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Abstract 

In this dissertation, the analyses of glycosphingolipids (GSLs) in parasitic samples was addressed. For 

this, the combination of mass spectrometry imaging (MSI) and nano liquid chromatography mass 

spectrometry (nano-LC MS) data yielded an overview about GSLs on a molecular level in parasitic 

samples. Especially the MSI data for each model system, which was investigated, were necessary to 

pinpoint possible functions of GSLs.  

In a first project, Schistosoma (S.) mansoni-infected hamsters were selected as a model system for 

schistosomiasis. Here, the incorporation of S. mansoni eggs in the liver of the hamster provokes an 

immune response, leading to granuloma formation, which is the main cause of chronic pathogenesis. 

For the bulk-analysis, experimental parameters such as the extraction and purification of GSLs and the 

nano-LC MS analysis, were optimized. The statistical data analysis revealed a significant upregulation 

of GSL species compared to control groups. To associate different GSL species more specifically to the 

host-parasite interaction, MSI experiments were performed. But first, the matrix application of 2,5-

dihydroxyacetophenone was optimized for high-resolution MSI down to 3 µm step size. With the MSI 

workflow, GSL species were unambiguously localized within granulomas. Even substructures within 

the granulomas and the S. mansoni eggs were revealed. There are strong indications that observed 

distributions of specific GSL species matched immune cells, which are subsequently recruited during 

the immune response. In addition, a semi-quantitative evaluation of MALDI MSI data is proposed. The 

evaluation is in-line with the semi-quantitative data analysis of the nano-LC MS experiments, 

demonstrating that the MSI methodology is suitable for qualitative and semi-quantitative analyses.  

In the second project, the GSLs during a Fasciola hepatica infection were in focus. First, the nano-LC 

MS method was validated for isolated adult F. hepatica through comparison with the literature. 

Besides already reported GSL species, we were able to identify previously unknown GSL species for F. 

hepatica. Further, we analysed the acute and chronic infection stage of rats, infected with F. hepatica. 

For this, a semi-automatic data analysis was established, reducing the analysis time of the nano-LC MS 

data drastically. To study the host-parasite interaction in more depth, MSI experiments were 

performed with liver of rats during the acute infection stage. Here, the immature F. hepatica is 

migrating through the liver parenchyma, causing severe damage to the host. Again, distributions of 

specific GSL species were correlated to potential immune cell distributions. This is also true for other 

lipid classes, which were simultaneously detected during the MSI experiments. Furthermore, MSI 

experiments of isolated F. hepatica may help to better understand the metabolism of GSL species. The 

comparison to immature F. hepatica also revealed variations in GSL distributions and contributes to a 

better understanding of the development of F. hepatica. 

Overall, the developed method allows researchers to structurally and locally study the GSL profile in 

parasitic samples. The method is also applicable for other sample systems. Additionally, to further 

improve the sensitivity for GSL detection in MSI experiments, which is a perquisite for on-tissue 

tandem MS experiments, salt doping MSI experiments were performed with isolated adult F. hepatica. 

Compared to normal MSI experiments, an increased number of GSL distributions were revealed, 

providing a promising outlook to further extended studies on GSLs. 
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Zusammenfassung 

In der vorliegenden Dissertation wurde eine Methode für die Analyse von Glykosphingolipiden (GSLs) 

in parasitären Proben entwickelt und angewandt. Die Kombination der orthogonalen Datensätze der 

bildgebenden Massenspektrometrie (MSI) und der nano-Flüssigkeitschromatographie (nano-LC) 

ermöglichen einen Überblick über verschiedene Spezies von GSLs in parasitären Proben. Insbesondere 

die räumlich aufgelöste Verteilung einzelner Spezies im jeweiligen Modelsystem liefert Hinweise auf 

deren mögliche Funktionen. 

In einem ersten Projekt wurden die Methoden der MSI sowie die der nano-LC für die Analytik von GSLs 

verbessert. Als Modelsystem wurden S. mansoni-infizierte Hamster gewählt. Die Einlagerung von S. 

mansoni-Eiern im Lebergewebe führt hierbei zu einer Granulombildung um die Eier. Dies ist die 

Hauptursache für die chronische Pathogenese der Infektion. Es wurden für die Bulk-Analyse 

experimentelle Parameter der GSL-Extraktion, der Probenvorbereitung und der nano-LC-Analyse 

optimiert. Anhand der Daten wurde durch eine statistische Auswertung eine ausgeprägte 

Hochregulierung der GSL-Spezies im Lebergewebe während der Infektion im Vergleich zu 

