) insufficient resolution of the used IM instrument.
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Very recently, [499] summarized characteristics of the current CCS predictive tools and CCS 

predictive databases, including CCS compendium [698], CCS base [699], and AllCCS [700] 

together with the list of publications in which CCS values were used for lipid identification.

Another issue is the lack of experimentally obtained reference spectra for MS/MS as in 

GC/MS, which causes problems when attempting to identify low-abundant analytes. To 

address this issue, a number of software tools called in-silico fragmenters (e.g., MetFrag 2.2, 

CSI:FinderID, or CFM-ID) employing a more computational approach have been developed 

over the last decade [370]. Last but not least, Lipid MAPS provides a free MS/MS prediction 

tool (http://lipidmaps.org/resources/tools/index.php) and the structure database library 

(http://lipidmaps.org/data/classification/LM_classification_exp.php) allowing data easier data 

handling in lipidomics.

1.8 Statistical analysis

Statistical evaluation is performed using multivariate data analysis methods. Metabolic 

correlation and significance analyses of lipids are conducted with a set of visual chemometric 

tools and statistical methods. Chemometric tools provide an overview of analytes trends and 

outliers in relationship to their observation using non-supervised principal component analysis 

(PCA) [372,451]. PCA attempts to flatten a large dataset with multiple variables to find two 

most important sources of variation (i.e., principal components) that ultimately lead to the 

differentiation of study compounds into distinct groups[372,701]. Similarly, systematic but 

uncorrelated variations between lipidome states can be found with partial least-squares 

regression discriminant analysis (PLS-DA) or supervised orthogonal projection to latent 

structures discriminant analysis (OPLS-DA), which help to differentiate healthy and diseased 

groups and to find the most dysregulated lipids, which could be potentially applied as 

biomarkers for studied disease. PLS-DA seeks to flatten multivariate data to find the most 

fitting parallel 2D-plane representing the whole dataset, whereas OPLS-DA reduces the dataset 

to an orthogonal plane found with the partial least square plateau of the dataset [372,451].

PCA, PLS-DA, and OPLS-DA, represent the most common tools used for visualizing 

analyte grouping (PCA) and metabolic changes (PLS-DA, OPLS-DA), which in combination 

with the metabolic knowledge highlight certain lipids from others to determine the most viable 

biomarkers. In addition, the concentration evaluation can be made with boxplots or a heat map 

visualization for significant outlier detection, analyte interaction, or metabolic interlinkage of 

lipid species via hierarchical cluster analysis (HCA), often accompanied with heat map analysis,
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interactive network, or pathways analysis. The comparison can also be made by using Venn 

diagrams [461].

1.9 Summary of lipidomics workflow

The lipidomic workflow is a highly complex set of individual steps (Fig. 65) that must be 

performed to achieve reliable quantitation of lipid species in various biological samples. 

However, each step can introduce unwanted variation that can lead to biased quantitative 

results. The sources of unwanted variation covering the whole lipidomics workflow have 

recently been reviewed in detail [702] and are summarized in Table 32.

Briefly, most of the unwanted variations from pre-analytical steps can be reasonably 

captured and dealt with in the subsequent analysis by the addition of ISs immediately after 

sampling or by the use of QC samples. To maintain the integrity of the sample, flash-freezing 

in liquid nitrogen is commonly used along with other minor approaches, such as heat 

treatment, addition of antioxidants or enzyme inhibitors. In addition, the systematic variation 

may be adjustable if ISs are used and samples are randomized [702].
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Fig. 65: General scheme of lipidomics workflow.
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Table 32: Overview of sources of unwanted variations in lipidomics [702].

Type of variations Description

sample-related
factors

• type of sample (i . e tissues, biofluids, and cells)
• genotype/phenotype (i.e., gender, age, racial, and ethical factors)
• fasting status (i.e., diets, length of fasting)

-J • other factors (i.e., alcohol, drugs, medication, physical conditions -  BMI)
<UHH
H

sample collection
<Z<

• collection centers and/or countries variability
• diurnal patterns (i.e., sampling time)
• collection tubes (i.e., anticoagulants: EDTA, heparin, citrate)
• time-controlled serum coagulation (too short/too long -  hemolysis)
• plasma vs. serum (reduced matrix effect due to lower protein fraction)

sample processing • time spent at room temperature before centrifugation
(chemical degradation, enzymatic activity - (per)oxidation or hydrolysis

sample storage
• storage temperature and time (RT, 4°C (<24h), -20°C, -80°C (>6 months)
• storage conditions (temperature fluctuations, freeze-thaw cycles)
• lipids stability (hydrolysis, enzymatic activity ^  degradation)

sample processing
• quantity (biofluids -  volume, tissues/cells -  wet vs. dry weight)
• batch vs. real-time preparation
• randomization (+ use of quality control samples)
• chemical and oxidative reactions, other spontaneous processes

sample extraction
<u—
H ---------------------

• incomplete and/or variable recovery
• variable volumes of extraction solvents (equilibrium), solvent strength
• poor and insufficient selection of internal standards
• relative vs. absolute quantitation

