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Abstract 

Glycosphingolipids (GSLs) are an important bioactive lipid group involved in many cellular 

processes and considered biomarkers for certain diseases. Despite their importance in 

diagnostics and research, numerous functional questions remain unanswered. In order to 

answer these questions and facilitate meaningful analysis of organic samples, the research 

discipline lipidomics uses liquid chromatography coupled to mass spectrometry. Proper 

matching of the method to the respective lipid class ensures desired separation and 

characterization. 

The aim of this work was to develop a reversed-phase liquid chromatography and mass 

spectrometry method for the detection and interpretation of certain glycosphingolipid (GSL) 

classes in a GSL standard pool and to examine the selected lipids for their occurrence in a 

colon cancer sample (HCT116). In particular, three GSL subclasses were discussed: 

lactosylceramides, globosides (Gb3, Gb4, Globo-H) and gangliosides (GM3). For method 

validation, liquid chromatography was coupled with high-resolution tandem mass 

spectrometry and the spectra were recorded at the MS1 and MS2 levels. Furthermore, several 

electrospray ionization (ESI) source parameters were varied and checked for changes at the 

MS1 level for each lipid class.  

The identification of lipid fragments at the MS2 level with FreeStyle154 enables the precise 

assignment of individual lipids. With the help of a target list and Skyline78, an overview of the 

lipid species could be created. The functionality of the method and separation of the GSL 

classes were presented and discussed in detail about polarity, retention times and analytical 

limits. The new method proved to be fit for purpose for GSL analysis in complex samples 

revealing structural details up to the molecular lipid species level. All GSL classes could be 

separated by the reverse phase chromatography and hydroxylated saturated long-chain fatty 

acids with a chain length of 38 carbon atoms were detected alongside very short-chain fatty 

acids with 2 carbon atoms, including odd FA chains. The investigated colon cancer sample 

revealed over 50 species in different levels in each GSLs class. The developed workflow was 

the first step towards a comprehensive assay for GSL classes by RP-MS/MS and could pave the 

way to a better understanding of GSL structures and their occurrence in cancer.  
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Kurzfassung 

Glykosphingolipide (GSL) sind eine wichtige bioaktive Lipidgruppe, die in vielen zellulären 

Prozessen mitwirken und als Biomarker für bestimmte Krankheiten gelten. Trotz ihrer 

Bedeutung in der Diagnostik und Forschung sind noch zahlreiche Funktionsfragen offen. Um 

bestimmte Fragestellungen zu beantworten und eine aussagekräftige Analyse von 

organischen Proben zu ermöglichen, bedient sich die Forschungsdisziplin Lipidomik der 

Flüssigchromatographie und der Massenspektrometrie. Durch die richtige Abstimmung der 

Methode auf die jeweilige Lipidklasse kann eine gewünschte Auftrennung und 

Charakterisierung gewährleistet werden. Das Ziel der Arbeit war es, eine Umkehrphasen-

Flüssigchromatographie (RP-LC) und Massenspektrometrie Methode zum Nachweis und zur 

Deutung bestimmter Glykosphingolipid Klassen in einem GSL-Standardpool zu entwickeln, 

sowie die ausgewählten Lipide auf das Vorkommen in einer Darmkrebs Probe (HCT116) zu 

untersuchen. Insbesondere wurde auf drei GSL-Unterklassen: Lactosylceramide, Globoside 

(Gb3, Gb4, Globo-H) und Ganglioside (GM3) näher eingegangen. Zur Methodenvalidierung 

wurde Flüssigchromatographie mit hochauflösender Tandem-Massenspektrometrie 

gekoppelt und die Spektren auf MS1 und MS2 Level untersucht. Des Weiteren wurden 

mehrere HESI (erhitzte Elektrospray-Ionisierung) Parameter variiert und auf die 

Veränderungen auf MS1 Ebene überprüft. Die Identifizierung von Lipidfragmenten auf MS2 

Level mit Freestyle154 ermöglichte die genaue Zuordnung von einzelnen Lipiden. Mithilfe von 

Skyline78 und einer „Target“-Liste konnte eine definierte Übersicht, der in den Proben 

enthaltenen GSL erstellt werden. Die Funktionsweise der Methode und die Trennung der GSL-

Klassen wurden vorgestellt und ausführlich über Polarität, Retentionszeiten und analytische 

Grenzen diskutiert. Die neue Methode erwies sich als geeignet für die GSL-Analyse in 

komplexen Proben, die strukturelle Details bis hin zur Ebene der molekularen Lipidspezies 

offenlegt. Alle GSL-Klassen konnten durch RP-LC getrennt werden und es wurden 

hydroxylierte gesättigte langkettige Fettsäuren mit einer Kettenlänge von 38 

Kohlenstoffatomen neben sehr kurzkettigen Fettsäuren mit 2 Kohlenstoffatomen, 

einschließlich ungerader FA-Ketten, nachgewiesen. Die Untersuchung der Darmkrebsprobe 

ergab über 50 Lipid-Spezies in unterschiedlichen Konzentrationen in jeder GSL-Klasse. Der 

entwickelte Arbeitsablauf war der erste Schritt hin zu einem umfassenden Assay für GSL-

Klassen mittels RP-MS/MS und könnte zukünftig den Weg zu einem besseren Verständnis der 

GSL-Strukturen und ihres Auftretens bei Krebs ebnen. 
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1. Introduction 

1.1 Lipidomics research 

Lipidomic research focuses on studying all lipids found in cells, tissues and organisms, using 

numerous instrumental analysis techniques to identify and interpret them. It is an integral 

part of systems biology, which focuses on the broad study of complex interactions of 

substances in biological systems. The ultimate goal is to develop a comprehensive omics 

science that includes genes, transcripts, metabolites and proteins for the identification of 

specific biomarkers for lipid-related diseases and for diagnostics.1 

Lipids are nowadays classified into eight large lipid groups (glycerophospholipids, 

glycerolipids, saccharolipids, prenols, sterols, polyketides, fatty acycls and sphingolipids), 

which are visible in Figure 1. The further classification schemes of the individual subgroups are 

based on the different hydrophobic and hydrophilic elements of a lipid.2 

Lipids have diverse and unique structures and encode for many different functions in an 

organism. They play an essential role in signaling, transport and inflammation of body 

processes. The combination of head groups, linkages and non-lipid units (e.g. proteins or 

carbohydrates) results in numerous structural possibilities, which possess specific chemical 

functions. An important aspect of the biological properties of lipids is also their isomers. The 

absence or presence of a double bond at a specific position can influence the lipid's 

functionality.3 

Researchers have shown through conjugated linoleic acid isomers that the trans-11 isomer, in 

contrast to cis-9 isomers, inhibits tumor development in vitro. Moreover, the trans-10 and cis-

12 isomers increased human blood lipid concentration and the ratio of HDL to LDL cholesterol, 

compared to cis-9 and trans-11 isomers.4,5 

The matter of lipid nomenclature was taken up by the Commission on Biochemical 

Nomenclature of the International Union of Biochemistry and Molecular Biology (IUPAC-

IUBMB) in 1976. The structural description of a phosphatidylcholine (PC) species is shown in 

Figure 2. To classify newly discovered lipid classes and support the growing field of lipidomics 

research, the International Lipid Classification and Nomenclature Committee (ILCNC) 

developed a "Comprehensive Classification System for Lipids," which was published in 2005 
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from Fahy et al.2 In order to include eukaryotic and prokaryotic lipid structures, the 

classification system was updated in 2009 from Fahy et al.6 In addition, a description for 

structures of complex MS-lipid data was introduced in 2013 from Liebisch et al.7 Based on this 

classification, Koelmel et al. systematically characterized high-resolution MS data with exact 

mass and fragmentation patterns.3 The details of the structural resolution and annotation is 

listed in Table 1.  

The LIPID MAPS database (LMSD) serves as the most current and comprehensive catalog of 

lipid molecules, containing over 40,000 lipids, as well as systematic nomenclature, 

classification, structural representations and ontology of lipids along with mass spectrometric 

characterization.8

 

Figure 1. Structures of the respective lipid categories ² 
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Figure 2. Structural details and IUPAC-IUBMB nomenclature of a phosphatidylcholine (PC) species 3 

Structural resolution Annotation 

Carbons and double bonds PC(34:2) 

Fatty acyl constituents PC(16:0_18:2) 

Positional isomers PC(16:0/18:2) 

Double bond position PC(16:0/18:2(10,12)) 

Double bond Cis/Trans PC(16:0/18:2(10E,12Z)) 

Stereochemistry PC(16:0/18:2(10E,12Z)[R]) 

Table 1. Differences of structural resolution 3 

The MS lipid structure nomenclature is based on the classification of lipids according to their 

class and the molecular sum formula of carbons and double bonds in fatty acyl chains. From a 

technical perspective, only one fatty acyl chain is necessary to designate fatty acyl 

chains/fragments since the exact mass can be used to deduce the second. However, incorrect 

assignments could occur when annotating by lipid class, since certain fragments are not 

specific to only one lipid class. An underscore is used to describe unknown positional isomers, 

as many instrumental methods do not reveal precise double bond positions. The slash 

represents lipids where the isomeric level of the fatty acyl chains is known. Depending on the 

instrumental method, an exact assignment of double bond position isomers is also possible. A 

correct and generalized nomenclature of lipid structures is crucial to present new findings in 

the field of lipidomic accurately.3 

1.2 Sphingolipids 

The sphingolipids are one of the eight lipid classes and have different biological meanings. 

They can be found in different areas of the organism and play an important role in signal 

transmission, the regulation of numerous cell functions and as a structural component. Due 

to their unique structure, they were named after the "Sphinx" and have both hydrophobic and 
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hydrophilic properties. All sphingolipids consist of a sphingoid base (phytoceramide or 

sphinganine) attached to a fatty acid, also known as a long-chain base.9 

Sghingosine-1-phosphate (S1P) and ceramide play the key roles. S1P is an antiapoptotic 

regulator, which is important for cell proliferation and motility.10 On the other hand, ceramide 

promotes cell death by activating mitochondrial permeabilization. This releases caspases into 

the cell interior and initiates apoptosis.11 In addition, numerous enzymes (sphingosine kinases, 

S1P phosphatases, ceramide synthases, ceramidases) are involved in the regulation of 

sphingolipid levels and serve as extra- and intracellular agonists.12 Certain changes in 

sphingolipid balance can have adverse pathological implications. Chronic dysregulations can 

lead to neurodegeneration, cancer, Alzheimer's disease, Parkinson's disease and lysosomal 

storage diseases.13 

Ceramide 

Ceramide is an precursor molecule in the metabolism of sphingolipids, which has regulatory 

properties within the cell such as the initiation of apoptosis, differentiation and growth 

inhibition. Ceramide biosynthesis can be occurred from the de novo pathway or the 

sphingomyelinase pathway.12 In the de novo pathway, serine and palmitate-CoA are used to 

synthesize ceramide through the actions of serine palmitoyl transferase and ceramide 

synthase.14, 15 Sphingomyelin (SM) or glycosphingolipids (GSL) are generated from ceramides 

in the organism (sphingomyelinases and glycosylceramidases) and are partially used as a 

membrane compartment.12 Moreover, ceramide can be converted into sphingosine, which 

can be phosphorylated to form S1P. Ceramides, sphingosine, and S1P can be interconverted 

by specific phosphatases, synthases, and kinases.16 The central sphingolipid metabolism is 

shown in Figure 3 and gives a short overview of the most important reactions. 
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Figure 3. Overview of central sphingolipid metabolism 12 

 

Involvement of ceramide/sphingolipid in carcinogenesis and treatment 

Sphingolipids play a crucial role in the multistep process of carcinogenesis and are strongly 

interconnected in the metabolic network, contributing to normal cell function. Specific 

mutations in tumor suppressor genes and oncogenes can result in alterations to sphingolipid 

levels.17 Modified sphingolipids are involved in cell metastasis, progression and proliferation 

in certain cancer types. Therefore, developing activators and inhibitors of sphingolipid 

translation is an important approach for anticancer drug development.18 
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Ceramides, through their cell stress responses, play an important role in cancer biology and 

are involved in abnormalities in sphingolipid signaling in various cancers. Attenuated ceramide 

levels or increased S1P levels are correlated with the stages of cancer pathogenesis.19 

The enzyme acid ceramidase, which converts ceramide to sphingosine, may play a role in 

prostate cancer development, as it is overexpressed in 60% of primary prostate cancer 

tissues.56 Another study found that elevated levels of C16:0-Cer were associated with positive 

lymph node status, suggesting that certain ceramide analogues have the potential to be used 

as therapy for chemo- and endocrine-resistant breast cancer.20 In the case of head and neck 

squamous cell carcinoma (HNSCC) carcinogenesis, a study showed that ceramide may be one 

of the important substrates for its development.21 

Drugs affecting ceramide levels  

The drug fenretinide has shown antitumor activity in vitro and in vivo in several tumor types, 

without toxicity in mice in preclinical studies. It decreases de novo synthesis of ceramide by 

binding to dihydroceramide desaturase (DES). This leads to an increase in dihydroceramide 

levels, which induces autophagy and inhibits cell growth of cancer cells.22 

The glycosphingolipid α-GalCer (KRN-7000, α-galactosylceramide-pulsed antigen-presenting 

cells) is a synthetic, invariant, and natural killer T-cell ligand. Dendritic cells are enriched with 

the glycosphingolipid, capture antigens and activate multiple types of T cells for their 

antitumor effects.23 

Safingol ((2S, 3S)]-2-aminooctadecane-1,3-diol) serves as an inhibitor and affects the 

ceramide/dihydroceramide ratio. This results in a signal inhibitory effect and induces 

apoptosis.24 

Fingolimod, also known as FTY720 or Gilenya (2-amino-2-[2-(4-octylphenyl)ethyl]propane-1,3-

diol) is a structural analogue of sphingosine and a functional antagonist of the sphingosine-1-

phosphate receptor (S1PR). The internalization of S1PR induced by Fingolimod results in the 

sequestration of T lymphocytes in lymph nodes.18,25 One potential anticancer mechanism is its 

ability to limit the conversion of sphingosine to S1P.26 The ceramide and drug specific 

involvement in tumorigenesis processes and the site of action is visible in the Figure 4. 
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Figure 4. Ceramide - Involvement in tumorigenesis processes and site of action of individual ceramide-
associated drugs 18 

1.3 Glycosphingolipids (GSL) 

GSL are constructed by a ceramide backbone attached to at least one sugar unit. In an 

organism simple or more complex sugar head groups are added stepwise and bound to their 

activated nucleotide precursor. It is assumed that GSL are not freely bound on the cell surface 

but form a membrane complex together with proteins (glycosylphosphatidylinositol), 

sphingomyelin and cholesterol.27 Different GSLs have different functions in the organism 

depending on their localization. Monoglycosylceramides (cerebrosides) are present in 

epithelial cells of the human intestine. Di-, tri-, and tetraglycosylceramides are used in more 

complex compounds for the characterization of blood group antigens.28 In the plasma 

membrane, GSLs are important protagonists in infectious diseases as receptor/co-receptor for 

bacteria, toxins and viruses.29 

GSLs are categorized based on their sugar residues and charge (neutral or acidic), as well as 

their chain lengths and double bonds within the fatty acid chains. Based on these 

characteristics, several GSL series result, which exhibit a great diversity in their function 

through their sugar residues, as shown in Figure 5.30 
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Figure 5. biosynthetic pathway of the glycosphingolipid series 30 

The three neutral glycosphingolipids: glucosylceramide (GclCer), galactosylceramide (GalCer) 

and lactosylceramide (LacCer) often serve as biological precursors of more complex 

structures. GlcCer and GalCer are referred to as cerebrosides and have a monosaccharide 

head group attached to the ceramide. Binding of a galactose unit via a β-1,4-glycosidic bond 

gives LacCer, which is the major lipid for all larger and important GSLs. 13  

Acidic glycosphingolipids are surrounded by a negative charge and are divided into the four 

categories: Gangliosides (one or more sialic acid groups), Glucuronglycosphingolipids 

(glucuronic acid moiety), Sulfatoglycosphingolipids (sulfate group), and 

Phosphoglycosphingolipids (phosphate group). 13 The remaining GSL series are mostly present 

as neutrally charged molecules.  