Kontrollgruppen festgestellt. Um neben den Bulk-Daten auch die räumliche Verteilung der GSL-Spezies 

aufzulösen, wurde für die MSI die Matrixapplikation von 2,5-Dihydroxyacetophenon für räumlich 

hochaufgelöste Experimente (bis zu 3 µm Schrittgröße) optimiert. So konnten eindeutig GSL-Spezies in 

den Granulomen identifiziert und auch die Substruktur der Granulome durch verschiedene spezifische 

GSL-Signale aufgelöst werden, ebenso wie eine Substruktur in S. mansoni-Eiern. Als Ergebnisse lassen 

sich so Zuordnungen von spezifischen GSL zu bestimmten Immunzellen während der subsequent 

ablaufenden Immunreaktion treffen. Zudem wurde eine semi-quantitative Auswertung der MSI-Daten 

vorgeschlagen, welche im Einklang mit den nano-LC-Daten ist. Dies demonstriert, dass unsere MSI-

Methode zuverlässige Ergebnisse, sowohl qualitativ als auch semi-quantitativ, liefert.  

In einem weiteren Projekt wurde die entwickelte Methode im Zusammenhang mit einer F. hepatica-

Infektion angewandt. Zunächst wurde die optimierte nano-LC-Methode für isolierte adulte F. hepatica 

angewandt und ein Vergleich mit der Literatur angestellt. Neben den bereits bekannten GSL-Spezies, 

konnten weitere, bisher unbekannte GSL-Spezies identifiziert werden. Zudem wurden die Stadien der 

akuten und chronischen Infektion anhand des Modelsystems Ratte verglichen. Um die nano-LC-

Datensätze von insgesamt sechs verschiedenen biologischen Gruppen, gemessen in biologischen und 

technischen Replikaten, zu analysieren, wurde eine semi-automatische Datenauswertung etabliert. 

Die akute F. hepatica-Infektion wurde mittels MSI untersucht, um die Wirts-Parasiten-Wechselwirkung 

in situ zu studieren. Während dieses Infektionsstadiums migrieren immature F. hepatica durch das 

Lebergewebe. Hierdurch konnten erneut GSL-Spezies identifiziert werden, welche potentiell die 

Verteilung von Immunzellen widerspiegeln. An dieser Stelle wurden die MSI-Experimente, wenn auch 

für GSLs optimiert, für weitere Lipidklassen analysiert und auch hier ein möglicher Zusammenhang mit 

Immunzellen aufgedeckt. Es wurden weiterhin, durch zusätzliche MSI-Experimente von isolierten F. 

hepatica, mögliche Rückschlüsse auf den Metabolismus von GSL erhalten. Der Vergleich zu immaturen 

F. hepatica konnte zudem Unterschiede von GSL-Verteilungen aufdecken und trägt bei, die 

Entwicklung von F. hepatica besser zu verstehen.  

Zusammengefasst wurde eine Methodik entwickelt, um zuverlässig und umfassend ein GSL-Profil in 

parasitären Proben mit räumlicher Auflösung zu erhalten. Um die Sensitivität von GSL-Spezies in MSI-

Experimenten weiter zu steigern, werden erste vielversprechende Ergebnisse für das Salzdoping für 

MSI-Experimente mit F. hepatica vorgestellt. Hierdurch konnten über das zweite Projekt hinaus 

weitere Verteilungen von GSL-Spezies aufgedeckt werden. 
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Chapter I – Synopsis 

Mass Spectrometry 

Mass spectrometry (MS) is a powerful analytical technique used to determine the mass-to-charge-
number ratio (m/z) of ionized compounds. In a mass spectrum, the m/z-value is plotted on the x-axis, 
while the signal intensity is plotted on the y-axis. The signal intensity is related to the abundance or 
concentration of the analyte. A higher signal intensity generally indicates a higher concentration and a 
larger number of ions for the same molecular species with a specific m/z value being detected. This 
allows MS to provide both, qualitative analysis, by identifying compounds based on their m/z values, 
and quantitative analysis, by measuring concentration-related signal intensities of analytes.1 
The mass resolution R and the mass accuracy Δm/m are two important instrument parameters for 
interpreting a mass spectrum. The mass resolution, defined in Eq. 1, describes the capability to 
separate neighbouring m/z-values. To calculate the mass resolution, the mass of a selected ion signal 
is divided by the full width at half maximum. Besides this 50%-definition, other definitions such as 5% 
or 0.5% are used.2 

𝑅 =
𝑚

∆𝑚
 Equation 1 

R = mass resolution 
m = mass of a selected peak 
Δm = width at 50% of the selected peak 

The relative mass accuracy, defined in Eq. 2, describes how a measured accurate mass differs from the 
theoretical exact mass. Usually, the mass accuracy is given in parts per million (ppm).1 