-J
<

instrumental
variations

• acquisition time (hours, days, weeks, or months)
• intra-/inter-day variations (retention time shift, peak area)
• signal deterioration (contamination of ion source, ion optics)
• detector saturation (decreased sensitivity)
• instrumental maintenance (solvent replacement, cleaning, tuning, and 
calibrating)

measurement
variations

• changes in solvent compositions (signal suppression/enhancement)
• different matrix effects (effect of co-eluting compounds and interferents)
• instrument response (dynamic range)

peak alignment
and integration U

• retention time alignment (correspondence of peaks)
• peak assignment (isotopes, adducts, dimers, multiply charged ions, fragments)
• peak integration

H
lipid annotation

Z«3fJ.

• correct annotation (development of software tools for automation)
• false positive annotation using only software (inspection required), overreporting
• standardized reporting
• variation between imputation methods (impact on data)

imputation of 
missing values

• substantiating the reason of the missing values (unsuccessful peak alignment, 
peak picking, and integration, analytical factors, matrix effects, etc.)
• prediction of missing values using available signals in the dataset

transformation 
and scaling

H 2
normalization

M Z <<

• distortion of data and loss of information
• impact on downstream analysis (peak area variability -  large studies/long runs)
• variation between normalization results
• success in removing unwanted variations
• control features

control samples • QC samples -  quality assurance (NIST SRM 1950 human plasma)
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1.10 Future challenges and prospective

Aberrant expression of specific GSL and related enzymes have been repeatedly 

associated with the tumor initiation and progression. Consequently, advances in the 

understanding of how the biosynthesis and turnover of GSL and other lipids regulate cellular 

function under normal and abnormal conditions will allow the development of a relatively 

unexploited area of cancer therapy leading to exciting and novel clinical applications.

Despite steady increase in the lipid coverage together with the integration of lipidomics 

data with other omics disciplines improves our understanding of lipid metabolic pathways and 

their dynamic changes, we are still far from unravelling and exploiting the particular roles and 

therapeutic potential of majority GSL, leaving them for future research.

Although recent developments of high-sensitive MS-based analytical platforms 

represent powerful tools that have boosted lipidomics, there are still a number of limitations 

restricting the translation of lipidomics into clinical practice that should be addressed in the 

foreseeable future. Specifically, (1) the separation of multiple isomers can still be difficult 

despite ion mobility techniques has recently provided the ability to overcome this limitation 

(i.e., isomers separation issue), (2) LC-MS also suffers from a limited ability to perform high 

throughput screening, although 96-well plate formats, platforms coupled to robotic systems, 

and software for automated data processing are becoming available (i.e., automation issue), 

(3) commercially available ISs for various important lipid subclasses or suitable methods for 

in-house synthesis of ISs are still lacking (i.e., quantitation issue), (4) many lipidomic studies 

do not follow the same standard operating procedures for collection, storage, and processing 

of samples including method validation (i.e., standardization issue), and (5) lack of large 

population-based studies with minimally invasive or non-invasive methods.

One of the major perspectives is to obtain information about the lipid metabolic flow by 

utilizing stable isotope precursors in combination with MS [703] and the isotopomer analysis 

[704]. This would allow the localization of specific lipid species during a metabolic process to 

determine the place where they come from and the way in which they are removed.
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2 AIMS

The goal of this work is to provide a broad overview of both neutral and acidic GSL and 

other lipids together with isolation, purification, and concentration strategies required for their 

comprehensive identification, structural characterization and in-depth profiling in various 

biological samples using (U)HPLC-ESI-MS2. The in-depth GSL and lipid profiling has 

potential in discovery of novel biomarkers in cancer-related research.

A. Lipid class separation I -  characterization of simple GSL

•  Described in Section 3.1 and Annex A

•  Determination of neutral and acidic GSL using untargeted HILIC-ESI/MS2

•  Optimization of lipid preparation and structural elucidation of GSL and other lipids

•  Generation of lipid species profiles in human plasma

B. Lipid class separation II -  characterization of complex GSL
•  Described in Section 3.2 and Annex B

•  Determination of complex GSL using HPLC-ESI/MS2 on HILIC and PGC columns

•  Differentiation of glycan isomers with the use of endoglycoceramidase digestion

•  Mutual comparison of GSL profiles of human normal and tumor pancreatic tissues