1.3.1 Lactosylceramide 

Lactosylceramide serves as a precursor in the biosynthesis of most GSLs in higher animals. In 

this molecule, lactose is beta-glycosidically bound to the 1-hydroxyl group of the ceramide. In 

addition, the Gala series with galactose as the sugar part is an exception (β-

galactosylceramides).28 The structure of LacCer and GalCer are shown for a better illustration 

in Figure 6. 

 

Figure 6. structure of Lactosylceramide (LacCer) and galactosylceramide (GalCer) 28 
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1.3.2 Globoside 

Globosides are neutral glycosphingolipids in which N-acetylgalactosamine (NAG) is present 

along with two or more monohexoses, including glucose and galactose. The triose Gb3 is 

abundant on the cell membrane of mammalian tissue cells (e.g. erythrocytes) and has a 

specific binding affinity toward certain toxins (Gb3 serves as a receptor for verotoxins and 

shiga toxins).29 Furthermore, Gb3 is a component in apoptosis because it interacts with the 

Fas (CD95) receptor. IGb3 differs from Gb3 in its glycosidic binding and is an antigen for natural 

killer T cells. In the context of ganglioside GM2, Gb4Cer has been identified as an important 

storage substance in Sandhoff disease (β-hexosaminidase-β-subunit deficiency).28 Forssman 

GSL has been characterized as a blood group antigen in humans and is present in combination 

with other Globo series in the kidney.31 Gb5 is known as a cell surface marker and is used to 

define human embryonic stem cells.28 Globo-H, which is rather less studied, has been detected 

in mesenchymal stem cells in umbilical cord blood.32 Gb3 and Gb4 are the starting point for 

the precursor molecules of the blood group antigens, which end after the whole biosynthesis 

process with a fucose in the sugar chain.28 An short overview of the GSL structures for the 

blood group antigens is shown in Figure 7 and shows the importance of globosides for the 

formation of the human blood group system. Globosides are different from gangliosides from 

their lack of N-acetylneuraminic acid (NANA). For a better understanding, the globo-series is 

listed in Table 2 and the globosides studied in this project are shown in Figure 8 and Figure 9. 

 

Figure 7. GSL sugar structures of the blood group antigens 28 
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Structures of the Globo series 

Galα4Galβ4Glcβ1Cer GB3 

Galα3Galβ4Glcβ1Cer Iso-Gb3   

GalNAcβ3Galα4Galβ4Glcβ1Cer GB4  

GalNAcβ3Galα3Galβ4Glcβ1Cer Iso-Gb4   

GalNAcα3GalNAcβ3Galα4Galβ4Glcβ1Cer Forssmann  

Galβ3GalNAcβ3Galα4Galβ4Glcβ1Cer Gb5 (SSEA-3a)   

Fucα2Galβ3GalNAcβ3Galα4Galβ4Glcβ1Cer Globo-H (SSEA-3b)   

SAα3Galβ3GalNAcβ3Galα4Galβ4Glcβ1Cer Monosialyl-Gb5 (SSEA-4) 

SAα3Galβ3GalNAc6SAα2β3Galα4Galβ4Glcβ1Cer Disialyl-Gb5  
  

Table 2. Structures of the Globo series 28 

 

Figure 8. structure of Gb3Cer and Gb4Cer 28 

 

Figure 9. structure of Globo-H (created with ChemDraw 21.0.0) 



11 
 

1.3.3 Ganglioside 

Acidic glycosphingolipids containing one or more sialic acid residues (N-acetylneuraminic acid 

or sialic acid) in their carbohydrate moiety are specifically referred to as gangliosides. 

Gangliosides are among the larger groups of glycosphingolipids and are found in many human 

tissues and fluids. They play a critical role in the maintenance, development and function of 

the nervous system. Therefore, they are found primarily in the peripheral nervous system, 

retina, and brain.33 Their structural feature is the sialic acid units. Due to the variability of the 

carbohydrate unit, gangliosides are divided into several groups and are mostly found in the 

outer plasma membrane of neurons. The sugar unit of the molecule extends into the 

cytoplasm and the ceramide backbone is anchored in the cell membrane. Both the different 

number and variability of carbohydrate bonds, as well as chain lengths, number/position of 

double bonds, and hydroxylation, contribute to the diversity of gangliosides.34 

 

Figure 10 A. structure of GD3 34:1, B. ganglioside biosynthesis (adapted from Sibille et al. 33) 
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The symbols in Figure 10 are corresponding to the nomenclature by Schnarr et al.35 and as 

example is the structure of GD3 34:1 shown. Gangliosides are acidic glycosphingolipids 

containing one or more sialic acid residues (N-acetylneuraminic acid or sialic acid) in their 

carbohydrate moiety. They are classified into the asialo a-, b-, c-series, depending on the 

number of sialic acid residues attached to the galactose residue. Except for GM4, which is built 

up from galactosylceramide (GalCer), the gangliosides are biosynthesized from 

lactosylceramide (LacCer). The respective addition of the respective sugar and sialic acid 

results in the classes shown above. In addition, gangliosides with sialic acid residues are 

classified with N-acetylgalactosamine binding with α.33, 36 The general nomenclature is based 

on the description of Svennerholm et al. as accepted by IUPAC-IUB from Chester et al.35 The 

first letter G stands for gangliosides, the second letter for the number of sialic acids ("A" = 0, 

"M" = 1, "D" = 2, "T" = 3, "Q" = 4, "P" = 5), and the third letter for the number of neutral sugars 

(5-n sugars).  

To find out more about the biological function and effect of sphingolipids and 

glycosphingolipids in particular, liquid chromatography-tandem mass spectrometry (LC-

MS/MS) based methods are commonly used. It is currently an accurate tool for simultaneous 

structure-specific investigation and quantitative measurement of these lipid compounds. LC-

MS/MS methods offer high sensitivity, low detection limits, quantitative precessions and high 

sample throughput rates. The combination of fragmentation workflow with high resolution 

mass spectrometry enables potential isomer specific analysis. The use of different LC phases 

(such as normal, reversed phase) and several solvent compositions lead to a better separation 

of isobaric and isometric species. 37 

1.3.4 Impact of GSLs on cancer development 

Cancer is an uncontrolled proliferation of malignant cells (carcinomas, sarcomas), which in 

almost all cases has a negative impact on the health of the organism. The typical proliferation 

and metastasis to other tissue areas results in a process that is sometimes difficult to stop and 

if left untreated, very often leads to the death of the affected organism. In principle, a healthy 

organism exhibits a balanced equilibrium in the formation and regeneration of cells 

(homeostasis). In addition, the induction of programmed cell death (apoptosis) helps to 

maintain the balance between cell death and growth. 38 
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Due to certain mutations/gene defects, growing cancer cells do not receive inhibitory signals 

that could prevent them from initiating this process. Cancer is thus the result of mutations of 

individual genes involved in differentiation and growth. In addition to cancer-causing 

substances that enter the body through the environment, genetic predispositions and 

metabolic changes within cells can lead to these mutations in the genome. Since GSLs play an 

important role in the maintenance of many physiological processes in cell, abnormalities in 

GSL levels may have different consequences in tumor development. This finding has been 

investigated in many studies and promising results on GSLs related to different types of cancer 

have been elaborated. Figure 11 shows the influences of changes in GSL in the up- and 

downregulation of cancer, as published in various studies. 38 

 

 

Figure 11. overview of puplished papers for different GSL in the up- and downregulation of cancer 39 
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The expression of Globotriaosylceramide (Gb3) is increased in Hsp70 membrane-positive 

tumor cells 40 und in human breast carcinoma compared to normal tissue. 41 Further Gb3 is a 

potential marker and target for neck and head Cancer.42 High levels of Gb3 expression had an 

impact on the acquisition of cisplatin resistance in non-small cell lung cancer cells.43 Gb4 

enhanced activation of MAPK/ERK signal transduction in HCT116 human colorectal carcinoma 

cells through direct interaction with EGFR.44 Recent research has shown that Globo-H 

suppresses immune function in breast cancer cells.45 Antibodies against Gb3, Gb4 and Globo-

H have been successfully used as antitumor agents. In addition, their corresponding vaccines 

represent a promising approach for cancer immunotherapy.46 

A high level of ganglioside GD3 expression in lymphoid T-cell leukemia and melanoma and 

GD2 in breast cancer, neuroblastoma and small cell lung cancer was confirmed.47 In particular, 

the sialic acid structures of GD3 and GD2 enhance the malignant properties of cancer cells. 

48,49 However, monosialylgangliosides (GM1, GM2, and GM3) can also suppress the malignant 

properties of cancer cells.50,51 Some of these functional approaches may yield antibody 

vaccines, such as ractotumomab against NeuGcGM3, which can prolong the life of lung cancer 

patients.52 

In healthy human tissues, GM3 is typically found, but numerous human tumors display the N-

glycolylated ganglioside NeuGcGM3. As NeuGcGM3 is selectively expressed in tumor cells, it 

holds significant potential as a target for immunotherapy, particularly via the racotumomab 

alum vaccine 53 oder des rekombinanten monoklonalen Antikörpers 14F7.54 Upregulated GM3 

expression during differentiation of human acute monocytic leukemia THP-1 cells into 

macrophages was shown from Delannoy et al.55 

Aim of the project 

The aim was to develop a comprehensive glycosphingolipid LC-MS/MS method for the analysis 

commercially available GSL standards. As a proof  of principle, colon cancer cell samples were 

screend for GSLs. Additionally, a selected panel of the GSLs found were assigned based on 

their fragmentation by interpretation of MS2 spectra. To cover many chemical properties of 

these lipid structures, five specific GSL classes were selected for method development based 

on their literature references to their molecular structure and carcinogenesis. 
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2. Material and methods 

2.1 Requirements for sample and standard preparation 

At the beginning of each lipidomics workflow, the respective samples/standards are prepared 

for analysis. The low stability of lipids must be taken into account when collecting and storing 

lipid sample material. Improper handling or storage may lead to degradation of lipid structures 

by oxidation, peroxidation, or hydrolysis. In addition, possible enzymatic activity must be 

prevented when testing and storing organic material, which can also lead to lipid degradation. 

Therefore, it is recommended to store samples in sealed containers and at very low 

temperatures (-80°C) to ensure stability.57, 58 

Depending on the starting material and sample composition, different methods are used for 

lipid extraction. The two most common methods are the classical liquid-liquid extraction for 

rough overview measurements and the solid phase extraction for targeted lipid analyses. 

Other solvent systems are used for lipid extraction due to the non-polar lipid structures, unlike 

metabolite extraction.59 

The best-known lipid extractions include Folch method 60, which is based on extraction with 

the solvents methanol and chloroform (2:1, v/v), and Bligh-Dyer method 61, which also uses 

methanol and chloroform. However, in a different ratio (1:2, v/v). The methods have been 

adapted over the years to the specific lipid classes and the sample material at hand. Since 

chloroform has a higher toxicity and requires a complicated sample handling process (removal 

of aqueous phase due to higher density), solvent alternatives were sought. Besides ethyl 

acetate 62 hexane 63 and isopropanol 64, methyl tert-butyl ether (MTBE) 65 was established as 

a common solvent choice. The MTBE method was shown to be more efficient than the Folch 

extraction method in comparative studies.66 It was illustrated that the choice of solvent has a 

rather lower effect on the extraction of major lipid classes, but may have higher effect on 

minor lipid classes (ceramides). Therefore, it is more reasonable to choose solvents depending 

on the analytical problem and lipid class. 
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2.2 Lipid based Liquid chromatograhy 

There are currently two main methods available in mass spectrometry for studying a lipidome. 

The shotgun lipidomics method is used for direct infusion of samples into the MS and liquid 

chromatography (LC) is used for pre-separating samples with a column before injection. 

Coupling a liquid chromatography with a mass spectrometer can offer many advantages. 