∆𝑚

𝑚
=

𝑚𝑎𝑐𝑐𝑢. − 𝑚𝑒𝑥𝑎𝑐𝑡

𝑚𝑒𝑥𝑎𝑐𝑡
∙ 106 ppm Equation 2 

Δm/m = mass accuracy 
maccut. = measured mass of an ion 
mexact = theoretical (calculated) exact mass of an ion 

Important key features of modern MS are high mass resolution and high mass accuracy, but also low 
limit of detection, and high speed of analysis. Together, these characteristics facilitate the analysis of 
complex biological samples, setting MS as an indispensable analytical method in life sciences.3,4 
However, the fundamental development for modern MS dates back to the year 1898, when W. Wien 
(Nobel prize in 1911) used magnetic deflection to analyse rays carrying a positive charge.5 By modifying 
Wien’s apparature, J.J. Thomson (Nobel prize in 1906) built what is recognized as the first mass 
spectrometer and in 1912 reported the first mass spectrums for N2, O2, CO2, CO and COCl2.6 Soon, in 
1918, A.J. Dempster developed a more modern mass spectrometer, using magnetic fields for focusing 
and in 1919, F. W. Aston (Nobel prize in 1922) utilized velocity focusing in MS for the first time.7,8 Since 
then, many outstanding contributions were made in the field of MS, so that nowadays, many different 
types of mass spectrometers are available. They share the same building blocks, which are the ion 
source, the mass analyzer and the detector. It is essential that the mass analyzer and detector are 
operated in high vacuum, whereas the ion source can be operated under atmospheric pressure (AP) 
as well.9 
The existing mass spectrometers can be classified according to the mass analyzer used. One of the 
most prevalent are time-of-flight (TOF) mass analyzers. The concept was already described in 1946 
from W. Stephens, and the first instrument was introduced by A. E. Cameron and D. F. Eggers in 
1948.10,11 Another frequently employed mass analyzer is the quadrupole ion trap, first described in 
1953 by W. Paul, who received the Nobel prize in 1989 for his invention.12 Further innovations led to 
the Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer, which is a high-resolution 
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mass analyzer, developed by M. B. Comisarov and A. G. Marshall in 1974.13 The most recent type of 
mass analyzer, which was used throughout this doctoral thesis, is the Orbitrap mass analyzer. 
The fundamentals of orbital trapping were already applied in the Kingdon trap in 1923 and further 
developed in 1983 by R. D. Knight.14,15 However, it was until 2000 when A. Makaraov introduced the 
Orbitrap as a novel mass analyzer.16 The Orbitrap mass analyzer consists of a spindle-shaped inner 
electrode and an outer barrel-shaped electrode, which is divided into two separate electrodes. Ions, 
which are trapped inside the analyzer, move in orbits around the central electrode, but also oscillate 
along the z-axis. Importantly, this movement along the z-axis is independent of the other motions. It 
can be described as a harmonic oscillator with the frequency ω, which is only dependent on the charge 
number z and mass m. 

𝜔 = √
𝑧

𝑚
∙ 𝑘 Equation 3 

ω = frequency of the oscillation along the z-axis 
z = charge of the ion 
m = mass of the ion 
k = instrumental constant 