C. Plasma lipid profiles of three types of cancer (partial contribution)

•  Described in Section 3.3 and Annex C

•  Differentiation of kidney, breast, and prostate cancer from healthy controls

•  Discovery of potential screening biomarkers for kidney, breast, and prostate cancer

D. Review: Analysis of GSL in biological samples (submitted)

•  Described in Section 3.4 and Annex D

•  Recent advances, challenges and future directions in the analysis of GSL
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3 EXPERIMENTAL PART

The experimental part of the thesis consists of the author’s published papers and 

manuscripts, which are put into context. Experimental part, representing a pivotal part of this 

thesis, is dedicated mainly to a systematic and detailed characterization of neutral and acidic 

GSL isolated from human plasma and tissues. The strong emphasis is given to structural 

elucidation, which is accomplished by a combination of various techniques, such as high­

performance tin-layer chromatography (HPTLC), chemical staining, carbohydrate­

recognizing binding assays (antibodies, lectins, and bacteria), and LC/ESI-MS and/or 

LC/ESI-MS2 analysis. Full versions of all manuscripts are attached in the Annex section.

3.1 Comprehensive characterization of simple glycosphingolipids and other 

lipids in human plasma using HILIC-ESI/MS2

Glycosphingolipids (GSL) are amphipathic and extremely diverse glycolipids covering a 

wide range of polarities, mainly from the polar to ionic region. Several studies have shown 

the association between alterations of GSL and onset of various human diseases including 

cancer. Therefore, one of the major attention has been devoted to the characterization of GSL 

and their role in progression and development of various pathophysiological processes.

Given that GSL are typically low abundant in biofluids compared to other lipids and also 

suffer from low ionization efficiency, especially those heavily glycosylated, their isolation, 

detection, and complex structural analysis in biological samples poses a challenging task. We 

developed and optimized extraction protocol using monophasic ethanol-water solvent system 

in combination with solid phase extraction (SPE) designed for isolation, purification, and 

concentration of GSL from human plasma samples (250 |il). The following parameters were 

optimized: deproteinization solvent (i.e., acetonitrile, MeCN,; methanol, MeOH; ethanol, 

EtOH; acetone, ACE), the suitability of SPE column (i.e., normal-phase, reversed-phase, 

polymeric-phase, and ZrO2-based sorbents; in total 14 SPE columns were tested), and effect 

of methanol in the loading step (i.e., 0-20% of MeOH). The optimal results were achieved for 

EtOH as a protein precipitation reagent in combination with Spe-ed C18/18 SPE cartridge and 

deionized water in the loading step. Optimized method was then applied to the analysis of 

human plasma.

The analysis of GSL and other polar lipids, namely phospholipids, was performed on 

liquid chromatograph Ultimate 3000 (Thermo) coupled with mass spectrometer detector
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Velos Pro (Thermo) with dual-pressure linear ion trap analyzer. The separation was 

accomplished on the Ascentis Si column (150 x 2.1 mm, 2.1 |im) within 25 min run time 

using a modified method from Hájek et al. 2017 [476].

In total, 154 GSL species within 8  subclasses (i.e., GlcCer, GalCer, LacCer, Gb3Cer, 

Gb4 Cer, SHexCer, SHex2Cer, and GM3) and 77 phospholipids from 4 subclasses (i.e., PI, LPI, 

PE, LPE) were explicitly identified in human plasma using hydrophilic interaction liquid 

chromatography electrospray ionization tandem mass spectrometry (HILIC-ESI/MS2). Few 

other compounds, such as FA, Cer, PC, LPC, and SM were also detected. The identification 

and in-depth structural elucidation of individual lipid species were based on their retention 

times, m/z of precursor and product ions, and monitoring specific MS2/MS3 fragmentation 

patterns, such as glycan sequence and composition of the ceramide part of the GSL molecule 

in positive and negative ion modes. The individual mass spectra are included in an extensive 

part of the Supplementary Material. Moreover, the normalized collision energy (NCE) of MS2 

transitions of GSL species with 34:1;O2 ceramide was optimized on the scale 10-100 % using 

commercially available TLC neutral GSL mixture (Matreya, LLC.). The optimal NCE for all 

investigated neutral GSL subclasses was obtained at 40% NCE.

Furthermore, the lipid profile of human plasma was generated upon identification. The 

lipid profiling revealed that the most abundant GSL species within particular subclasses were 

composed of ceramide 18:1;O2/16:0, respectively 34:1;O2, alongside numerous other usually 

low abundant GSL species. The only exception was sulfatide SHexCer, dominated by 

hydroxylated ceramide with the composition 18:1;O2/16:0;O, respectively 34:1;O3. It was 

also found that the majority of identified lipid species consisted of 18:1;O2 sphingosine.