Column separation gives us a chromatographic selectivity that can be used to identify 

substance classes based on the obtained parameters. The chemical interactions of the 

analytes with the stationary phase and mobile phase gives an overview of the distribution of 

each sample and is well suited for assigning lipid classes.67 

Specific separations of substances are possible through the use of a suitable separation 

column and the correct adjustment of the eluent. The most common systems are: normal-

phase liquid chromatography (NP-LC), hydrophilic interaction liquid chromatography (HILIC) 

and reversed-phase liquid chromatography (RP-LC).68 Each design has its own areas of 

application, as well as advantages and disadvantages. Lipids are amphiphilic, meaning they 

have both hydrophobic and hydrophilic components. Regarding in lipid analysis, NP-LC is 

based on polar interactions between lipids and the typically column is unmodified silica with 

free silanol groups. The HILIC is an alternative to NP-LC and is generally suitable for hydrophilic 

and amphiphilic analytes. Normal phase or HILIC methods can separate lipids based on their 

hydrophilic properties, which allow the lipid class separation based on head-group 

specificity.69 The most commonly used separation column in lipidomics is RP-LC. They separate 

lipid classes and fatty acyl isomers based on their carbon number and the number of double 

bonds in the fatty acyl chains.67 By combining lipid fragment information with 

chromatographic selectivity and retentivity, less confusing lipid identifications are made 

achievable. The reduced ion suppression by the separation of other analytes and 

contaminants help to increase lipid sensitivity.70 Throw the analysis with LC also a better 

separation of isobaric and isomeric lipids is possible. Liquid chromatography has wide 

applications in various fields to address lipidomics tasks. There are also some other separation 

chromatography methods for lipids, which are characterized by their separation technique: 

two-dimensional liquid chromatography (2D-LC), supercritical fluid chromatography (SFC) and 

gas chromatography (GC).71 
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Multiple reviews, including Liebisch et el. from 2017 72, have highlighted the challenge of 

distinguishing between lipid species and their non-endogenous internal standards during 

separation. Reversed phase (RP) separation results in different matrix effects and solvent 

compositions of the internal standard and analyte, a change in ionization efficiency may occur. 

Therefore, RP separation should aim to minimize ion suppression by separating lipid species 

while maintaining similar retention times for internal standards and all lipid species within a 

class. Generally, RP-UPLC is preferred for analyzing already separated classes rather than 

complex lipid extracts. 

2.2.1 Reversed phase-chromatography with Lipids 

The separation of analytes in a non-polar reversed phase-chromatography column is 

according to the hydrophobicity of the lipid analytes and selected eluents. The length of the 

fatty acyl chain, the quantity of double bonds and the shape of the lipids are the key 

determinants of their hydrophobicity. As a result, lipid species from several lipid classes that 

share fatty acyl chains might elute simultaneously, which can result in isobaric overlaps.70 Long 

run periods must be used to produce sufficient chromatographic separation of lipid isobars. 

In Ováciková et al. 2016 69, the run time was 140 min and 400 lipid species from 14 lipid classes 

were identified in the human plasma. In Narváez-Rivas and Zhang's study from 2016, they 

achieved the same level of identification in 24 minutes.73 Moreover, the use of UPLC pumps, 

which operate at a higher pressure level, show a increase in sensitivity, resolution and speed 

of analysis.  

In 2017, Breitkopf et al. identified 1500 lipid species from 18 classes in human plasma using a 

QExactive Plus Orbitrap. They used two solvent mixtures: ACN:water (6:4) and IPA:ACN (9:1). 

Both containing 10 mM ammonium formate and 0.1% formic acid.74 These solvent mixtures 

are used for all analysis in this project. 

2.2.2 Retention time 

Retention time is affected by several factors, such as the column length and type, solvents, 

temperature and binding properties of a compound.75 Therefore, standardizing the retention 

time is a valuable technique for making them comparable across various methods. Recently, 

retention time indexing (RTI) has been implemented in LC-MS instruments. This method could 

potentially be useful for further verifying the lipid identification of suspects and unknown 

compounds.  
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2.3 High resolution mass spectrometry 

Mass spectrometry serves as an analytical technique to identify analytes based on their mass-

to-charge (m/z) ratio. The analytical method used in this study was developed based on 

established screening approaches, utilizing RP-UHPLC-ESI-Orbitrap-MS instrumentation, 

which offers high resolution and accuracy in m/z measurement. High-resolution (HR) 

instruments have increased sensitivity and selectivity, enabling the identification of a vast 

number of compounds. Additionally, high resolution allows the separation of isomers and in 

some cases, even isobaric compounds by distinguishing peaks with minimal mass 

differences.76 The chromatographic separation was extended to ensure clear separation and 

a washing step was incorporated into the method to avoid carry-over effects. The method was 

validated with reference standards and blanks.  

2.3.1 Targeted lipid analysis 

Targeted analysis refers to the process of identifying analytes by utilizing standards under 

identical analytical conditions. To identify specific glycosphingolipid classes the open-source 

software Skyline78,79 was used. This software arranges the obtained data based on their 

retention time, the peak area of the respective ion with specific mass to charge ratio (e.g.: 

LacCer d34:1-> M+H: 862.6250). This involved setting peak boundaries to integrate LC peaks 

and exporting peak areas of the targeted lipid species. The skyline settings were adapted for 

the project. Transition Lists of the selected lipid classes were generated for sykline in positive 

and negative ion modes. Some transitions for MS2 analysis in Skyline were also generated by 

using the LipidCreator77 tool within Skyline. 

2.3.2 Untargeted lipid analysis 

Untargeted analysis involves the screening of metabolites of unknown compounds without 

prior knowledge of the sample.80 In such experiments, MS2 spectra are crucial as the produced 

fragments are specific to the compound. These fragments, in combination with the knowledge 

of the exact mass, can be used for annotations by comparing them with fragmentation 

libraries. 81 Untargeted lipid anaylsis can be performed with Lipid Search from Thermo Fisher 

Scientific by using filters in silico database, but was not included in this method validation 

project. The analytical approach depends on the analytical question and a short overview of 

the process finding is shown in Figure 12. 
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Figure 12. overview of different analytical approaches in screening by Schymanski et al.82 

2.3.3 Data acquisiton modes 

There are three basic data acquisition modes for HRMS. The first mode, Full-MS, captures MS 

spectra on the MS1 level, while the other two modes, parallel reaction monitoring (PRM) and 

data dependent acquisition (DDA), record MS/MS spectra on the MS2 level. Full-MS is an 

acquisition mode that doesn't involve fragmentation and records all ions within a specified 

m/z range. This mode requires no prior knowledge and is useful for lipid quantification on the 

MS1 level.83 On the other hand, PRM and DDA are both fragmentation-based acquisition 

modes. In PRM, similar to a product ion scan using QqQ, a precursor ion is selected and 

fragmented and all resulting fragments are measured with high resolution. PRM scans are 

suitable for lipidomics quantification on the MS2 level. In a DDA experiment, Top N precursor 

ions are separately fragmented, leading to high-resolution product ion scans for each 

precursor ion. DDA is typically combined with Full-MS for untargeted lipid analysis to identify 

lipid species and was used in this project.84,85 

 For targeted analysis of glycosphingolipids, low-resolution triple quadrupole mass 

spectrometers typically utilize the distinct fragment ions. These ions can be detected using 

two MS/MS operating modes, namely precursor ion scan and multiple reaction monitoring 

(MRM). The precursor ion scan mode involves fragmenting all mass-selected ions from the 

source and monitoring a diagnostic ion.86,87 
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Figure 13. differences in the data acquisition mode when measuring with a CID-MS/MS 88 

All ions generated from the source are detected without fragmentation during a full scan. In 

precursor ion scan, all ions produced from the source are isolated and fragmented while 

scanning, with the aim of detecting the precursor ion that generates a particular, predefined 

fragment ion. During multiple reaction monitoring (MRM), a predetermined precursor-

product ion pair is monitored and in parallel reaction monitoring (PRM), a specific ion is 

selected by mass, fragmented and all product ions being subsequently detected. The data 

acquisition mode with all the different applications for a CID-MS/MS is shown in Figure 13. 

2.3.4 Lipid identification 

Lipid identification and quantification are interdependent processes. To identify lipids, an 

untargeted analysis can be conducted to profile all lipidome in a sample of interest. Once a 

panel of lipids is identified, it becomes the foundation for a targeted analysis that focuses only 

on specific lipids for quantification purposes. The main goal of lipid identification is to obtain 

structural details of a lipid. The Lipidomics Standards Initiative (LSI) has established guidelines 

to ensure reliable lipid identification. These guidelines recommend using HRMS 

measurements to accurately identify lipids and separate them if they have similar masses.89 

MS/MS measurements can differentiate between various lipid classes and molecular species. 
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Additional criteria for lipid identification can be obtained by using separation techniques, such 

as retention time in chromatography-based methods and CCS (collision cross section) value 

for IMS (ion mobility spectrometry) measurements. Lipids that have been identified should 

follow the annotation of Liebisch et al., as presented in chapter 1.1. Several MS-based 

techniques have shown promise in achieving structural resolution of lipids, including Full-MS 

and/or MS/MS for carbons and double bonds, MS/MS for fatty acyl constituents, MS/MS 

considering the ratio of fatty acyl fragments or pretreatment with phospholipase A2 for 

positional isomers, ozone-induced dissociation (OzID) for double bond position and IMS for 

double bond cis/trans conformation. According to Schymanski et al.82 MS-based lipid 

identifications are level 3 identifications. This means that they provide information on possible 

structures but not enough information for one exact structure. 

Due to their low abundance and low ionization efficiency, particularly in the case of heavily 

glycosylated ones, glycosphingolipids are challenging to detect compared to other lipids. To 

enhance their detectability and permit more precise and multiplexed quantification, chemical 

derivatization (labeling) approaches are frequently utilized.88 

2.3.5 MS-based approaches for quantification 

Multiple methods based on MS exist for quantifying lipids accurately. LC-MS with Full-MS 

quantification entails the measurement of all m/z ratios, from which those linked to a 

particular lipid species are assessed. MS/MS quantification, in contrast, involves the 

measurement of precise precursor/product ion pairs for each lipid species, resulting in an 

enhancement of sensitivity and specificity.90 

Most frequently quantification is carried out with external standardization (ESTD) or internal 

standardization (ISTD). For example, an external calibration method with internal 

standardization using 13C enriched lipids as ISTDs is obtained by lipidome isotope labeling of 

yeast (LILY).83 The concentration of LILY lipids is unknown. Therefore a calibration curve is 

established by plotting the ratio of the ion intensity of ESTD to ISTD against the concentration 

of ESTD. Using this curve, the concentration of an analyte can be determined by calculating 

the ratio of the ion intensity of the analyte to the ion intensity of the ISTD. 
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2.4 Chemical reagents 

The used mobile phase solvents (water, acetonitrile and isopropanol) and solvents for the 

standard/sample preparation (isopropanol, water) were of LC-MS grade and ordered at 

Thermo Fisher (Vienna, Austria), Merck (Vienna, Austria) or VMR International (Vienna 

Austria). Ammonium formate and formic acid were ordered at Sigma Aldrich (Steinheim, 

Germany). 

2.4.1 Eluents for the liquid chromatography 

For the accuracy, the individual solvents were weighed and labeled directly in the glass bottles 

used for the measurement. The composition of the eluents are listed in Table 3 and Table 4. 

Eluent A: ACN/H2O 6:4 (v/v) 10 mM AF 0.1 % FA 

  solvent for 1 L for 500 mL 

1 H2O 400 g 200 g 
2 AF 630.6 mg in 1 mL H2O 315.3 mg in 0.5 mL H2O 
3 ACN 469 g 234 g 
4 conc. FA 1 mL 0.5 mL 

Table 3. composition of eluent A for LC 

Eluent B: IPA/ACN 9:1 (v/v) 10 mM AF 0.1 % FA 

  solvent for 1 L for 500 mL 

1 IPA 707 g 354 g 
2 AF 630.6 mg in 1 mL H2O 315.3 mg in 0.5 mL H2O 

3 ACN 78 g 39 g 
4 conc. FA 1 mL 0.5 mL 

Table 4. Composition of eluent B for LC 

2.5 Reference Standards 

To validate the method for analyzing five particular glycosphingolipid classes, three distinct 

standards were purchased from the Cayman Chemical Company and prepared for analysis by 

LC-MS. 

Standard 1: 29358 - Neutral Glycosphingolipid Mixture (1 mL stock solution) is solved in 

chloroform:methanol (2:1, v/v) and contains hydroxy/non-hydroxy galactosylceramides, 

lactosylceramides, globotriaosylceramides and globotetraosylceramides, which are visible on 

a TLC in Figure 14. Concentration: 1 mg/mL, storage: -20°C, stability >= 2 years 
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Figure 14. TLC on ingredients of item number 29358 - Cayman Chemical Company156 

Standard 2: 29360 - Disialoganglioside Mixture (1 mL stock solution) is solved in 

chloroform:methanol:water (2:1:0.1, v/v/v) and contains the disialogangliosides GD1a, GD1b, 

and GD3, which are visible on a TLC in Figure 15. Concentration: 0.5 mg/mL, storage: -20°C, 

stability >= 2 years 

 

Figure 15. TLC on ingredients of item number 29360 - Cayman Chemical Company156 

Standard 3: 29361 - Lactosylceramide, Ganglioside GM3 and GD3 Mixture (1 mL stock solution) 

is solved in chloroform:methanol:water (2:1:0.1, v/v/v) and contains LacCers, the 

monosialoganglioside GM3, and the disialoganglioside GD3, which are visible on a TLC in 

Figure 16. Concentration: 0.5 mg/mL, storage: -20°C, stability >= 2 years 
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Figure 16. TLC on ingredients of item number 29361 - Cayman Chemical Company156 

2.5.1 Standard preparation method 

Calculation of the used concentration: The manufacturer did not provide precise information 

on the composition and amount of each individual substance. It was assumed that the 

proportions of the analytes were approximately equal to each other. Using the indicated total 

concentration and the molar masses of the individual lipids, 50 µM and 5 µM standards were 

prepared for liquid chromatography. The 5 µM standard series was shown in preliminary tests 

to be the desired concentration for further analyses. 