During the movement, the ions induce an image current on the outer electrodes, which is subsequently 
transformed via Fourier transformation into a mass spectrum. This can be done with high accuracy. 
Thus, in addition to FT-ICR and multipass TOF MS, another high-resolution mass analyzer has been 
developed.17 Compared to FT-ICR mass analyzers, an Orbitrap is working with an electrostatic field 
instead of a magnetic field, which has the advantage that no complex cooling using liquid helium is 
required. 
In addition to the choice of mass analyzer, ion formation plays an equally important role during mass 
spectrometric analysis.18 Formation of ions in the gas phase can be achieved by different techniques, 
which can be grouped into hard- and soft ionization techniques. Hard ionization techniques, such as 
electron impact ionization, lead to excessive fragmentation of the analytes.19 This can be helpful for 
elucidating structures of small isolated compounds, for example of reaction products from organic 
synthesis.20 However, for complex biological samples consisting of large and sensitive molecules such 
as proteins, lipids, or carbohydrates, fragmentation during ionization is inappropriate for the 
interpretation of the resulting mass spectra. Here, the development of soft-ionization techniques like 
matrix-assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI) marked a 
historical breakthrough.21–24 
ESI, with the principles introduced in 1964 and 1968 by Sir G. Taylor and M. Dole, who failed to 
successfully introduce ESI because of limited experimental setup, was demonstrated to work in 1988 
by J. Fenn (Nobel prize in 2002).23,25,26 In this work, protein ions with a mass larger than 5000 Dalton 
(Da) were transferred into the gas phase and subsequently analyse. Since then, ESI was further 
developed making it the most widespread ionization technique in MS of large biomolecules.23 
The ionization process in ESI begins by transferring a liquid through a stainless-steel capillary to which 
a voltage of several kilovolts versus the counter electrode (MS inlet) is applied. The voltage causes a 
charge separation within the liquid. As a result, the so-called Taylor cone is formed, an equilibrium 
between the surface tension, pulling the liquid back into the capillary and the electrostatic coulomb 
attraction, where the liquid is pulled by the counter electrode. From the tip of the cone a fine mist is 
emitted, rapidly forming a fine spray. Subsequently, the neutral solvent evaporates, and the surface 
charges increase until the Rayleigh limit is reached and the droplets split into smaller, secondary 
droplets. This cascade repeats several times until small droplets with diameters in the nanometer 
range are formed.27 The final formation of the ions is still not fully understood. Different mechanisms 
were developed with the ion evaporation model, mainly for small molecules, and the charge residue 
model, for lager ions such as proteins, being widely accepted.28 
In addition to the soft ionization of large biomolecules, ESI has other advantages that are particularly 
useful for applications in the life sciences. Among others, it is an ionization technique operated under 
AP conditions, thus simplifying sample handling.23 Further, ESI can generate both, singly and multiple 
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charged ions. Usually, [M+zH]z+ ions are generated, with z depending on the type and size of the 
molecule.28 A major advantage of multiple charged ions is that large molecules such as proteins, can 
readily be analysed by mass spectrometers with a limited m/z range. Together with the tolerance of 
different flow rates (µL/min to mL/min) and various solvent compositions of the liquid, ESI is also 
ideally suited for the combination with liquid chromatography (LC).29,30 
Nano-ESI is a miniaturized version of conventional ESI. The main difference in the design of the ion 
source is the much smaller diameter of the capillary tip, which is in the range of a few micrometers for 
nano-ESI.31,32 Compared to conventional ESI, nano-ESI has the advantages that it requires considerably 
less solvent and that the spray process starts with smaller droplets.33 This brings some benefits. In 
general, the sensitivity of the analysis is increased as less analyte is lost.34 The tolerance to salts is also 
improved.33,35 Furthermore, the analysis of non-surface-active analytes is improved. Literature 
indicates that the analysis of oligosaccharides or glycoproteins is facilitated using nano-ESI compared 
to analysis using ESI.36,37 However, the disadvantages of nano-ESI are the fragile emitters and 
decreased reproducibility compared to ESI.37 This is partly due to the positioning of the emitter, which 
often requires adjustment for each analysis. 
MALDI, the second pioneering ionization method for use in the life sciences, was developed in the 
1980s by M. Karas and F. Hillenkamp. Already in 1985, M. Karas and F. Hillenkamp showed that laser-
light-absorbing amino acids support the ionization of non-absorbing amino acids.21,24 Then, in 1987, 
they used different organic matrices to improve the detection of non-volatile compounds.21 At the 
same time, Tanaka used ultrafine cobalt powder in glycerol to desorb and ionize proteins with 
molecular masses of up to 100,000 Da, for which he received the Nobel Prize in 2002.22 Today, the use 
of organic matrices instead of ultra-fine cobalt powder in glycerol is established. 
For a successful MALDI MS experiment, the choice of matrix is of utmost importance and different 
requirements should be met by the matrix.38 For matrix application, it is important that the solubility 
of the matrix is compatible with the solubility of the analytes. There are different methods of matrix 
application. Traditionally, the dried droplet method was used.39 Here, the analyte and matrix solutions 
are mixed, deposited onto a surface and dried under ambient conditions. Although fast and easy to 
perform, there are inhomogeneities in analyte/matrix crystals.40 More advanced methods include 
pneumatic spraying or sublimation of the matrix to get homogenous matrix layers.41 Nowadays, the 
application is automated, and different commercial devices are available.  
The matrix itself must also have good miscibility with the analytes, as this results in co-crystallization 
in the solid state of matrix and analyte molecules.42 Furthermore, a large excess of matrix is required 
in comparison to the analytes in order to isolate the analyte molecules from each other.43 This also 
ensures that the energy of the laser is absorbed mostly by the matrix. Therefore, when selecting the 
matrix, it must be considered that the matrix has strong absorption of the laser wavelength, which is 
often in the ultraviolet range for MALDI experiments.44 Furthermore, the matrix should have good co-
desorption and support the ionization of the analyte molecules.38 However, the ionization mechanism 
of MALDI is still not fully understood.45 When dividing the ionization mechanism into primary ionization 
and secondary reactions, the formation of the primary matrix ions in particular remains controversial. 
Secondary processes, on the other hand, can be explained using classical reaction kinetics and 
thermodynamic principles.45 Traditionally, MALDI MS was performed under vacuum, but at the 
beginning of the 2000s, various approaches for atmospheric-pressure (AP)-MALDI were 
introduced.46,47 To support the transport of the ions generated under AP, a high voltage is applied to 
the conductive MALDI probe. The ionization mechanism is comparable to vacuum MALDI, yielding 
mainly singly-charged, protonated, sodiated or potassiated quasimolecular ions in the positive-ion 
mode and deprotonated species in the negative-ion mode. However, non-vacuum-stable matrices as 
well as volatile samples are more easily analysed with AP-MALDI MS. In addition, soft collisions of the 
desorbed matrix molecules and analytes with gas molecules provide an additional cooling effect, as 
vibrational energy can dissipate. As a result, fragmentation processes are reduced, making AP-MALDI 
even softer than conventional MALDI. 
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Mass Spectrometry Imaging