In addition, the extraction recovery at a medium concentration level using 1 -2 IS per 

each lipid subclass (i.e., exogenous and deuterated) was performed in triplicates. The purpose 

of this step was to illustrate that the developed and optimized method effectively extracts the 

GSL of interest and may be further used for future studies in biological samples. The 

extraction recovery of GSL ranged from 80.8 to 101.7% with relative standard deviation 

(RSD) varying from 4.0 to 12.5%. Most of the exogenous IS also fulfilled the requirement 

(i.e., RSD < 15%), except GlcCer (RSD 18.8%) and GM3 (RSD 17.0 %). Consequently, the 

developed HILIC-ESI-MS2 method can be a useful tool for GSL profiling and may be used 

for further biological research of GSL in the biological samples.
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The following part is not included in the published paper.

Last but not least, the GSL profile of NIST plasma SRM 1950 (i.e., standard reference 

material) was constructed (Fig. 66) and compared with the GSL profile of human plasma.

o j o j o j c o ^ r c o c o o j o j c o c o o j o j c o c o o j o j ^ r c o c o c o c o c o o j o j o j c o ^ r c o ^ r c o
O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O Ov" t t c h y- <sr y  <sr y  (Sr y  <sr y  <sr y  <sr o  y  <sr eo y  <sr y  <sr eo y  y  <sr <sr ¿0
( N j ^ ^ ^ ^ ^ ^ c b c b c b c b c O C O C O C O O O O O O O ^ ^ C N C N C N C N C N C N C N C N
c o c o c o c o c o c o c o c o c o c o c o c o c o c o c o ^ r ^ r ^ r ^ r ^ r ^ r ^ r ^ r ^ r ^ r ^ r ^ r ^ r ^ r ^ r ^ r

Fig. 66: NIST SRM 1950 human plasma profile of neutral and acidic GSL: (A) glucosyl-, galactosyl-, and 
lactosyl-ceramides (GlcCer, GalCer, LacCer), (B) globotri- and globotetra-osylceramides (Gb3Cer 
and Gb4Cer), and (C) monosialodihexosylgangliosides (GM3) with monohexosylsulfatides 
(SHexCer). The intensities of GSL with error bars are depicted as the mean intensity ± RSD (n = 2) 
and expressed as a function of sum composition.
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The GSL profile of NIST plasma was comparable to that of human plasma, although the 

number and amounts of particular lipid species were higher in NIST plasma. However, the 

identified GSL species were in line with previously published data [687,689,705]. Moreover, 

the identification of some previously reported species, such as HexCer 32:1;O2, 36:2;O2, 

44:1;O2, 44:2;O2, Hex2Cer 44:1;O2 and 44:2;O2 were not confirmed. On the contrary, we 

described considerably more GM3 gangliosides in NIST plasma, including less abundant 

hydroxylated ones together with GbÆer and SHexCer subclasses that were not reported in 

NIST plasma.

My contribution to this manuscript:
I was responsible for designing the extraction procedure. I performed all experimental 

work, including data evaluation, and I prepared the first draft of the manuscript (including 

Figures, Tables, and Supplementary Material) in close collaboration with co-authors and 

contributed to revisions.

Reference
Annex A.

Hořejší, K., Jirásko, R., Chocholoušková, M., Wolrab, D., Kahoun, D., and Holčapek, M. 

Comprehensive Identification of Glycosphingolipids in Human Plasma Using Hydrophilic 

Interaction Liquid Chromatography-Electrospray Ionization Mass Spectrometry. Metabolites 

11 (2021) 140. doi: 10.3390/metabo11030140.
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3.2 Comprehensive characterization of complex glycosphingolipids in 

human pancreatic cancer tissues using HPLC-ESI/MS2

Plasma and/or serum are not the only biological samples suitable for lipidomic analysis. 

Lipid profiling can also be performed in other biological matrices, such as whole blood, urine, 

saliva, cerebrospinal fluid, and notably tissues. A vast number of GSL have been shown to be 

implicated in various diseases including cancer. However, most of these studies are restricted 

only to simple GSL, such as GlcCer, GalCer, LacCer, and Gb3Cer, together with several 

gangliosides and sulfatides, while altered complex GSL are shown only in a few studies.

Consequently, special attention is devoted to the isolation and purification of complex 

GSL from tumors and adjacent normal tissues of PDAC patients, since the pancreas is one of 

the organs in which substantial amounts of ABH and Lewis antigens are present in epithelial 

cells of mainly pancreatic ducts. In addition, ABH antigens are suggested to be related to the 

tumorigenesis of the pancreas [706]. Pancreatic cancer tissues were prioritized based on an 

assumption that complex GSL could be more abundant in tissues compared to body fluids.