Average mol mass of the each standard lipid content: 

The mean mol mass of each standard was estimated from the included lipids, averaged and 

used for the calculation in Table 5 and Table 6. (LacCer ~ 800 g/mol, Disialoganglioside ~ 1870 

g/mol, GM ~ 1200-1600, Gb3 ~ 830, Globoside ~ 800-1350) 

29358 

1000 µg/mL / 1000 g/mol * 1000 = 1000 µM 
29360 

500 µg/mL / 1800 g/mol * 1000 = 277.8 µM 
29361 

500 µg/mL / 1000 g/mol * 1000 = 500 µM 

Table 5. calculated molar concentration of each standard 
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50 µM standard (500 µL) 5 µM standard (200 µL) 

29358 (dilution of the 50 µM standard) 
25 µL standard + 475 µL solvent 20 µL 50 µM standard 
29360 180 µL solvent 
90 µL standard + 410 µL solvent standard pool (100 µL) 

29361 10 µL of each 50 µM standard 
50 µL standard + 450 µL solvent 70 µL solvent 
solvent: IPA:H2O (65:35)   

 

Table 6. used standard concentration for the method validation 

Centrifugation, drying and reconstitution 

The reference standards were dried by removing the solvent in a Genevac EZ-2 Series Personal 

Evaporator (SP Scientific, Ipswich, UK). Afterward the reconstituion of the dried material was 

performed in 1 mL IPA:H2O (65:35) by shaking, vortexing and ultrasonication (30°C, 15 min).55 

The used 5 µM standards and the 5 µM pool of each standard for the LC-MS analysis was 

prepared using the table 4 scheme.  

Lipid-QC: In-house standard preparation method 

For internal standardization lipids enriched with 13C were utilized. These lipids were 

manufactured using the LILY procedure83 and prepared with a in-house protocol for the LC-

MS measurement (10 mL dried EtOH extract unlabeled; redissolved in 0.6 mL MTBE, 0.2mL 

MeOH, 0.2 mL water; upper phase collected in 2 mL Eppendorf tube; dried in SpeedVac; 

redissovled in 2 mL IPA; centrifuged; 10µL aliquote in 2mL Eppendorf tubes; dried in SpeedVac; 

stored at -80°C). The at -80°C stored dried lipid yeast QC samples were slowly heated to room 

temperature and re-suspended in 100 µL IPA for the LC-MS analysis. 

2.6 HCT116 colon cancer sample  

The analyzed sample in this work was a HCT116 colon cancer cell line, which were bred by the 

cancer therapy research group at the medical university vienna (Walter Berger, Dina Baier).91 

These samples are included in a project on specific lipid alterations accompanying the 

response and development of resistance against chemo-/targeted therapy. The aim was the 

targeted and untargeted analysis of whole cell lysates and lipid droplets. For their 

measurement they used treated (KP1339), untreated (DMSO), resitent and unresitent HCT116 

cell lines in lipid droplets and whole cell samples. The measurement in this work with the 

validated GSL method was carried out with the untreated whole cell samples of the HCT116 

cell line from the project. 
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Cells HCT116 

HCTR/KP (KP1339-resistant HCT116) 

Medium McCoy’s 5A (M8403) medium with 10% FBS and 0.219 g/L glutamine 

Time points 24 h treatment (KP1339) vs. untreated (DMSO only) 

Culture format 6-well plate, n=6 wells per condition with 2 ml/well. ca. 200 000- 1 000 000 

pro cells, blank controls per conditions 

Medium change with treatment 

Table 7. HCT116 cell conditions 

2.6.1 HCT116 sample preparation method 

The isolation from cultured cells was carried out from the team of the cancer therapy research 

group at the medical university vienna and the cell conditions are listed in Table 7. HCT116 

cells were cultured in McCoy’s 5A GlutaMAXTM medium (36600-021, Life Technologies) 

supplemented with 10% not-heat inactivated fetal bovine serum (10270-106, Life 

Technologies) and 100 µg ml-1 antibiotic Penicillin-Streptomycin (10 000 U/mL, 15140-122, 

Life Technologies). Cells were trypsinised with 0.05% trypsin and passaged after every 48h in 

a 1:10 ratio into Nunc EasYFlask 75 cm2 Nucleon Delta Surface (156499, Thermo Scientific) 

flasks. N2 quenching: 1 mL cell medium was transferred in 1,5 mL Eppendorf tubes and the 

remaining medium was sucked away. The cells were washed three times with 2 mL PBS and 

then quenched with liquid nitrogen. The plates were stored at -80°C until extraction. The lipids 

were isolated using the SIMPLEX extraction protocol with addition of 13C labelled internal 

standard (yeast).92 In each cell well, 500 µL of cold MeOH was added and the cells were 

detached using a cell scraper. The cell suspensions were then transferred to 5 mL Eppendorf 

tubes using a pipette. The plates were washed twice with 250 µL of cold MeOH per well and 

the suspensions were transferred to the Eppendorf tubes again. 250 µL 13C-LILY standard in 

MTBE and 2940 µl of cold MTBE was added. The cell suspension mix was incubated for 1 h at 

4°C under agitation. Afterward the phases were seperated by adding 800 µL water. The extract 

was centrifuged at 2000 rcf for 5 min and the upper phase was collected (lipid containing 

fraction). Two of the biological replicates were combined and samples were dried in a GenVac 

and dissolved in 200 µL IPA for analysis. For the protein precipitation, MeOH was added to the 

remaining phase in a final ratio of 4:1, v/v MeOH/H2O (2700 µL MeOH). The samples were 

incubated for 1 h at 20 °C, followed by 12 min centrifugation (4500 rpm, max. speed) at 4 °C. 
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The resulting supernatant was transferred (metabolite containing fraction) in a fresh 5 mL 

Eppendorf tube. The remaining pellet contained the protein fraction. Metabolite and protein 

fraction were stored at -80°C, but not used in this project. The lipid fraction were prepared 

with a final volume of 200 µL (dissolved in IPA), pipetted into HPLC vials with inserts and stored 

at -80°C for lipid analysis (range: 50 nM – 25 µM). For the measurements the whole cell pool 

sample were heated to room temperature, transferred to fresh Eppendorf tubes, 

centrifugated (12 min, 4500 rpm, at 4 °C) and evaporated to dryness using a Genevac EZ-2 

Series Evaporator. The dried lipid samples were dissolved in 200 µL 65:35 IPA:H2O and 

transferred into HPLC vials for LC-MS analysis. 

2.7 LC-MS/MS measurements 

All measurements were carried out utilizing high-performance liquid chromatography with 

ultra-high efficiency (UHPLC) combined with high-resolution mass spectrometry (HRMS). The 

HRMS aspect was executed utilizing a Q Exactive HF quadrupole-Orbitrap mass spectrometer 

(Thermo Fisher Scientific, USA) equipped with a heated electrospray ionization (ESI). Before 

each standard pool/sample measurement, the instrument was calibrated and checked with 

the Lipid-QC. 

Measurement of the LILY internal standard (Lipid-QC) 

To ensure the reproducibility of the results and to test the usability of the LC-MS instrument, 

a lipid quality assurance measurement was carried out with the LILY internal standard before 

each measurement day. The LILY internal standard was measured after the calibration of the 

instrument in a 23 minutes method with a in-house protocol. 

Experiment 1: Measurement of the standards and validation of the HESI source parameters 

Each standard sample were first measured in postive, negative and Full-MS mode with the 

description of the 30 minutes method. The blank sample (pure HPLC grade IPA:H2O / 65:35) 

was measured two times at the beginning, at the end and after every third sample. The 

measurement was carried out several times with different ESI source parameters and adjusted 

to the results. 
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Experiment 2: Measurement of the HCT 116 colon cancer sample  

For the second experiment the HCT116 cancer cell line sample was measured. Each colon 

cancer sample were measured in postive, negative and Full-MS mode with the description of 

the 30 minutes method. The blank sample (pure HPLC grade IPA:H2O/65:35) was measured 

two times at the beginning, at the end and after every third sample. The measurement was 

carried out with the new HESI source parameters method. 

2.8 Methods 

2.8.1 Lipid QC - 23 minutes method 

The Lipid QC method was developed for the measurement of six lipid classes (DG, PS, PI, LPE, 

LPC, PC, PE) in the LILY samples. The whole run time of the measurement was 23 minutes, the 

injection volume 5 µL, the flow rate (0.25 mL/min) and the column temperature 40°C. For lipid 

analysis an Acquity UPLC HSS T3 column (2.1 mm × 150 mm, 100 Å, 1.8 µm, Waters, USA) with 

a VanGuard pre-column (2.1 mm × 5 mm, 100 Å, 1.8 µm, Waters, USA) was used. The mobile 

phase A consisted of ACN/H2O (3:2, v/v) while mobile phase B was composed of IPA/ACN (9:1, 

v/v). Both solvents contained 10 mM ammonium formate and 0.1% formic acid. The gradient 

used was 55% B from 0 to 8.0 minutes and a ramp to 65% B from 8.0 to 13.0 minutes. Further 

increasing to 85% B between 13.0 and 15.0 minutes, followed by 100% B from 15.0 to 20.0 

minutes. Then a quick switch back to 55% B at 20.0 minutes for the rest of the run time. The 

gradient distribution of the mobile phase A and B can be seen in Figure 17 and Figure 18. The 

method is the traditional used method for the in-house lipids standard measurement.  

 

Figure 17. progression of the gradient for the 23 minutes method 
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Figure 18. course of the running average gradient for the 23 minutes method 

ESI-source settings for the Lipid QC 

For the Lipid QC measurement an in-house tunefile (QC HESI 250µL for switching optimized 

positive/negative mode) was used. The settings are shown in Table 8. 

Full MS positive mode Full-MS negative mode 

sheath gas 30 sheath gas 35 

aux gas 5 aux gas 10 

sweep gas 2 sweep gas 2 
cappilary 

temperature 200 
cappilary 

temperature 250 

RF-lens voltage 30 RF-lens voltage 45 
aux gas heater 
temperature 300 

aux gas heater 
temperature 300 

spray voltage 3.1 kV Spray voltage 2.8 kV 

scan range 250 – 2000 m/z scan range 250 – 2000 m/z 

MS resolution 60,000 MS resolution 60,000 

MS AGC target  1 e6 MS AGC target 1 e6 

MS maximum IT 200 ms MS maximum IT 200 ms 

fragmentation none fragmentation None 

microscans 1 microscans 1 

lock masses off lock masses off 

Table 8. ESI-source settings for the Lipid QC 
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2.8.2 Experiments - 30 minutes method  

The second method was developed for the GSL measurement with a run time of 30 minutes. 

The idea was that a longer run time and the optimation of the mobile phase gradient paramter 

will show a better GSL class seperation, which also results in a better analysis with the 

massspectrometry. Therefore the LC-MS workflow in 2022 from Hohenwallner et al.93 for a 

ganglioside differentiation was used, adapted and optimized for the overall analysis of several 

GSL classes. The whole run time of the measurement was 30 minutes, the injection volume 5 

µL, the flow rate (0.25 mL/min) and the column temperature 40°C. For lipid analysis an Acquity 

UPLC HSS T3 column (2.1 mm × 150 mm, 100 Å, 1.8 µm, Waters, USA) with a VanGuard pre-

column (2.1 mm × 5 mm, 100 Å, 1.8 µm, Waters, USA) was used. The mobile phase A consisted 

of ACN/H2O (3:2, v/v) while mobile phase B was composed of IPA/ACN (9:1, v/v). Both solvents 

contained 10 mM ammonium formate and 0.1% formic acid. The gradient used was 30% B 

from 0 to 2.0 minutes, a ramp to 55% B from 2.0 to 3.0 minutes and a second to 67% from 3.0 

to 17.0 minutes. Further increasing to 100% B between 17.0 and 22.0 minutes, followed by 

100% B from 22.0 to 26.0 minutes. Then a switch back to 30% B at 26.0 minutes for the rest 

of the run time. The gradient distribution of the mobile phase A and B can be seen in Figure 

19 and Figure 20. 

 

Figure 19. progression of the gradient for the 30 minutes method 
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Figure 20. course of the running average gradient for the 30 minutes method 

2.8.3 Data interpretation of the Lipids via Skyline 

The selected and calculated target lists for the GSL classes of single and double charged H-

adducts were used to write a transition list for the import into Skyline. For the Lipid-QC a 

transition list for six lipid classes of single charged H-and NH4-adducts were used. The results 

were manualy compared with Skyline. An example of the Lipid-QC measurement and data 

evaluation can be seen in Figure 21, Figure 22 and Figure 23.  

Data representation of a lipid QC measurement 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. table of transition list of the lipid-QC and the visualization by skyline 



32 
 

In the lipid QC, previously aliquoted samples were examined for their instrumental changes in 

specific lipid composition. The fluctuations provide information about the performance of the 

device and are essential before measuring the main samples. The comparison of the peakarea 

and the retention time of the last 8 lipid QC measurements in Figure 22 and Figure 23 show a 

appropriate operability of the device. Figure 24 contains the lipid classes of the LILY-Lipid-QC. 

By comparing the retention times and intensity of the measured LILY-lipid standard, it was 

possible to identify changes in the instrumental system in advance and ensure reproducibility. 

 

Figure 22. reproducibility comparison of the peakarea of the last 8 lipid QC measurements, created by Skyline 

  

Figure 23. reproducibility comparison of the retention time of the last 8 lipid QC measurements 

 

Figure 24. lipid class content of the LILY-Lipid-QC 83 
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3. Results and discussion 

The aim of this project was to develop a targeted RP-HRMS/MS-based method for qualitative 

analysis of glycosphingolipids with a focus on lactosylceramide, Gb3, Gb4, Globo-H and GM3, 

using commercially available standards. The MS acquisition modes were Full-MS for MS1 level 

and DDA for MS2 level. A precise analysis of the retention times, lipid distribution and 

fragmentation patterns were carried out using the software Skyline and Freestyle. To ensure 

high-quality annotations of GSLs, target lists and inclusion lists were created, which were 

calculated and used for method validation. 

3.1 GSL-specific method development 

There are several challenges that should be considered when analyzing GSL. 

Glycosphingolipids have a complex structure with a hydrophilic and a hydrophobic part, 

making them important compounds in the lipidome.94 In contrast to phospholipids, many 

classes usually occur in lower concentrations in tissues (except nerve cells).95 To perform 

qualification and quantification of the individual GSL classes, appropriate external and internal 

calibration of standards is required. In many cases, these are often expensive and only 

available for specific species or as an overall pool. Although there have been tremendous 

advances in the automation of lipidomic data analysis in recent decades, universal GSL assays 

are missing. This is because many approaches are also very specific to sample analyzed and 

thus there can be no universally applicable method for GSL analysis. The process usually starts 

with the system or sample under consideration and is then determined by the choice of 

appropriate sample preparation, extraction method, instrument selection and analysis 

software. Each lipidomics research assay is a complex analysis and validation process relying 

on the targeted and optimized method development of the lipids in each environment. In this 

work relative qualification of annotated GSLs was performed and a comprehensive database 

including retention times and observed fragmentation patterns was generated. 