In the life sciences, revealing the spatial distribution of biomolecules in tissues or cells is inevitable to 

understand local biochemical processes. For this purpose, mass spectrometry imaging (MSI) is ideally 

suited.48,49 Outstanding features of MSI are little to no sample preparation, non-targeted and label-

free analysis. Additionally, data of hundreds to thousands of biomolecules can be acquired within one 

single experiment. Compared to traditionally performed methods such as optical or fluorescence 

microscopy, more structural, molecular information is obtained. If staining or labelling is applied in 

microscopy one must know the targets before the experiment and is limited to the available 

antibodies. The underlying work for MSI of biomolecules was introduced in 1994 by B. Spengler, using 

MALDI MSI for the spatially resolved, intact ionization of Substance P.50 Later, MALDI MSI was applied 

to the analysis of animal tissue sections.51 To date, MALDI MSI is still the most common MSI technique 

for the analysis of biomolecules because of its versatility regarding substance classes, softness and high 

lateral resolution of routinely 5-20 µm.52 With the aim of using MALDI MSI for single cell analysis, 

spatial resolutions of 1.4 µm have already been achieved in recent work.53 

However, a higher spatial resolution with a smaller laser focus results in less ablated material, and 

therefore fewer ions are generated. A promising, instrumental approach to enhance the ion yield is 

post-ionization, termed MALDI-2 in the literature.54 Here, a second laser is directed to the MALDI 

plume, and it has been shown, that the intensity for non-polar lipids and metabolites is increased by 

several orders of magnitude in several cases. However, the implementation of a second laser makes 

MALDI-2 an instrumentally complex and expensive methodology. 

Another challenge for high spatial resolution experiments is the focal depth of the laser, which gets 

smaller for a more focused laser beam. For a laser focus of 1.4 µm the focal depth is <6 µm, and even 

“flat” tissue sections have height differences, which can be larger than the focal depth. An elegant 

workaround was the implementation of a triangulating autofocusing system, enabling high spatial 

resolution measurements with stable laser fluence and laser spot size and 3-dimensional 

measurements of, for example, biological surfaces such as those of Schistosoma (S.) mansoni 

worms.55,56 

For the analysis of large biomolecules, such as intact proteins, MALDI is preferentially coupled to TOF 

analyzers, because there is no theoretical limitation in the mass range.57 However, for the analysis of 

small molecules, like metabolites or lipids, high mass resolution and accuracy is a prerequisite to get 

reliable annotations from the complex mass spectra.58 Here, state-of-the art is the coupling of the 

imaging ion source to high mass resolution and high accuracy orbitrap devices, utilizing the C-trap to 

collect ions deriving from the desorption process initiated by the high-energetic, short-pulsed laser 

probe.58 

Beside choosing the best instrumentational setup for the MALDI MSI analysis, sample preparation is 

another crucial building block for a successful experiment. In a first step, thin, flat cryo-sections are 

prepared using either fresh frozen or formalin-fixed paraffin-embedded samples.59 Different factors, 

such as orientation of fixation, temperature, cutting angle, and fragility of the sample must be 

considered when optimizing the cutting protocol. A common approach is embedding of the sample, 

especially important for small sensitive samples, such as parasites.60 For this it is necessary that the 

embedding media do not interfere with the MALDI MSI analysis. Afterwards, optional sample 

preparation steps can be included, which can be derivatization strategies to enhance the ionization 

efficacy, washing procedures, or on-tissue digestions.61–66  

Next, matrix selection and application are crucial. There is no matrix available covering all molecule 

classes equally well. The development of novel matrices is still an ongoing field to improve MALDI MSI 