The isolation and purification of GSL were carried out using a micro method according to 

Barone et al. [442]. Despite this procedure is rather laborious and time-consuming, it has been 

shown to be particularly advantageous for less abundant complex GSL for which efficient 

isolation by traditional methods has not yet been reported. In total, 24 paired tissue samples 

were collected from 12 PDAC patients, pooled (tumor vs. adjacent normal tissues), and used 

for extraction. In addition, enzymatic digestion using recombinant endoglycoceramidase II 

(rEGCase II) from Rhodococcus spp. was used to release glycans from neutral GSL fractions 

in order to enhance the capability of isomeric separation.

Analyses were carried out using an Accela 600 binary pump (Thermo) coupled with LTQ 

XL linear quadrupole ion trap mass spectrometer (Thermo). The separation of GSL-derived 

glycans and acid GSL was achieved on porous graphitic carbon (PGC) and silica-based 

capillary column, respectively, using methods described under Method S1 and S2 in 

Supporting Material of Appendix B. The MS2 patterns of GSL-derived glycans investigated in 

negative ion mode allowed clear distinction of isomers and deduction of glycan sequence and 

linkages positions via typical B- and C-type fragment ions and specific diagnostic fragments.

The major neutral GSL identified were GSL with 4 to 7 monosaccharide units bearing 

terminal blood group A, B, H, Lea, Lex, Leb, Ley, P1, and PX2 determinants alongside globo- 

(Gb3Cer and Gb4Cer), and neolacto-series GSL (nLc4Cer and nLc6Cer). Moreover, sulfatides 

and GM3 gangliosides were predominant acidic GSL together with minor sialyl-
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nLc4Cer/nLc6Cer and sialyl-Lea/Lex. On the contrary, the analysis of neutral GSL using the 

HILIC column provided a limited number of reliably identified GSL species due to sensitivity 

issues. Furthermore, the double peak formation resulting probably from the existence of both 

a and P anomer of Glc at the reducing end was observed in most GSL subclasses, with the 

identical composition confirmed by MS2 experiments.

TLC with anisaldehyde and resorcinol staining together with carbohydrate-recognizing 

binding assays using antibodies (i.e., anti-Lea, anti-Leb, anti-A, anti-Neu5Aca3-nLc4, anti- 

Neu5Aca3-Lc4, anti-sLea, anti-sLex), lectins (i.e., Erythrina crystagalli, Groffionia 

simplicifolia IB4), and bacteria (i.e., 35S-labeled P-fimbriated E. coli strain 291-15) were 

tested to substantiate the data obtained from LC-ESI/MS2. TLC staining revealed that major 

bands migrated in the regions with 1 to 4 monosaccharide units along with some minor slow- 

migrating compounds with 5 to 7 monosaccharide units. The outcomes of binding assays 

clearly illustrated the differences in GSL expression between tumor and adjacent normal 

pancreatic tissues in line with the LC-ESI/MS2.

Glycan profiling of tumor and adjacent normal pancreatic tissues revealed differences in 

the region from 4 to 7 sugar units, and in type 1/2 core chains. Specifically, tumor pancreatic 

tissues were dominated by GSL with blood group Lea and Leb determinants (i.e., type 1 chain) 

alongside nLc4Cer, while the predominant GSL of adjacent normal pancreatic tissues were 

GSL with blood group A and B determinants (i.e., type 2 chain). Other glycans including 

GSL with blood group Lex, Ley, H determinants, and nLc6Cer were found in both tissues, 

while P1 and PX2 pentaosylceramides along with Ley heptaosylceramides were minor 

components of tumor pancreatic tissues. Additionally, binding assays confirmed the presence 

of Gb3Cer and Gb4Cer, although they were not identified by LC-ESI/MS2. In the case of acid 

GSL, the major GSL were sulfatides and GM3 gangliosides with 34:1;O2 and 34:1;O3 

ceramides together with minor s-nLc4Cer/nLc6Cer. Sialylated GSL, such as sLea (i.e., CA 

19-9 biomarker) and sLex, were determined by binding assays despite not being identified by 

LC-ESI/MS2.

Modifications of expression of ABH and Lewis blood group-related antigens are 

characteristic features of various carcinomas. The major changes in the glycosylation in most 

human cancers occur on type 2 chain, which is also the major carrier for the blood group 

ABH determinant of human red blood cells [533,707]. These changes are inevitably 

connected with the dysregulation of glycosyltransferases, namely fucosyltransferases (FUTs), 

which are responsible for the formation of Lewis blood group determinants. Namely, FUT1 

has been shown to preferentially glycosylate type 2 chain. Conversely, FUT2 and FUT3
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prioritize type 1 chain. This is in line with the observed predominance of fucosylated type 1 

chain GSL (i . e Lea-5 and Leb-6) in tumor tissues and dominance of GSL with blood group A 

and B determinants (i.e., A6-2, B6-2, and B7-2) on type 2 chain in adjacent normal tissues in 

this study. Therefore, the overexpression of Lewis blood group antigens in PDAC may be 

associated with the upregulation of FUT2 and/or FUT3. In contrast, the accumulation of 

nLc4Cer along with the absence of blood group A and B associated GSL (i.e., type 2 chain) 

may be in line with the downregulation of FUT1, the enzyme responsible for the formation of 

the H type 2 GSL, and the precursor of blood group A and B determinants on type 2 chain. 