3.1.1 Targeted analysis of GSLs in the standard pool and cancer sample  

A common way to study sphingolipids is to use LC-MS/MS as an analytical tool.96 LC-MS based 

methods that use gradient elution face the challenge of continuous changes in the matrix 

caused by variations in the solvent composition. To address this issue, it is suggested to use 

retention-time-matched standardization in addition to class-specific standardization.97 In this 
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project, no LILY standardization was performed and the focus was on qualitative method 

development and parameter optimization. 

3.1.2 Target- and inclusion list 

In order to develop a targeted method to study glycosphingolipids by LC-MS in standard 

samples, some subgroups of GSL were selected to gain a divers GSL picture. All classes studied 

found in cancer related studies and their possible functions in cancer development have been 

highlighted in several published papers. An overview on these studies is given for each class 

in section 3.1.3. 

To cover the whole species range, a target list and inclusion list were compiled as mentioned 

before. The target list was compiled and calculated utilizing LIPID MAPS database3, enviPat 

Web98 and swiss lipids database99. This list includes the LCBs of d18:0, d18:1, t18:0, t18:1, 

d20:0 or d20:1, as well FAs variants, starting from FAs 2:0 to 38:5 for all studied GSL classes. 

In addition, several possible m/z adducts ([M]+, [M+H]+, [M+K]+, [M+Na]+, [M+Li]+, 

[M+NH4]+, [M+OAc]-, [M.-H]-, [M+COOH]-, [M+2H]+ and [M-2H] were calculated and listed 

for all species. For the acquisition of MS2 spectra in both negative and positive ion mode, 

inclusion lists with only the m/z values of singly and doubly charged H-adducts of each GSL-

class were created. The inclusion lists were created from the target list and also included a 

combination of LCBs (d18:0, d18:1, t18:0, t18:1, d20:0 or d20:1) and FAs (2:0 to 38:5) for the 

GSL classes. The selection of FAs and LCBs species was based on several references on the 

topic of GSL in cancer cells and human plasma and was reassembled for this project. 

3.1.3 Cancer studies on GSLs species 

In neutral cerebrosides, sphingosine d18:1 was observed to be the most abundant sphingoid 

base and the fatty acids were mainly based on long fatty acid chains.100 In addition, 

sphingosine (d18:1) with non-hydroxy 16:0 fatty acid is the major ceramide species of hESC 

glycosphingolipids.101,102 The N-acylated fatty acyl chains have variable lengths ranging from 

16 to 26 carbon atoms and may possess a double bond in some species. While C16:0, C22:0, 

C24:0 and C24:1 are the predominant types, their proportion differs across distinct cell 

lines.103 In undifferentiated ES cells, the major constituent ceramides of GSLs are d18:1 

sphingosine with N-acyl fatty chain of C16:0, C18:0, C20:0, C22:0 and C24:0.104  
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Lactosylceramide - LacCer 

The LacCer d18:1/16:0 was highly determined in a sphingolipid study in human plasma 106 and 

in an identification study in human ovarian cancer cell line107. Among the LacCer, the 

d18:1/24:1, d18:1/24:0 and d18:1/16:0 were dominant. Also, LacCer d18:1/16:0 and LacCer 

d18:1/24:0 were significantly higher in cholangiocarcinoma tissues than in the adjacent 

normal tissues.108 Moreover, LacCer d18:1/16:0 showed high significance as a potential 

biomarker for prostate cancer.109 

Globotriaosylceramide - Gb3 

The Gb3 d18:1 species with N-amidated FAs 16:0, 22:0, 24:0 and 24:1 have been identified as 

potential biomarkers for prostate cancer.109 Hydroxylated Gb3 species d18:0/16:0 and 

d18:1/16:0 were found in 86% of the tumors studied, while they were absent in healthy 

tissue.110 In Ramos and MDA-MB-231 cells, the most abundant Gb3 isoforms were Gb3 

d18:1/16:0, Gb3 d18:1/24:0 and Gb3 d18:1/24:1. In the HT-29 cell line the most abundant 

types were Gb3 d18:1/16:0, Gb3 d18:1/24:0 and unexpectedly, Gb3 18:1/16:0-OH. Further 

analysis included the detection and consideration of additional species with minimal presence, 

such as Gb3 d18:1/22:0 and Gb3 d18:1/18:1.111 The amounts of Gb3 species were in the order 

of d18:1/24:1 > d18:1/24:0 > d18:1/16:0 > d18:1/22:0 when GSLs were examined in fibroblasts 

from patients with adrenoleukodystrophy.112  The most abundant types of Gb3 in cultured 

human fibroblasts of adult cell lines were Gb3 d18:1/24:0, Gb3 d18:1/24:1, Gb3 d18:1/22:0, 

and Gb3 d18:1/16:0.113 

Globotetrahexosylceramide - Gb4 

Gb4 d18:1/24:0 and GM3 d18:1/23:0 were used to study the characteristic size of liposomes 

that correlate with their antibody-inducing activities in mice. When GSLs were identified in 

fibroblasts from patients with adrenoleukodystrophy, the predominant species at Gb4 were 

d18:1/24:0 and d18:1/24:1, respectively.115 Identification of a Gb4 d18:1 and C24:0 bound to 

MD-2 complex.116  ESI-QTOF mass spectra of Gb4Cer receptors from an E. coli binding overlay 

assay revealed Gb4Cer d18:1, C24:1/C24:0 and Gb4Cer d18:1, C22:1/C22:0 assigned.117 The 

Globo-H ceramide is less researched in tumor samples, however one study found that a Globo-

H with FAs C16:0 allows cancer cells to evade immune surveillance.118 
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Ganglioside - GM3 

Gangliosides (GD1, GM1, GM2, GM3) containing d18:1/18:0 and d20:1/18:0 ceramides are 

predominant in healthy brain tissue and peritumoral regions. In glioblastomas, an elevated 

proportion of ceramides with shorter (C16) and longer (C22, C24) fatty acyl chains, 

unsaturated fatty acyl chains (C24:1) and fatty acyl chains with an odd number of carbon 

atoms (C17, C19) have been identified.119 The expression of GM3 (d18:1/22:1) in renal cancer 

patients was higher than in healthy controls.120 The fatty acyl components C16, C16OH, C22, 

C24:1 and C24 with the d18:1 sphingosine base are most abundant in GM3 in human 

embryonic stem cells and breast cancer stem cells.121 In patients with hematological disorders, 

GM3(d18:1/16:0) and GM3(d18:1/24:1) showed a significant positive correlation with C-

reactive protein, soluble interleukin-2 receptor and blood lactate dehydrogenase.122 The GM3 

species d34:1 was frequently found in CFPAC1, NCI-H358 and MCF7 in the surface analysis of 

gangliosides with LC-MS in different cell lines.123 As example, Table 9 shows the list of specific 

GSLs in a study of d18:1/16:0 and d18:1/24:0 in burst cancer tissue and peritumor tissue. 

Furthermore, it could also be proven that the species distribution of the GSL classes, depend 

on the respective cell line, as shown in Table 10. 

GSL Molecular ions 
[M+Na]+ 

Fatty 
acid⁎ 

SphingosineΔ Total GSL(%) 

Breast-cancer 
tissue 

Peritumor 
tissue 

GlcCer 806.7 16:0 d18:1 38.54 43.87 

918.8 24:0 d18:1 

LacCer 1010.8 16:0 d18:1 27.11 21.23 

1122.8 24:0 d18:1 

Gb3 1214.9 16:0 d18:1 13.70 17.71 

1326.9 24:0 d18:1 

Gb4 1459.9 16:0 d18:1 19.27 16.90 

1572.0 24:0 d18:1 

Globo-H 1838.1 16:0 d18:1 0.45 0.16 

1950.9 24:0 d18:1 

Table 9. Major GSLs in breast cancer tissues and paired peritumoral tissues 121 

 

https://www.sciencedirect.com/science/article/pii/S0008621514003681#tblfn1
https://www.sciencedirect.com/science/article/pii/S0008621514003681#tblfn2
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Spezies Hep-2   HeLa   HeLa XF-  SF- SKOV3   SKVLB  HBMEC  EA.hy 926   GMVE 

16:0 10 6 19 21 29 33 50 41 22 53 

18:0 2.0 4 4 16 17 22 45 nq nq – 

20:0 1.4 – – 1 1 3 1 nq nq – 

22:0 1.1 35 10 13 11 9 1 7 11 14 

22:1 0,1 – 2 – – – – – – – 

23:0 nd – 3 3 2 nd nd – – – 

23:1 nd – 1 – – – – – – – 

24:0 24 42 32 38 28 15 2 20 34 22 

24:1 60 8 29 8 12 8 1 32 33 11 

26:0 0,1 – – – – – – nq nq – 

26:1 1.0 – – – – – – nq nq – 

Table 10. composition of Gb3 species in different cell lines 103 

3.2 Method performance 

The measurements were made over a period of several months and therefore the samples 

were stored at -20°C or -80°C. The selected standard pool concentration was 5 µM per 

standard and a volume of 5 µL was injected per measurement. The method exhibited good 

performance in detecting GSL-lipids from various classes, which will be discussed in detail 

below. Initially, the method's efficacy will be presented, encompassing the detectable 

standards and the stability of retention time. Subsequently, the outcomes of the experiment 

will be thoroughly examined.  

3.2.1 Chromatographic seperation of the studied GSL classes and species 

At the beginning of the validation process, an existing method for a UHPLC-MS for 

gangliosides93 was chosen and a test scan was carried out for the respective lipid classes with 

the standard pool. The results showed a satisfactory separation of the individual GSL classes 

by the RP-LC. The eluent composition, the duration of the run and the eluent gradient were 

adopted from this method (30 minutes method) for the further measurements. For the Skyline 

Transition List, the single and double charged adducts of each GSL class were selected from 

the target list. 
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Figure 25. elution order of all studied GSL classes for d18:1_16:0 (d34:1 species) - positive mode, typical total 
ion current (TIC) chromatogram created using Freestyle 1.8 

As expected, the elution order in reverse-phase chromatography depends on the increasing 

polarities or the headgroup. The elution of each GSL group basically depends on the glycan 

moiety, as illustrated in Figure 25. More hydrophobic molecules with fewer saccharides, such 

as LacCer, have the highest retention times, while molecules with more saccharides, like GM3, 

have the lowest retention times. The d34:1 species are detected by the [M+H]+ adduct of the 

individual lipids and increasing chain length generally leads to a longer retention time. 

The basic structure of all GSLs is ceramide, which is linked to individual saccharide units or 

sialic acids and characterizes the respective class. The influence of the glycan content on the 

elution order can also depend on the linkage of the individual saccharide units in the sugar 

chain.124 In contrast, gangliosides have differently linked sialic acids between the saccharide 

units. The sialic acid affects the polarity of the whole molecule, and therefore, the GM3 class 

elutes earlier than Gb3, even though they have the same number of sugars. The charge and 

detected production ion depend on the molecule and the ionization technique used for lipid 

identification. 
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A        B             C 

Figure 26. comparison and effects on retention time of different carbon chain lengths and double bonds in 
lactosylceramide species – positiv mode – created using FreeStyle 1.8 

The analysis of the productions in positive and negative mode give a concordant retention 

time due to the elution of lipids before ionization by the MS instrument. Figure 26 shows the 

chromatographic profile from the standard pool sample obtained by total ion current (TIC) on 

selected m/z ions. As visible in Figure 26 A, multiple double bonds in a fatty acyl chain or in 

LCBs result in a shorter retention time in reverse phase chromatography (as described in the 

equivalent carbon number (ECN) model)157. For illustration the examples of lactosylceramide 

d34:0, d34:1, d34:2 and d34:3 were used. The change of each double bond decreased the 

retention time. Three double bonds in the carbon chains (34:3) result in a retention time 

change of 4 minutes 30 seconds compared to no double bonds (d34:0). Longer fatty acyl chains 

or LCBs result in a higher retention time, as shown in Figure 26 B. The elution distance between 

lactosylceramide d34:1 and d36:1 is 2 minutes 50 seconds, to d38:1 4 minutes 30 seconds and 

to d40:1 7 minutes 7 seconds. A combination of both effects leads to a smaller change in 

retention time, but where the effect of increasing the carbon chain residues in the fatty acyl 

chain dominates over that of the double bonds (Figure 26 C). The change in retention time 



40 
 

from d34:0 to d36:1 1 minute 50 seconds, to d38:1 2 minutes 23 seconds and to d40:3 5 

minutes 27 seconds. The increase in hydroxylation level (d34:1 / t34:1) also correlated with 

an increase in retention time. In this case, the d34:1 configuration could consist of multiple 

isobars (e.g.: from d18:1/16:0 or d20:1/14:0). The exact fatty acyl constituents of lipid species 

d34:1 cannot be reflected by this chromatogram. Moreover, a more detailed description 

about the positional isomers, stereoisomers or double bond position cannot be characterized 

by this instrumental method. While the m/z is the same, the lipid structure interacts with the 

column differently, enabling chromatographic separation. Another possibility is that different 

conformations of a given lipid sum composition, such as variations in the position of a double 

bond, could lead to peak separation. Interpretation of lipid structural spectra with RP-HRMS 

must be done with caution. If only a single class of lipids is isolated, favorable outcomes can 

be obtained. The analyze of a mixture of numerous classes with RP, could cause a overlapping 

of lipid species from diverse lipid classes.125 

The most commonly used technique for lipid separation is RP chromatography, as the majority 

of lipids are retained on RP columns. Nonetheless, extended chromatographic times of at least 

20-30 minutes are required to distinguish isobaric species.126,127 It should be noted that HRMS 

allows the separation of isobaric species, but the quantification of isomeric species without 

chromatographic resolution is not feasible, particularly for ceramides and related lipid classes. 

This is relevant for double bond positional isomers and cis/trans isomers, which cannot be 

distinguished by MS/MS analysis and would be of interest for analysis of lipid function.128 

3.2.2 Retention time stability 

Stable retention times are important, because retention time is a key factor in annotating or 

identifying a compound and give an analytical feedback on the reproducibility of the method. 