analysis, even reactive matrices for on-tissue structure elucidation are available.38,67 Therefore, careful 

selection of the matrix for the own purpose is important. The matrix application for MALDI MSI 

experiments is usually performed by pneumatic spraying or sublimation to cover the dried sample with 
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a homogenous matrix layer.41 The extraction and incorporation into the matrix of analyte molecules is 

stronger for pneumatic spraying and, as a result, higher signal intensities are obtained.53 However, the 

solubility of matrices in adequate spraying solvents can be limited and therefore, developing a spraying 

protocol may be demanding. In addition, the crystal size of the matrix must be smaller than the step 

size of the MALDI MSI experiment. Especially, for high spatial resolution experiments this can be 

challenging for pneumatic spraying. In this regard, sublimation can prove beneficial.68 

For the actual MALDI MSI measurement, the sample is attached to a sample holder and placed into 

the ion source. Then, typically a rectangular region of interest (ROI) with a defined step size is 

determined. Other parameters which can be chosen are the mass range, mass resolution, ion source 

settings as well as the energy of the laser. Here, careful selection of the laser energy, to avoid ablation 

spots larger than the step size (oversampling), is crucial.49 During the measurement, the laser rasterizes 

across the sample in the defined ROI, generating a mass spectrum for each spot. For data analysis, 

different software solutions, like Mirion, MSI Reader or SCILS, are available.69–72 All have in common 

that ion-images can be generated which show the distribution and signal intensities in a heat map for 

a selected m/z value within the sample. It is also common to show red-green-blue (RGB) ion-images, 

with each colour channel representing the distribution of a chosen m/z value. To get biological 

information out of the experiment, databases, such as METASPACE, can be used to annotate the 

observed signals (e.g. lipids, metabolites, and glycans).73 However, high mass resolution and accuracy 

are essential to obtain reliable annotations, and even then there is no absolute certainty that it is an 

unambiguous annotation.58 This may be due to isomeric or isobaric compounds with very similar m/z 

values. On-tissue tandem MS (MS/MS) experiments can validate annotated species, but the amount 

of molecular species and the intensities to get information-rich MS/MS spectra is still a challenge in 

MSI experiments.74 Another common approach is to compare the data of MSI experiments to LC 

MS/MS data of the same sample, as both methods show a good orthogonality.49 

 

Liquid Chromatography 

(Ultra-) high performance liquid chromatography ((U)HPLC) is a highly regarded analytical technique 

widely employed for the analysis of complex chemical mixtures. It is particularly effective for both 

qualitative and quantitative assessments of liquid extracts, including those obtained from 

homogenized biological samples.75 Its ability to achieve high resolution and sensitivity in separation 

makes (U)HPLC an invaluable tool in various fields, including pharmaceutical research, environmental 

analysis, and biochemistry. While chromatography was introduced in 1903 by M. Tswett76, and the 

principles and fundamental techniques were awarded with the Nobel prize in 1952 for A. J. P. Martin 

and R. L. M. Synge77, HPLC had its breakthrough in the 1960s.78–82 As the development progressed 

stepwise, it is difficult to name pioneers without missing important contributors, but often J.F. Huber, 

J.J. Kirkland, C. Horvath and J. C. Giddings are considered as the early pioneers of HPLC.83 Generally, in 

HPLC analysis a defined mixture of analytes, such as extracts from biological samples, is transported 

through a column by a pressurized liquid known as the mobile phase. Within the column, which 

contains the stationary phase, the analytes are separated based on their differing strength of 

interaction with the stationary phase. The mobile phase composition can either remain constant 

(isocratic elution) or can alter (gradient elution) during the analysis.84 For analytical needs, stainless-

steel columns (1 mm to 4.6 mm inner diameter) are usually packed with small silica particles (<10 

µm).85 As the mixture passes through the column, different analytes form sharp bands due to specific 

interactions with both the mobile and stationary phase. However, predicting chromatographic 

separation patterns is complex due to various factors, such as hydrodynamics, pore- and solid 

diffusion, absorption and desorption processes, and mass transfer reactions.84 

Types of HPLC can be classified based on the stationary phase used in conjunction with the mobile 

phase.84 Commonly employed in the life sciences are reversed-phase chromatography (RPC) and 
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hydrophobic interaction chromatography, both of which rely on hydrophobic interactions to separate 

analytes based on their hydrophobicity. Another technique is ion-exchange chromatography, which 

separates charged molecules. Size exclusion chromatography, which separates molecules based on 

their size; normal-phase chromatography, which is effective for neutral compounds; and hydrophilic 

interaction liquid chromatography (HILIC) for polar compounds are further examples.84,86,87 For 

detection, ultraviolet/visible detectors are frequently used, along with mass spectrometers, 