These findings are interesting and opposite of what was found by Hattori [707], i.e., presence 

of type 1 chain only in normal and both type 1 and 2 chain in tumor tissues. Finally, the 

relative amounts of GSL varied between tumor and adjacent normal pancreatic tissues.

The extensive investigation of complex GSL in human pancreatic cancer extends the 

coverage of GSL that are not routinely analyzed by traditional lipidomic methods. 

Furthermore, it provides an important platform for further studies of GSL alterations, such as 

glycosylation, sialylation, and/or fucosylation that are an integral part of many 

pathophysiological processes. It could also contribute to the development of new biomarkers 

and therapeutic approaches. The future perspective is to simplify the isolation protocol and to 

incorporate complex GSL into the body fluids-based screening methods of PDAC and 

possibly other cancers. However, future studies should clarify these results and investigate 

whether these differences translate into GSL profiles between patients and healthy subjects.

The following part is not included in the published paper.

In this study, we also tried to compare the profiles of GSL-derived glycans in tumor and 

normal pancreatic tissues of three individuals (Table 33) using a similar isolation protocol 

(extraction in glass test tubes instead of Soxhlet extractor) to increase the value of the data.

Table 33: The amounts of tissue samples of the three individuals before lyophilisation.

Sample No.
Tumour tissue Normal tissue

672 685 791 672 685 791
Amount [mg] 87 116 149 227 195 149

The expression of the blood group A, B, H and Lewis type GSL should be in line with the ABH 
and Lewis phenotypes of the patients (Table 34), however, the presence of incompatible blood group 
antigens was already reported as a probable consequence of neosynthesis in cancer tissues [707].
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Table 34: Expression of ABH and Lewis type GSL related to phenotypes [708].

Genotype OO AO AA BO BB AB
Phenotype O A B AB
Expressed antigens H A B AB

ABH phenotype Lewis phenotype FUT2 FUT3 Expressed antigens
A, B, AB, O Le(a-b+) active active H, A and/or B, Lea, Leb
A, B, AB, O Le(a+b-) inactive active Lea
A, B, AB, O

Le(a-b-)
active inactive H, A and/or B

A, B, AB, O inactive inactive type 1 precursor glycans
A, B, AB, O Le(a+b+) this combination is very rare

However, we were able to identify and characterize GSL-derived glycans only in 3 out of 

6 samples (i . e two individual patients, Fig. 67) probably due to sensitivity issues.

Fig. 67: Reconstructed ion current (RIC) chromatograms of GSL-derived glycans of individual PDAC patients: 
(A) tumor and (B) normal tissue of single individual No. 791, and (C) normal tissue of single individual 
No. 672 (blue, major glycans; red, minor or less abundant glycans; *, non-GSL).
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Nevertheless, the observed GSL patterns were in accordance with those found in pooled 

pancreatic tissues, i.e., GSL with Lewis blood group determinants predominate in tumor 

tissue (Fig. 67A), while GSL with blood group B (Fig. 67B) and blood group A (Fig. 67C) 

determinants prevailed in normal tissues. Since we did not obtain information on the blood 

type of the patients from clinicians, we can only assume that the patient No. 791 probably has 

the blood type B, and patient No. 672 has the blood type A.

However, a few studies suggesting that individuals carrying non-O blood group have an 

increased risk of pancreatic cancer compared to those with O blood group were reported by 

Wolpin et al. [709], and more recently by Rahbari et al. [710] and Antwi et al. [711]. It has 

also been shown that individuals with pancreatic cancer express either blood group A or B 

antigens corresponding to the respective blood group or are characterized by loss of the 

expression of the blood group antigens in most cases [706,712,713], which supports our 

findings. Moreover, one case-control study investigated by Annese et al. [714] indicated that 

individuals with blood group B seem to be more prone to development of pancreatic cancer. 

Furthermore, Aird et al. [715] and Rizzato et al. [716] reported an increase in the incidence of 

pancreatic cancer in blood group A individuals. Last but not least, Mahajan et al. [717] 

unveiled that glycolipid-associated pathways, including dysregulation of complex lipids in 

plasma of PDAC patients, differ substantially among the specific subtypes of PDAC.