The measurements were carried out over a period of several months and a comparison of the 

retention times of the individual measurements provides a good comparison of the condition 

of the separation column, the running medium and the samples used. The results were 

checked over the entire measurement period using the lipid-QC and after each measurement 

using the replicates in the standard pool/HCT116 sample (Figure 27 and Figure 28). 
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Figure 27. comparison of peakarea in the standard pool/HCT116 sample replicates for LacCer d34:1 

 

Figure 28. comparison of retention time in the standard pool/HCT116 sample replicates for LacCer d34:1 

The replicates of a measurement of d34:1 species of LacCer showed small differences between 

the individual replicates in both peakarea and retention time. It is noticeable that there is a 

difference in retention time of LacCer species d34:1 between HCT113 sample and the standard 

pool. The reason for this difference could be matrix effects due to the different lipid 

composition in the respective samples. Differences in peak areas among replicates are more 

likely caused by the lower injection concentration of the samples and not by the matrix itself.  

It is important to equilibrate the column not only with a blank but also with the lipid target 

compounds (lipid-QC) and avoid retention time shifts in the LC method. For qualitative 

analysis, a good signal response is also important for potential isotopologue monitoring and 

stable retention times. 
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3.2.3 Ionisation methods for glycosphingolipids 

For sphingolipids in general tandem mass spectrometry (MS/MS) is essential in structural 

elucidation. There are four main ion dissociation (fragmentation) techniques that can be used: 

1) collision-induced 2) electron-aided 3) photoinduced and 4) chemical-induced dissociations. 

These dissociation techniques break bonds at distinct sites within the molecule and the 

integration of these techniques can offer a comprehensive understanding of the structure of 

glycosphingolipids. With the capacity to forecast fragmentation pathways, virtual structural 

databases could be developed to detect both identified and unidentified glycosphingolipids.129 

The electrospray ionization (ESI) is the most used ionization method in the lipidomic area, but 

there is also the APCI method, which can be used for neutral lipids.131  

The measurements in this project were carried out with a heated electrospray ionization (H-

ESI). The process of heated-electrospray ionization involves using a heated auxiliary gas along 

with electrospray ionization (ESI) to convert ions in a solution into gas phase ions. This method 

is useful for analyzing polar compounds that can form ions in solution. For instance, basic 

compounds can form a protonated molecule [M+H]+, while acidic compounds can form a 

deprotonated molecule [M–H]-. When operating in the positive ion polarity mode, the peak 

at an m/z value of M + 1 is produced by the protonated molecule, where M is the original 

molecule's mass. On the other hand, when the negative ion polarity mode is used, the peak 

generated by the deprotonated molecule appears at an m/z value of M – 1, where M refers 

to the original molecule's mass. The sample ions can have a single charge or multiple charges, 

and this is determined by the chemical structure of the analyte and the solvent being used as 

a carrier. Several factors can impact the H-ESI process, including the size of the droplets, 

surface charge, liquid surface tension, solvent volatility, and the strength of ion solvation. 

Electrospray efficiency is adversely affected by the presence of large droplets with high 

surface tension, low volatility, strong ion solvation, low surface charge and high conductivity. 

Volatile acids and bases are mainly used, but salts above 10 mM concentration and strong 

acids and bases are extremely detrimental. For highly demanding applications, the HESI-II 

probe offers improved nozzle performance and better desolvation, resulting in increased 

sensitivity.131 

In mass spectrometry, heavily glycosylated sphingolipids show low ionization efficiency due 

to their reduced hydrophobicity and volatility. This problem is further exacerbated by labile 
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groups such as sialic acid or fucose. If the method is not tailored to the labile groups, these 

structures can be cleaved off during ionization and missed.132 

3.2.4 Setup for the HESI-source parameter validation 

The parameters of the HESI source settings of the standard pool sample were checked for 

their separation, peak width and peak area with Skyline and the fragment patern with 

freestyle 1.8 after each measurement. After reviewing the results, the individual parameters 

were then optimized and a new series of measurements started. This process was carried out 

with different ESI source setting parameters (Table 11 and Table 12) until a promising method 

for the analysis of the selected lipid classes was reached. 

The ESI source parameters for identification of glycosphingolipids were adjusted for positive 

and negative ion mode. The instrument was used separately for negative and positive ion 

mode and started with the origin settings: Full MS scans were followed by data-dependent 

MS2 (ddMS2) scans. During full MS runs, data in the range of 500-2000 m/z were acquired 

with a resolution of 120,000, an AGC target of 1e6, and a maximum injection time (IT) of 100 

ms. During MS2 acquisition, a resolution of 30,000 was used in the range of 400-2000 m/z, 

with an AGC target of 1e5, a maximum IT of 54 ms, an isolation window of 1.0 m/z, and a 

normalized collision energy (NCE) of 35. Inclusion lists, which contained the m/z values of 

single and double charged H-adducts of different glycosphingolipid classes, were used for 

the acquisition of MS2 spectra in negative and positive ion mode.  
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3.2.5 HESI-source parameter 

The optimization of an analysis of GSL with MS/MS depends on several parameters. Mainly, 

the settings of the HESI source play an important role in ionization and fragmentation. 

Therefore, it is useful for method validation to adjust the parameters to the glycosphingolpids. 

The HESI-source settings of the origin method are parameters that were developed and tested 

for a measurement with gangliosides.93 Based on these settings, the different changes of the 

parameters were tested with standard sample measurements to obtain the method for the 

five GSL classes. All GSL classes studied are in a mass to charge ratio range of 500 to 2000. This 

range was maintained for the entire measurement. Variations at the NCE showed different 

structural information to the glycan and the ceramide part of the GSL in a Q Exactive HF 

experiment.133 GSL required a relatively high RF voltage, resulting in a higher hit rate for 

precursor ions. By increasing the RF level of the S-lens, more ions are fragmented in the S-lens 

and high m/z productions are more likely to pass through the S-lens than low m/z ions.134 It is 

important to note that the optimal source parameters for a glycosphingolipid method in MS 

will need to be empirically determined through experimentation and optimization. 

Slight differences in operating parameters of the optimized method can be seen between 

negative (sheath gas flow: 40, auxillary gas flow: 15, sweep gas: 4, capillary temperature 200 

°C, RF lens voltage: 50, auxillary gas heater temperature: 250 and NCE: 30) and positive mode 

(sheath gas flow: 30, auxillary gas flow: 5, sweep gas: 2, capillary temperature 250 °C, RF lens 

voltage: 47, auxillary gas heater temperature: 350 and NCE: 26). The full MS properties (MS1 

resolution: 120,000, MS1 AGC target: 1 e6, MS1 maximum IT: 100 ms) and the ddMS2 settings 

(MS2 AGC target: 1 e5, MS2 maximum IT: 54 ms, loop count: 5, topN: 5, isolation window 1 

m/z, appex trigger: 1 to 4 s, charge exclusion: 3 - 8, >8, exlude isotope: on, dynamic exclusion: 

5 s, if idle: pick others) were equal in positive and negative mode.  

Fragmentation was limited to ions whose m/z ratio appeared in the inclusion list and no other 

ions were selected. Additionally, any precursors that had already undergone fragmentation in 

ddMS2 spectra were not fragmented in subsequent measurements. Table 10 provides a 

concise overview of the used parameters of the RP-HRMS/MS methods. 
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negative mode origin method test methods new method 

sheath gas 35 30, 40 40 

aux gas 10 5, 15 15 

sweep gas 2 0, 4 4 
cappilary 

temperature 250 200, 300 200 

RF-lens voltage 45 40, 43, 47, 50 50 
aux gas heater 
temperature 300 250, 350 250 

NCE 27 21, 24, 27, 30, 33 30 
Properties of Full 

MS - negative 
polarity    

scan range (m/z) 500 - 2000 400 - 2000 400 - 2000 

MS1 resolution 120,000 120,000 120,000 

MS1 AGC target  1 e6 1 e6 1 e6 

MS1 maximum IT 100 ms 100 ms 100 ms 
Properties of dd-

MS2    

MS2 resolution  30,000 30,000 30,000 

MS2 AGC target 1 e5 1 e5 1 e5 

MS2 maximum IT 54 ms 54 ms 54 ms 

loop count 5 5 5 

topN 5 5 5 

isolation window 1.5 m/z 1, 1.5, 2 m/z 1 m/z 

Appex trigger - 1 to 4 s 1 to 4 s 

charge exclusion - 3 - 8, > 8 3 - 8, >8 

exclude isotope on on on 

dynamic exclusion 5 s 5 s 5 s 

if idle pick others pick others pick others 

Inclusion list on on on 

Table 11. overview of the used parameters of the RP-HRMS/MS methods in negative mode 
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positive mode origin method test methods new method 

sheath gas 30 40, 50 30 

aux gas 5 0, 10, 15 5 

sweep gas 2 0, 4, 6 2 
cappilary 

temperature 220 200, 250, 300 250 

RF-lens voltage 45 35, 40, 43, 47 47 
aux gas heater 
temperature 300 250, 350 350 

NCE 23 17, 20, 26, 29, 32 26 
Properties of Full MS 

-positive polarity    

scan range (m/z) 500 - 2000 400 - 2000 400 - 2000 

MS1 resolution 120,000 120,000 120,000 

MS1 AGC target 1 e6 1 e6 1 e6 

MS1 maximum IT 100 ms 100 ms 100 ms 

Properties of dd-MS2    

MS2 resolution 30,000 30,000 30,000 

MS2 AGC target 1 e5 1 e5 1 e5 

MS2 maximum IT 54 ms 54 ms 54 ms 

loop count 5 5 5 

topN 5 5 5 

isolation window 1.5 m/z 1, 1.5, 2 m/z 1 m/z 

appex trigger - 1 to 4 s 1 to 4 s 

charge exclusion - 3 - 8, > 8 3 - 8, >8 

exclude isotope on on on 

dynamic exclusion 5 s 5 s 5 s 

if idle pick others pick others pick others 

Inclusion list on on on 

Table 12. overview of the used parameters of the RP-HRMS/MS methods in positive mode 

3.2.6 Comparison of HESI modes 

The differences between the negative and positive HESI modes are illustrated by the LacCer 

analysis in Figure 29 and Figure 30 for the new method and in Figure 31 and Figure 32 for the 

origin method of the standard pool sample. The adducts are [M+H]+, [M+2H]+ in positive mode 
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and [M-H]- and [M-2H]- in negative mode. The majority of GSLs produced a good signal 

response in both modes, characterized by sharply defined peak shapes with most widths 

ranging from 6 to 12 seconds at the baseline. 99% of the GSLs retention times were between 

15 and 28 minutes. Some GSLs exhibited a weaker signal response, which could be due to their 

lower concentration. As mentioned earlier, some lipids classes are susceptible to faster 

degradation, which may lead to reduced signal responses. Another factor that could 

contribute to this observation is solubility or interaction with matrix content. It can also be 

seen that not only are fewer GSL lipids detected in negative than in positive mode, but also 

the intensities are lower. In addition, the lipid species detection is different. This result has to 

do with the ionization of the molecules and is due to the structure of the GSLs. 

 

Figure 29. new HESI-source positive method for LacCer analysis (created with Skyline) 

 

Figure 30. new HESI-source negative method for LacCer analysis (created with Skyline) 

 



48 
 

 

Figure 31. origin HESI-source positive method for LacCer analysis (created with Skyline) 

 

Figure 32. origin HESI-source negative method for LacCer analysis (created with Skyline) 

 

Lactosylceramides bind two saccharide units and globotetraosylceramides (Gb4) bind three 

saccharide units and one N-acetylgalactosamine unit. These two groups were chosen for 

illustration. The results of the positive mode comparison of Gb4 are visible in Figure 33 and 

Figure 35 for the origin method and in Figure 34 and Figure 36 for the new method. The new 

method is not only an improvement for glycosphingolpids that have saccharide units in the 

chain (LacCer, Gb3) but also for GSLs that have additionally included N-acetylgalactosamines 

or N-Acetylneuraminic acid (Gb4, GloboH, GM3). In the direct overview comparison of all 

species between the original method for gangliosides and the new method for the five GSL 

classes, a significant increase in the intensity of most of the detected LacCer and Gb4 can be 

seen in Figure 37and Figure 38. 
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Higher intensities also result in a higher peakarea. This leads to a better detection of the 

individual lipid species. Figure 29-36 shows the comparison between the original method and 

the optimized new method for the most abundant lactosylceramides and 

globotetraosylceramides. The increase in intensity and peak area is evident in the other GSL 

species in the sample, indicating the improvement in detectability of the GSL lipids by the new 

method. 

 

Figure 33. origin HESI-source positive method for Gb4 analysis (created with Skyline) 

 

Figure 34. new HESI-source positive method for Gb4 analysis (created with Skyline) 
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Figure 35. origin HESI-source negative method for Gb4 analysis (created with Skyline) 

 

Figure 36. new HESI-source negative method for Gb4 analysis (created with Skyline) 
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Figure 37. comparison highest Peakarea origin/new method for LacCer analysis in standard pool 

 

Figure 38. comparison highest Peakarea origin/new method for Gb4 analysis in standard pool 
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3.3 Analysis of colon cancer samples using the developed glycosphingolipid 

assay 

As proof of concept, the efficacy of the workflow was demonstrated for analyzing human 

cancer cells. The new method was employed to analyze and evaluate the HCT116 cell line. The 

analysis revealed the presence of all GSL classes at various species levels, as depicted in Figure 

39 for LacCer and Figure 41 for Gb4. The HCT116 colon cancer cell line was compared to the 

origin reference method, which are shown in this project with the ten most occurred species 

of LacCer (Figure 40) and Gb4 (Figure 42). The new method convinces with higher peak areas 

and peak intensities for all five studied GSL classes.  

 

Figure 39. new method positive mode for LacCer analysis in HCT116 sample (created with Skyline) 

 

Figure 40. comparison highest Peakarea origin/new positive mode method for LacCer analysis in HCT116 sample 
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Figure 41. new method positive mode for Gb4 analysis in HCT116 sample (created with Skyline) 

 

 

Figure 42. comparison highest Peakarea origin/new positive mode method for Gb4 analysis in HCT116 sample 

 

 

 

 

0

500

1000

1500

2000

2500

3000

3500

Pe
ak

ar
ea

x 1e6

Gb4 origin method

new method



54 
 

 

Figure 43. comparison Peakarea new method for d34:1/d42:1 species in HCT116 sample 

 

Figure 43 demonstrates the distinct distribution of individual lipid species within a class. 