particularly since the advent of electrospray ionization (ESI), which has gained popularity for its 

sensitivity and ability to analyse complex biological samples.84 

HILIC, introduced by Alpert in 1990, usually employs organic-rich solvents, mostly acetonitrile, along 

with a small amount of water as mobile phases.88,89 Various polar stationary phases are available, 

including unmodified silica, diol-, amino-, amide-, cyano-, zwitterionic-bonded phases, each offering 

unique interaction characteristics that can be tailored for specific analyte types. The retention 

mechanism is still not completely elucidated as different interactions are involved.87,90,91 Probably the 

greatest influence on retention and the most widely accepted explanation is the partitioning of 

analytes between the eluent and the water-rich layer adsorbed on the polar surface of the stationary 

phase. Nevertheless, not all observations for analyte retention can be solely explained by this, and it 

is rather a “mixed-mode” retention mechanism. There is evidence that also hydrogen bonding, dipole-

dipole interactions as well as electrostatic forces contribute to the retention of analytes. 

Additionally, the choice of mobile and stationary phases can significantly influence the resolution and 

selectivity of the separation, making method optimization crucial for specific applications. HILIC has 

proven particularly effective in the analysis of small polar molecules, metabolites, and glycoproteins, 

making it an invaluable tool in various fields, including pharmaceutical development, environmental 

analysis, and clinical diagnostics. 

 

Nanoscale Liquid Chromatography 

Equation 4 describes the dilution of an analyte during a chromatographic separation.92 From this 
equation it is obvious that a small column inner diameter reduces sample dilution and therefore 
increases sensitivity.  

𝐷 =
𝑐0

𝑐𝑚𝑎𝑥
=

𝜀𝑖𝜋𝑟2(1 + 𝑘)√2𝜋𝐿𝐻

𝑉𝑖𝑛𝑗
 Equation 4 

D = dilution 
c0 = initial concentration 
cmax = final compound concentration at the peak maximum 
εi = column permeability 
r = column radius 
k = retention factor 
L = column length 
H = column plate height 
Vinj = injection volume 

As a consequence, researchers developed capillary- and nano-LC platforms with columns of a small 
inner diameter, and pioneering work dates back to 1978 and 1979.93,94 Further advantages of nano-LC 
compared to HPLC are less solvent consumption and low sample demands.95 As the bed in the column 
can be more uniformly packed for columns of smaller inner diameter, the column efficiency and 
resolution are also improved for nano-LC applications. However, one of the major early challenges was 
extra-column band broadening.95 With only low flow rates in the range of nL/min to a few µL/min 
during the analysis, all parts of the LC system need downscaling, such as the injection system and all 
possible connections to minimize the void volume. As only low sample volumes can be injected, the 



13 
 

injection system was redesigned. Today, the preconcentration setup is one of the most common 
designs, allowing to inject larger quantities of the sample.96 For the hyphenation with MS the 
introduction of nano-ESI in 1996 allowed to combine the advantages of nano-LC and nano-ESI, which 
is why this combination is favored.32,97 Today, the focus is on the development of more stable nano-LC 
devices (lab-on-a-chip), as the technology is still less robust compared to conventional HPLC due to the 
low flow rates and sample volumes.98–100 

 

Glycosphingolipids 

In a living organism, mono-, oligo-, and polysaccharides can be found in a vast diversity. 

Polysaccharides, which consist by definition of at least eleven monosaccharides linked via an O-

glycosidic bond, are named glycans according to the International Union of Pure and Applied 

Chemistry.101 However, we will use the term “glycans” also for shorter saccharides, as it is common in 

the literature. Glycans can exist as free biomolecules, or are covalently linked to a non-saccharide 

biomolecule and then called glycoconjugates.102 In vertebrates, glycoproteins (N-glycans and O-

glycans), proteoglycans, glycosylphosphatidylinositol anchors, and glycosphingolipids (GSLs) are the 

most widespread glycoconjugates.103–105 In general, glycans can mediate intra- or intercellular 

signalling events, are required for stability and rigidity of cell membranes, and are important for 

interactions between organisms, like host-pathogen interactions.106 However, elucidating the glycome 

is still a challenging field of research for various reasons. For example, glycosylation of the same protein 

can show microheterogeneity. Additionally, the same glycan motif can have different functions, 

depending on the type of glycoconjugate, and glycosylation can change when cells are not in their 

native surrounding.107–110 It is therefore advantageous to analyse the glycoconjugates in their intact 

form. Ideally, the spatial distribution of glycans is also preserved during the analysis, as glycans are 

more important for multicellular interactions than for the development of single cells.102,110 

Additionally, detailed structural analysis of glycans/glycoconjugates is challenging, because of their 

structural diversity.111 

For example, GSLs, which are the main class of analytes described throughout this thesis, are 

amphiphilic molecules.112 They have a hydrophilic glycan head group linked via a β-glycosidic bond to 

the C-1 hydroxyl group of a hydrophobic ceramide lipid, representing the backbone. The glycan head 

group can vary in the number and composition of monosaccharides. Most common monosaccharides 

as part of GSLs from vertebrates or parasites are shown in Figure 1. They might furthermore be 

modified by one or more sulfate or acetyl groups. 