We can only speculate whether individuals carrying blood groups A and B determinants 

may incline to develop pancreatic cancer, as the linkage between GSL metabolism with 

pancreatic cancer progression needs to be clarified by future studies using a larger set of 

samples. Consequently, the significance of the linkage remains debatable.

My contribution to this manuscript:
I carried out the majority of practical work and a few binding assays. I was responsible 

for performing HPLC/MS2 experiments along with data evaluation in collaboration with S. 

Teneberg. I also prepared the manuscript in close consultation with co-authors.

Reference
Annex B.

Hořejší, K., Jin, Ch., Vaňková, Z., Jirásko, R., Strouhal, O., Melichar, B., Teneberg, S., and 

Holčapek, M. Comprehensive characterization of complex glycosphingolipids in human 

pancreatic cancer tissues. J. Biol. Chem. 299 (2023) 3. doi: 10.1016/j.jbc.2023.102923
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3.3 Lipid profiles of kidney, breast and prostate cancer patients differ 

from healthy controls

Another study comparing the plasma lipid profiles of healthy volunteers and patients with 

kidney, breast, and prostate cancer was carried out using UHPSFC-MS and DI-MS with the 

aim to differentiate cancer patients from healthy controls.

In total, 289 samples of cancer patients (i . e 119 kidney, 103 breast, and 67 prostate) and 

192 samples of healthy volunteers were collected and analyzed. Samples were divided into 

training set (ca 75%) and validation set (ca 25%) in a similar percentage representation of 

individual types of samples. The analysis resulted in the quantitation of 138 lipids from GL, 

GP, and SP subclasses, from which 91 lipids were selected for multivariate data analysis. 

Then, the number of lipid species was further reduced to seven lipids by applying additional 

statistical criteria, such as fold change, p-value, VIP value, and Bonferroni correction. Models 

of cancer prediction were characterized by high sensitivity, specificity, and accuracy.

Statistically, the most dysregulated lipids were CE 16:0, Cer 42:1;O2, LPC 18:2, PC 

36:2, PC 36:3, SM 32:1;O2, and SM 41:1;O2, which may represent potential biomarkers to 

differentiate kidney, breast, and prostate cancer from healthy volunteers based on human 

plasma profiling. In conclusion, the data indicated the potential of lipid profiling with the use 

of multivariate data analysis as a diagnostic tool for all three studied types of cancer.

My contribution to this manuscript:
I read, reviewed, and edited the manuscript. I also provide a critical and valuable 

comments.

Reference
Annex C.

Wolrab, D., Jirásko, R., Peterka, O., Idkowiak, J., Chocholoušková, M., Vaňková, Z. Hořejší,
K., Brabcová, I., Vrána, D., Študentová, H., Melichar, B., and Holčapek, M. Plasma lipidomic 

profiles of kidney, breast and prostate cancer patients differ from healthy controls. Sci. Rep. 

11 (2021) 20322. doi: 10.1038/s41598-021-99586-1
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3.4 Recent advances, challenges and future direction in the analysis of 
glycosphingolipids in biological samples

The last part of my work is a review article. The review first discusses technological 

advances in GSL analysis, such as the replacement of conventional HPLC columns with sub- 

2-^m particles, offering enhanced separation efficiency and high-throughput analysis, the use 

of 2D SFC/RPLC-MS and UHPSFC-MS for improved lipidomic coverage, selectivity, and 

sensitivity, or implementation of IM technologies, adding a fourth dimension of separation, 

together with recent innovations (e.g., PASEF, SLIM) enhancing the separation of isomers. 

These advancements contribute to a comprehensive understanding of GSL in a biological 

context. The next section addresses the challenges in the GSL analysis, focusing on sample 

pre-treatment and extraction and purification strategies that are crucial to maintaining the 

integrity of the sample. The need for innovative isolation protocols for efficient GSL 

extraction from complex matrices is emphasized as the well-established protocols are not 

sufficient. The challenges, such as achieving rapid and uniform extraction, along with the 

complete removal of interfering substances (e.g., alkaline hydrolysis, ZrO2/TiO2-based SPE, 

and silica-based or weak-anion exchange chromatography) that persist are highlighted. Then 

the review is focused on issues related to the separation of isomers, as the baseline separation 

of GSL isomers is still challenging even when applying IM with innovative technologies, 

such as PASEF or SLIM. Various derivatization techniques, such as permethylation, isobaric 

labelling, or benzoyl derivatization, designed to increase the ionization efficiency of GSL 

and/or to aid in the structural elucidation by introducing specific fragment ions are discussed 

as well. The section addressing quantitative analysis and validation emphasizes the limited 

availability of suitable ISs for quantitation and suggests alternative strategies, such as 