Species d34:1 and d42:1 were selected for display as they have significant roles in various 

cancer types and have been widely studied in functional and expression studies. The d34:1 

species is more prevalent in lactosylceramide than d42:1. The globosides Gb3 and Gb4 have a 

nearly balanced ratio and in Globo-H the d42:1 species predominates. Only very small 

amounts have been detected for these two species for ganglioside GM3 with a higher d34:1 

proportion. 

  

Figure 44. distribution of GSL classes in standard pool and HCT116 sample 

 

There are clear differences in lipid species and peakarea between lactosylceramides and Gb4, 

as well as all other studied GSL classes. The highest abundant GSL in standard pool samples 
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and in the colon cancer sample, is the lactosylceramide class (Figure 44), based on the 

peakareas. This result is due to the fact that LacCer is considered a precursor in the 

biosynthesis of the other GSL classes and is accordingly present in a higher amount and could 

be also caused by potential in-source fragmentation of the other classes, which will be 

investigated in follow-up studies. The cause of the species differences among the classes 

cannot be found using the applied experimental setup. However, this is suspected to be due 

to their different functions and distributions in the cell. The most represented LacCer species 

in the standard pool is d34:2 and d30:0 in the cancer sample. Regarding Gb3, the major species 

is d42:1 in the standard pool, while in the cancer sample, it is t56:4. Furthermore, the highest 

signals for Gb4 were observed for d42:1 in the standard pool and d44:0 in the cancer sample. 

Additionally, the major species for Globo-H in the standard pool is d36:0 and t44:4 in the 

cancer sample. Finally, for GM3, the most abundant species in the standard pool is d48:5 and 

d48:4 in the cancer sample. 

The applied LC-MS/MS method does not enable direct localization of double bonds. The lipids 

are detected in FullMS as species and were represented as the amount of all isomers occurring 

in the species (d34:1 = d18:1/16:0, d18:0/16:1, d20:1/14:0 or d20:0/14:1). In order to 

determine the exact number of double bonds in the LCB and the fatty acyl chain, it is possible 

to draw conclusions about the respective lipids on the basis of the fragmentations in MS2. 

3.3.1 GSLs in standard pool and HCT116 samples 

The annotation of GSLs was mainly based on MS1 information and was determined for the 

overview diagrams using the single [M+/-H]+ and double [M+/-2H]+ adducts of the lipids 

present in the samples. To simplify the analysis, the pooled standard sample was used and 

showed similar results in a separate comparison measurement with the single standards. It 

can be assumed that there are no or minimal matrix effects due to the mixing and that the 

analysis of the three pooled standards is acceptable. The pooled standard served as the 

starting point for method development and was convincing in terms of the results obtained 

and reproducibility. The HCT116 sample, which was processed with the SIMPLEX extraction 

and the standard pool indicate the presence of all studied GSL classes. All samples were 

measured in positive and negative ionization mode. In general, dihydroxylated sphingoid 

bases (d) are reported more frequently than trihydroxylated bases (t) in the literature for 
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humans. 153 In the analyzed biological samples, d- ceramide species were also more prevalent 

than t- ceramide species in MS1. 

standard pool 
 

Class Species 

LacCer d34:1, d42:1, d41:1, d40:1, d44:4, d42:4, d34:1, d39:1, d42:0, d40:0 

Gb3 d42:1, t42:1, d44:4, d40:1, t44:4, d42:0, d42:4, t42:0, d40:0, d42:2 

Gb4 d42:1, d44:4, d44:0, t44:1, d40:1, d42:0, t44:4, d42:4, d40:0, t36:0 

Globo-H d36:0, d35:0, d37:0, t42:1, t36:1, d34:0, d33:0, d38:3, t32:1, d40:6 

GM3 d38:5, d40:7, d20:1, d40:4, t38:5, d41:0, d46:5, d38:0, d36:0, d42:0 

HCT116 sample 
 

Class Species 

LacCer d30:0, d38:2, d34:2, d30:1, d28:0, d32:1, d32:0, d32:2, d36:2, d38:1 

Gb3 t56:4, d50:5, d48:6, d48:6, t46:5, d44:0, d36:1, t48:6, t46:4, d28:1 

Gb4 d44:0, d33:0, t41:0, t32:1, d44:1, d36:4, t39:0, t32:0, d33:1, d41:0 

Globo-H t44:4, d34:0, d40:5, d40:4, d38:6, t38:0, d42:1, t44:5, d37:1, d38:5 

GM3 d48:4, d50:7, d50:4, d48:1, d43:1, d46:4, d50:6, d22:0, t36:0, d38:0 

Table 13. most occurring species of the researched GSL classes identified in the standard pool sample and the 
HCT116 cancer cell line using negative and positive ion mode 

The differences of the ten most occurring species for all studied GSLs is shown in Table 13. In 

addition to the dihydroxylated and trihydroxylated species, there are also strong differences 

in the chain length of the individual GSLs. Furthermore, the analysis shows that LacCer is the 

most abundant GSL class, followed by GM3, Gb3, Gb4 and Globo-H in the standard pool and 

followed by Gb3, GM3, Gb4 and Globo-H in the HCT116 sample. It should be noted that only 

very low intensities and species were detected in the standard pool sample for the Globo-H 

class. The signals from Globo-H lipids were excluded due to their low intensity in the 

identification by MS2 spectra. 
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3.4 GSL annotation based on fragmentation patterns in MS2 

The structural diversity of GSLs arises from the variations in their LCBs and FAs, their sugar 

moieties, their N-acetylgalactosamines (GalNAc) moieties, their N-Acetylneuraminic acid 

(sialic acid) moieties and functional groups. All of these molecular properties lead to a large 

number of possible structures, which are part of the GSL lipidome.135 GSL annotation should 

not be performed based on retention times by LC or by m/z adducts in Full-MS mode. Lipid 

classes, isomeric or isobaric molecules could provide a false assignment. Therefore, using 

fragmentation patterns with ddMS2 spectra, a more accurate structure elucidation is 

performed. In this project, the validated method was shown to provide good fragmentation 

of certain GSLs. Using the MS2 fragment spectra, the selected lipid species are viewed and 

conclusions about the structure are collected. Based on the numerous references in the 

literature (chapter 3.1.3), for all GSL classes studied (LacCer, Gb3, Gb4, Globo-H, GM3), the 

species d34:1 and d42:1 were selected and considered in more detail for detection in the 

standard pool and in the cancer sample. 

Distinguishing between isomers is important, because they can have different biological 

effects. Variants in structure can result from the headgroup and lipid tail. The head group 

variants include molecules that differ in connectivity (positional isomers) or spatial orientation 

(stereoisomers).136 The distinction from the Gb3 and iGb3 isomer based on the connectivity of 

terminal Gal to the second hexosyl and the sialic acid bond position on the hexosyl ring can 

also be either α2-3 or α2-6.137,138 

Furthermore, hydroxyl groups and carbon-carbon double bonds in N-fatty acid acyl groups 

lead to isomeric and isobaric species. For example, GalCer d18:1(n-14)/23:1(n-9)(OH) and 

GalCer d18:1(n-14)/23:1(n-7)(OH) differ only in the Position of the double bond at n-7 vs. n-9. 

Identifying such variants presents a challenge to traditional mass spectrometry techniques.139 

Newer instruments have been developed to address these issues with special fragment 

techniques.140,141  

3.4.1 Nomenclature of GSL fragments 

The nomenclature of for carbohydrate fragmentations in MS/MS spectra of glycoconjugates 

was first addressed early by the Domon et al.142 and further by Qinghon et al.143 As already 

described in chapter 1.1 Fahy et al. together with the Lipid MAPS consortium, proposed a 

comprehensive classification system and developed a structural database for lipids that are 
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biologically relevant in 2005. Liebisch et al.7 also proposed a shorthand notation for annotating 

lipid structures derived from mass spectrometry data in 2013. Based on this classification, 

Koelmel et al.3 systematically characterized high-resolution MS data with exact mass and 

fragmentation patterns. The descriptions of Qinghon et al.143 and the review work of 

Barrientos et al.139 can be used to classify newly discovered glycolipid fragments. 

The fragments are classified based on whether they include the non-reducing end (A, B, and 

C) or the reducing end (X, Y, and Z). The B, C, Y, and Z fragments signify glycosidic bond 

cleavages that establish carbohydrate sequence, whereas A and X indicate cross-ring 

cleavages that identify linkage positions. The superscripts in cross-ring cleavages represent 

which bond is cleaved. For example, cleaving the bonds between C1-C2 and C5-O generates 

the 1,5X ion. The ceramide fragment ions comprise E, S, T, U, and O". These result from 

cleaving the glycosidic bond between the ceramide and the glycan. Among these fragments, 

O" and E are the main fragment ions. The O" fragment is indicative of the long-chain base 

composition (shown in Figure 45).143,139 

 

Figure 45. sections and nomeclature of the individual fragments of GSL with MS/MS 

The negative mode reveals the presence of m/z 290 and m/z 97. When combined with 

accurate mass measurement, ions with m/z 266 (d18:0), m/z 264 (d18:1), m/z 236 (d16:1), 

and m/z 292 (d20:1) can identify the lipid composition in positive mode.144 The increase in 

mass by 162  and 204 m/z suggests that a hexose and N-acetylhexosamine, respectively, have 
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been eliminated. These ions are useful in targeted tandem mass spectrometric methods for 

the known and also helpful in the structural elucidation of novel glycosphingolipids.139 

3.4.2 Glycosidic fragments 

In addition to the identification of peaks from Full-MS data, some species were annotated 

based on structural information obtained from the MS2 spectra. The fragmentation patterns 

suggested that cerebrosides, globosides and gangliosides are present, which contain 

sphingosine (S) and sphinganine (DS) as sphingoid bases. In an GIPC annotation from Blaas and 

Humpf's findings of sphingolipids fragments derived from the FA or LCB segment of the 

ceramide are frequently less detectable in negative mode.145 In this project, the finding in the 

negative mode for GSL is also clearly worse than in the positive mode for most species. By 

using the positive ion mode of fragments, the structural elucidation of the LCB unit could be 

performed comprehensively. By studying LCB fragmentation and losses of sugar units, 

conclusions can be made about the fatty acyl chain. Based on the fragment formation 

provided, fragment lists could be generated for the GSL classes studied.  

Table 14 summarizes the possible detected fragments in analyses of the five glycosphingolipid 

classes. All detected fragments are singly charged. The bonds are commonly cleaved before 

and after the adjacent oxygen atom, as displayed in Figure 45. Furthermore, most of the 

detected precursors contain H-adducts or water loss aducts. In the case of glycoside neutral 

losses, it should be noted that single or double water splitting can occur, as can be seen in 

Figure 46 in an MS2 spectrum of LacCer d34:1. The different sugar units that occur (glucose, 

galactose) were designated as hexoses, because they are not differentiated by this MS 

instrument. The calculation of the fragments was based on LIPID enviPat Web98 and LIPID 

MAPS database3. The mass tolerance was set at 5 ppm. For fragments in the low m/z range 

little differences end up in quite high ppm values. 
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Ceramide fragment ions Sugar ring fragment ions 

FA  C6H10O5,[Hex] 

FA – H2O  C5H9O4,[X1] 

LCB – H2O C4H7O4,[A1] 

LCB – 2xH2O  Ceramide neutral losses 

LCB – CH4O2  M - Cer 

Glycosidic neutral losses Glycosidic fragment ions 

Lactosylceramide (LacCer) Lactosylceramide (LacCer) 

M - Hex(-O), [Y1, Z1] Hex(-O), [B1, C1] 

M - Hex-Hex(-O), [Y0, Z0] Hex-Hex(-O), [B2, C2] 

Globoside (Gb3) Globoside (Gb3) 

M - Hex(-O), [Y2, Z2] Hex(-O), [B1, C1] 

M - Hex-Hex(-O), [Y1, Z1] Hex-Hex(-O), [B2, C2] 

M - Hex-Hex-Hex(-O), [Y0, Z0] Hex-Hex-Hex(-O), [B3, C3] 

Globoside (Gb4) Globoside (Gb4) 

M - HexNAc(-O), [Y3, Z3] HexNAc(-O), [B1, C1] 

M - HexNAc-Hex(-O), [Y2, Z2] HexNAc-Hex(-O), [B2, C2] 

M - HexNAc-Hex-Hex(-O), [Y1, Z1] HexNAc-Hex-Hex(-O), [B3, C3] 

M - HexNAc-Hex-Hex-Hex(-O), [Y0, Z0] HexNAc-Hex-Hex-Hex(-O), [B4, C4] 

Ganglioside (GM3) Ganglioside (GM3) 

M - NeuAc(-O), [Y2, Z2] NeuAc(-O), [B1, C1] 

M - NeuAc-Hex(-O), [Y1, Z1] NeuAc-Hex(-O), [B2, C2] 

M - NeuAc-Hex-Hex(-O), [Y0, Z0] NeuAc-Hex-Hex(-O), [B3, C3] 

Table 14. Overview of the fragment calculation of the respective lipid class 
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Subtracting all saccharides from the precursor mass generates the fragment that includes the 

complete ceramide component, comprising both LCB and FA. However, these fragments were 

not detected for GSL classes. The "Glycosidic neutral losses" section mentions these 

fragments, which may not necessarily produce the m/z value of ceramide but can also result 

in partial saccharide losses in more complex glycosphingolipids. An additional list of potential 

m/z values were used to identify the neutral loss of the ceramide component. The use of 

knowledge obtained from neutral losses and glycosidic fragment ions presents an opportunity 

to sequence the glycan section. 