chemoenzymatic synthesis or in vivo stable isotope labeling, a promising approaches to 

reliable and accurate quantitation addressing the lack of ISs for GSL. The importance of 

method validation and harmonized protocols or guidelines is also discussed together with the 

absence of well-defined and certified reference materials that complicate the inter-laboratory 

comparisons. Furthermore, the development of novel, comprehensive, and open-source 

bioinformatics tools is crucial, as lipidomic analyses generate large datasets, to support 

lipidomics’ potential for clinical diagnostics and understanding the roles of lipids in various 

pathophysiological processes. Although lipidomics is promising for monitoring diseases, 

including cancer, through non-invasive biomarkers obtained from body fluids, there are not so
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many GSL biomarkers that are used as diagnostic or prognostic markers. Moreover, the lack 

of extensive population-based clinical trials hinders the translation into clinical lipidomics 

Consequently, future directions should focus on the efficient isolation of more complex 

and minor GSL, increased ionization efficiency, enhanced separation of GSL isomers, and 

development of stable-isotope labelling method for accurate absolute quantitation. In 

conclusion, continuous efforts are crucial to address these limitations to fully reveal the 

potential of glycosphingolipidomics for clinical translation as comprehensive high-throughput 

GSL profiling in biological samples remains very challenging.

My contribution:

I prepared the review proposal together with a detailed outline. I wrote the majority of the 

manuscript, except validation and quantitation, and prepared tables and 3 out of 4 figures and 

discussed it with close collaboration with co-authors.

Reference
Annex D.

Hořejší, K., Kolářová D., Jirásko, R., and Holčapek, M. Recent advances, challenges, and 

future directions in the mass spectrometry analysis of glycosphingolipids in biological 

samples. Trac-Trends Anal. Chem. 178 (2024) 117827. doi: 10.1016/j.trac.2024.117827
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4 CONCLUSIONS

This dissertation deals with the development and optimization of methods for detailed 

structural characterization and profiling of GSL, GSL-derived glycans, and other lipids in 

biological samples using HPLC-ESI-MS/MS.

The theoretical part provides a detailed and comprehensive review describing the 

structure, classification, nomenclature, and biological functions of GSL together with their 

associations with various diseases including cancers. Various sample preparation methods and 

analytical methods, with the emphasis on the qualitative and quantitative analysis of GSL and 

other lipids, are discussed in detail as well.

The experimental part is devoted to the development and optimization of new liquid­

liquid extraction followed by solid-phase extraction using the HILIC-ESI-MS/MS method. 

This method enabled the identification and characterization of 154 simple GSL species within 

7 lipid subclasses in human plasma together with 77 phospholipids and several ceramides and 

fatty acids. The HPLC-ESI-MS/MS method using a PGC column capable of separating 

structural isomers was applied for the analysis of GSL-derived glycans extracted and isolated 

from human pancreatic cancer tissues and adjacent normal pancreatic tissues. This method 

primarily allowed the profiling of more complex GSL. The analysis also revealed striking 

differences in glycosylation, mainly fucosylation and sialylation, between the tumor and 

adjacent normal tissues. It was found that the type 1 core chain represented by GSL carrying 

Lea and Leb determinants along with nLc4Cer predominated in tumor tissues, while the type 2 

core chain represented by GSL with blood group A and B determinants were preferentially 

found in adjacent normal tissues. These findings were also supported by chromatogram 

binding assays using specific antibodies, bacteria, and lectins. UHPSFC-MS method has been 

applied for the differentiation of patients with kidney, breast and prostate cancer from healthy 

controls based on the quantitative lipid profiling, where lipids were extracted from human 

plasma. Finally, recent advances, current challenges, and future directions in the analysis of 

GSL in biological samples were reviewed.

The related works demonstrate that the coupling of chromatographic techniques with 

mass spectrometry for the analysis of GSL has recently greatly advanced. However, there are 

still a few issues complicating the reliable identification and quantitation, namely (1) 

variability in extraction protocols that do not effectively extract a wide range of GSL, (2) lack 

of appropriate ISs for accurate quantitation, and (3) inability to differentiate isomers and/or
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isobars. Although the latter has recently been greatly improved by utilizing novel dissociation 

techniques and IM, much more effort is still needed to elucidate C=C positions, ¿«-positions, 

and branched-chain isomers. Future directions should also focus on the development of novel 

and unique extraction protocols capable of isolating simple as well as more complex and even 

minor GSL subclasses together with the development of suitable methods for the synthesis of 

ISs that could compensate for the lack of ISs. These improvements are necessary to improve 

the possibilities of finding suitable biomarkers that could provide valuable information and 

enable the detection of various diseases in the early stages and assure timely treatment to 

improve clinical outcomes.
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