3.4.3 Ceramide fragments 

The differentiation of dihydroxy and trihydroxy bases in ceramide fragments require a high-

resolution MS. Species that are isobaric due to the addition of an extra hydroxyl group, one 

less carbon atom or one additional double bond can be identified. For example, the positive 

LacCer d34:1 and LacCer t33:2 species have m/z values of 861.6172 and 861.5808. The 

utilization of HRMS enables differentiation between d- and t-species. Typically, only one chain 

fragment, either LCB or FA, is detected for sphingolipids. Previous research has labeled these 

ceramide fragments as LCB fragments146 and rare FA fragments.124 

The most occurring LCB species are d18:1 and d20:1, which are present in all 

glycosphingolipids. Fragments detected in MS2 spectra of different glycosphingolipids during 

this study, indicating shorter or longer chains, could potentially arise from FA fragments. This 

observation requires further validation with GSL species standards. The LCB frequently yields 

fragments with the loss of water and the number of water losses depends on LCB 

hydroxylation. Generally, two or three distinct fragments resulting from the same LCB species 

are observed. Glycosphingolipids are composed of only two chains, detecting one chain is 

sufficient to determine the length and saturation of the associated chain based on the 

molecule's precise mass.  

Figure 47 shows an MS/MS fragmentation of a dihexosylceramide of the d34:1 species (LacCer 

d18:1/16:0) at a retention time of 14 minutes. MS2 fragmentation was based on the precursor 

ion [M+H]+ at m/z 862.6259. The highest m/z fragment signal in MS2 comes from the water 

molecule loss [M-H2O]+ at 844.6115. Smaller signals were observed for the loss of both sugar 

units at m/z 538. 5199 [Y0]+, at m/z 520.5087 [Y0-H2O]+ for the additional loss of one water 

molecule and at m/z 502.4985 [Y0-2xH2O ]+ due to the loss of a second water molecule. These 
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three signals are characteristic of the d34:1 species. The m/z 282.2784 [O']+, m/z 264.2683 

[O'']+ and m/z 252.2678 [O'-CH2O]+ reflect the fragmentation pattern of the d18:1 long chain 

base and the m/z 133.0857 [X1]+ for a fragment of a sugar moiety. Interpreting the entire MS2 

spectrum, LacCer d18:1/16:0 can be assumed. Similar fragmentation patterns have been 

observed for other compounds such as LacCer d18:1/16:0 147, GM3 d18:1/16:0 93 oder GlcCer 

d18:1/12:0 148. All assigned fragments are listed in Table 15. Each GSL class and different 

isomers can be identified based on their characteristic fragments. Fragments with only one 

bond cleaved are anticipated to exhibit higher intensity compared to those where two bonds 

need to be cleaved.149  

 

Figure 46. Structure and fragmentation behavior of LacCer d34:1 (d18:1/16:0) 

 

 

Figure 47. MS2 spectrum of LacCer d34:1 (d18:1/16:0) in positive mode (spectrum created using Freestyle 1.8) 
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MS2 (+) LacCer(d18:1/16:0)  
fragment ion sum formula exp. m/z cal. m/z 

[M+H]+ C46H88NO13 862.6259 862.6250 

[M-H2O]+ C46H86NO12 844.6115 844.6145 

[Y0]+ C34H68NO3 538.5195 538.5199 

[Y0-H2O]+ C34H66NO2 520.5087 520.5088 

[Y0-2xH2O]+ C34H64NO 502.4985 502.4982 

[O´]+ C18H36NO 282.2784 282.2791 

[O´´]+ C18H34N 264.2683 264.2686 

[O´-CH2O]+ C17H34N 252.2678 252.2686 

[X1]+ C5H9O4 133.0857 133.0495 
 

Table 15. observed fragmentation in MS2 of LacCer d34:1 in positive mode (d18:1/16:0) 

 

Figure 49 shows MS/MS fragmentation of Gb4 of the d42:1 species (Gb4 d18:1/24:0) at a 

retention time of 21 minutes and 30 seconds in positive mode and 21 minutes and 34 seconds 

in negative mode. In positive mode, MS2 fragmentation is based on the precursor ion [M-H]- 

at m/z 1337.8632. The highest m/z fragment signal in MS2 comes from the remaining 

molecule after the loss of a hexose (Gal) and an N-acetylgalactosamine (HexNAc or NAc-Gal) 

at 956.7344 [Z2]+. Smaller signals were observed for the loss of N-acetylgalactosamine and two 

sugar units at m/z 794.6849 [Z1]+, for the loss of N-acetylgalactosamine and three sugar units 

at m/z 650.6470 [Y0]+, for the loss of one water molecule at m/z 632.6345 [Y0-H2O]+ and for 

the loss of a second water molecule at m/z 614.6243 [Y0-2xH2O]+. These signals are 

characteristic of the d42:1 species. The m/z 282.2789 [O']+, m/z 264.2684 [O'']+ and m/z 

252.2678 [O'-CH2O]+ reflect the fragmentation pattern of the d18:1 long chain base. The m/z 

366.1402 [B2]+ and m/z 204.0867 [B1]+ reflect the fragmentation of two and one sugar units, 

respectively. Based on the entire MS2 spectrum, it can be assumed that the compound is Gb4 

d18:1/24:0. 
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In negative mode (Figure 50), MS2 fragmentation proceeds based on the precursor ion [M+H]+ 

at m/z 1339.8840. The highest m/z fragment signal in MS2 comes after the loss of one N-

acetylgalactosamine (HexNAc or NAcGal) at m/z 1134.7875 [[Y3]- and one additional hexose at 

m/z 972.7406 [Y2]-. Smaller signals were observed for the loss of N-acetylgalactosamine and 

two sugar units at m/z 810.6812 [Y1]-, and for the loss of N-acetylgalactosamine and three 

sugar units at m/z 648.6288 [Y0]-. The m/z 263.2620 [O'']- signal is characteristic of the d18:1 

long chain base again. The m/z 177.0417 [Hex+O]- and m/z 161.0455 [Hex]- reflect the 

fragments of one sugar unit. All assigned fragments are listed in Table 16 and Table 17. In the 

case of glycoside neutral losses, it should be noted that single or double water splitting can 

occur, as seen in Figure 48 in an MS2 spectrum of LacCer d34:1. 

In contrast to the positive mode, no clear identification of the ceramide is visible in the 

negative mode and no water loss is visible in any fragment. However, in the negative mode, 

all single cleaved fragments of the sugar units are visible and can be easily identified. The 

positive and negative spectra of GSL reveals that glycan fragments are more commonly 

present in negative ion mode and positive ion mode exhibits a higher abundance of ceramide 

fragments. Similar MS/MS fragmentation patterns and fragmentation masses for Gb4 d42:1 

(d18:1/24:0) are available in the literature.150,151,152 

 

 

Figure 48. Structure and fragmentation behavior of Gb4 d42:1 (d18:1/24:0) 
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Figure 49. MS2 spectrum of Gb4 d42:1 (d18:1/24:0) in positive mode (spectrum created using Freestyle 1.8) 

MS2 (+) Gb4(d18:1/24:0)  

fragment ion sum formula exp. m/z cal. m/z 

[M+H]+ C68H126N2O23 1339.8840 1339.882 

[Z2]+ C54H102NO12 956.7344 956.7397 

[Z1]+ C48H92NO7 794.6849 794.6868 

[Y0]+ C42H84NO3 650.6470 650.6446 

[Y0-H2O]+ C42H82NO2 632.6345 632.634 

[Y0-2xH2O]+ C42H80NO 614.6243 614.6234 

[B2]+  C14H24NO10 366.1402 366.1395 

[O´]+ C18H36NO 282.2789 282.2791 

[O´´]+ C18H34N 264.2684 264.2686 

[O´´-CH2O]+ C17H34N 252.2690 252.2686 

[B1]+  C8H14NO5 204.0867 204.0866 

Table 16. observed fragmentation in MS2 of Gb4 d42:1 in positive mode (d18:1/24:0) 
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Figure 50. MS2 spectrum of Gb4 d42:1 (d18:1/24:0) in negative mode (spectrum created using Freestyle 1.8) 

MS2 (-) Gb4(d18:1/24:0)  

fragment ion sum formula exp. m/z cal. m/z 

[M-H]- C68H125N2O23 1337.8632 1337.8679 

[Y3]- C60H112NO18 1134.7875 1134.7885 

[Y2]- C54H102NO13 972.7406 972.7357 

[Y1]- C48H92NO8 810.6812 810.6828 

[Y0]- C42H82NO3 648.6288 648.6300 

[O´´]- C18H33N1 263.2620 263.2618 

[Hex+O]- C6H9O6 177.0417 177.0405 

[Hex]- C6H9O5 161.0455 161.0455 

Table 17. observed fragmentation in MS2 of Gb4 d42:1 in negative mode (d18:1/24:0) 

Individual lipids from the classes studied were considered for the d34:1 and d42:1 species in 

MS2 and an overview finding for fragmentation was made. The number of detected ddMS2 

spectra is related to the given inclusion list and the masses to be fragmented. During the 

project this list was adapted several times and possible changes were observed. Thereby, the 

classical singly charged adducts [M+H]+, [M-H]- and the doubly charged [M+2H]+ , [M-2H]- 

adducts, showed the most hits. Masses resulting from other adducts, such as [M+NH4]+, 

[M+OAc]- and [M+COOH]-, were calculated and tested for the lactosylceramide class. The 

overview results were poor and therefore they were removed from the inclusion list. The 

precursors [M+K]+, [M+Na]+ and [M+Li]+ were not tested in any inclusion list due to the 
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assumption that potassium, sodium or lithium were very low or absent in the sample extract 

or the running medium. Based on the ddMS2 spectrum, [M+H]+, [M-H]-, [M-H2O]+ and [M-

H2O]- emerge as the most abundant precursors for the positive and negative modes.  

The fragment pattern was extracted using FreeStyle™ 1.8, which were further compared to 

spectral files at NIST/mzVault (Freestyle 1.8), mzCloud and LIPID MAPS. Unfortunately, no MS2 

fragment spectra are available to date for the studied GSL lipids and could not be compared 

to any database. However, in LIPID MAPS there is the possibility to generate fragment ions for 

many sphingolipid classes and thus allows the generation of fragment lists.  

For even more accurate structure information (stereoisomers), instruments with higher 

resolution and stronger fragmentation techniques or nuclear magnetic resonance (NMR) are 

needed. Besides CID (collision induced dissociation), HCD (higher energy collisional 

dissociation), ozone induced dissociation, ultraviolet photodissociation (UVPD), newer 

methods such as electron impact excitation of ions from organics (EIEIO) are also possible for 

fragmentation. 
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3.5 Conclusion and outlook 

The aim of this project was to develop a LC-MS-based method for glycosphingolipid profiling 

with a focus on latosylceramides, globosides and gangliosides using a GSL standard pool and 

HCT116 human colon cancer sample. The extraction method for the HCT116 cell line was 

based on the SIMPLEX 92 workflow and was successful in isolating the desired lipids, especially 

the GSLs. Lipid extracts were analyzed by RP-HRMS/MS on a Orbitrap high-resolution mass 

spectrometer in positive and negative mode using an ACN/H2O/IPA-based gradient with a 

total run time of 30 min. This approach showed satisfactory peak shape and effective 

separation of the GSL categories with different saccharide variations. All GSL classes 

(lactosylceramides, globosides (Gb3, Gb4, Globo-H) and gangliosides (GM3)) could be 

separated by the reversed phase LC method and most of them eluted between minute 5 and 

28. It should be noted that extending the method by an additional 5 minutes, may ensure an 

improvement in separation and identification. The retention times of the individual GSL 

classes depend on the sugar chain length and the LCB/FAs length, as described in chapter 

3.2.1. Following the elution order of the d34:1 species for all GSL (Figure 25), GM3 eluted first, 

ahead of Gb4, Gb3, Globo-H and LacCer. Hydroxylated saturated long-chain fatty acids with a 

chain length of 38 carbon atoms were detected alongside very short-chain fatty acids with 2 

carbon atoms, including odd FA chains. The ten most occurred species of each GSL class were 

considered for method comparison. 

RP-HRMS/MS enables the separation and identification of isomers with different LCB and fatty 

acid compositions. The HESI-source settings were adjusted to the studied GSL classes and 

analyzed in several validation measurements. Reproducibility was ensured by LipidQC with 13C 

enriched LILY lipids for class specific and retention time checking analysis. Full-MS acquired 

MS1 data was analyzed with Skyline and comprehensive target lists for single and double 

charged H-adducts for the five GSL classes were created. An overview of the highest occurring 

GSL classes and species was provided by the detected peak areas in the chromatograms. The 

variations in lipid species of the most abundant GSL classes were detected. The most 

prominent ceramide moiety was d18:1-LCB for the standard pool and d18:0-LCB for the 

HCT116 cell line, which match with the results from the GSL cancer literature (chapter 3.1.3).  

The investigated colon cancer sample revealed over 50 species in different levels in each GSLs 

class. The differences of the lipid species in the HCT116 cell line can be explained by varying 
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functions and altered expression in cancer cells in general. Detected lipid species can have 

underlying isomers and isobars, which provide potential false assignment in Full-MS (chapter 

3.4.1). Small mass shifts could also lead to false associations in the t-species assignment. By 

utilizing fragmentation patterns alongside ddMS2 spectra, a more precise and correct 

determination of the structure is possible. The MS2 spectra assigned was possible in both 

modes and used for the assignment of a selected panel of GSLs. However, less fragmentation 

occurred in the negative mode, which could be explained by decreased ionization efficiency 

or a general performance problem of the instrument. The re-measurement with a maintained 

instrument and the change of some HESI-source settings could achieve better results in 

negative mode. The developed workflow was the first step towards a comprehensive assay 

for GSL classes by RP-MS/MS and could pave the way to a more comprehensive understanding 

of GSL structures and their occurrence in cancer. Overall, the method proved to be fit for 

purpose for GSL analysis in different complex samples revealing structural details up to the 

molecular lipid species level.  

The developed method is not capable of resolving different double bond positions, which can 

exhibit different biological activities, as described in chapter 1.1. For this purpose, different 

analytical strategies for additional GSL structural details have to be applied such as novel 

fragmentations strategies or chemical derivatization. Additionally, follow-up studies will need 

to focus on the quantitative aspect of the developed lipidomic research methods for 

glycosphingolipids e.g. by spiking labeled GSL standards in the sample of interest. For 

annotation purposes, targeted GSL analysis was performed based on the open-source 

program Skyline. To enable non-targeted GSL analysis in a sample of interest, other software 

solution are necessary for automated GSL assignment (e.g. LDA155). The use of novel high-

resolution MS setups enabling further fragmentation (MS3, MSn) will also improve the 

developed GSL workflow. 
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