 

Figure 1: Monosaccharide building blocks commonly found in GSLs of vertebrates and parasites. 
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If the GSL consists of at least two monosaccharides, the sequence, linkage position, and the 

configuration of the anomeric C-atoms involved in glycosidic bonding can vary. More structural 

diversity arises from the heterogeneity of the ceramide backbone. A ceramide is a subclass of 

sphingolipids, with a sphingoid base linked by an amide bond to a fatty acid. Thereby, the fatty acids 

vary usually in length between C14 and C36 for humans. The most common sphingoid bases are shown 

in Figure 2.105,113 Most frequently, sphingosine is part of the ceramide but other regularly encountered 

sphingoid bases in vertebrates are sphinganines and phytosphingosines. The latter is the major 

sphingoid base in plants and is also prevalent in parasites. 

Structural variations of the ceramide backbone 

can be attributed to differing chain lengths, 

degree of unsaturation, orientation and 

position of double bonds, and number as well 

as position of hydroxylation.114 All these 

aspects together make the theoretical number 

of GSLs unimaginably high. However, the actual 

quantity of existing molecular species is much 

smaller, because the number of enzymes, 

responsible for building GSLs, is limited. Yet, 

with around 600 estimated GSL glycans in 

combination with hundreds of different 

ceramides the number of individual GSLs for 

vertebrates is still expected to be very high.105 

In Figure 3, an intact GSL is shown, with 

indications that summarize the possible 

structural variations. 

 

Figure 2: Typical sphingoid bases as part of GSLs in 
vertebrates and parasites. 

To describe GSLs and other lipids, the shorthand nomenclature of LIPIDMAPS and the nomenclature 

for glycans are used.115–117 Simple hexoses, like glucose, galactose or mannose, are abbreviated as Hex. 

Hexosamines are abbreviated as HexNac and fucose as Fuc. The acidic saccharides N-acetylneuraminic 

acid and N-glycolylneuraminic acid are abbreviated as NeuAc and NeuGc, respectively. 

 

Figure 3: Schematic GSL with indications for the various possible structural variations. For the saccharide head 
group, different monosaccharide building blocks, different linkage positions or anomeric configurations of the O-
glycosidic bond are possible. For the ceramide backbone, the type of sphingoid base can vary as well as the length 
of both, the sphingoid base and fatty acid. Further, the degree of unsaturation, hydroxylation and double bond 
position are possible structural variations.  



15 
 

The analysis of GSLs is, as described, very complex for various reasons. To date, it is not possible to 

characterize all structural features of a GSL with only one analytical method. Typical methods used are 

thin-layer chromatography, nuclear magnetic resonance, lectin assays, staining, ion mobility 

spectrometry and liquid chromatography, often in combination with MS.118–123 Here, MALDI and ESI 

are the ionization methods of choice, although loss of labile constituents, like sialic acid, and low 

ionization efficiency of large GSLs have to be considered.112,124 The low ionization efficiency is mainly 

attributed to the decreasing hydrophobicity and volatility. High mass resolution devices, such as 

Orbitrap analysers, are beneficial to distinguish isobars. In routine MS experiments, MS/MS spectra 

are obtained by low-energy collision-induced dissociation (CID) or higher-energy collision-induced 

fragmentation (HCD), thereby allowing to determine the composition and sequence of the glycan head 

group and the composition of the ceramide backbone. However, a known phenomenon is the 

migration of saccharide residues upon CID experiments, especially for fucose.125–127 As this 

phenomenon is attributed to [M+H]+ ions, sequence determination can be performed with [M+Na]+ or 

[M-H]˗ ions. The nomenclature for the diagnostic fragments of GSLs after Domon and Costello and 

Merrill et al. is indicated in Figure 4.128,129 For CID/HCD, B/C and Y/Z fragment ions are typical for the 

glycan head group, and the NII fragment ion for the ceramide backbone, and the fragmentation pattern 

behaviour is strongly dependent on the ion polarity.130 Over the years, several other fragmentation 

methods were applied for GSL analysis, such as electron capture dissociation, radical-directed 

dissociation, ozone-induced dissociation or ultraviolet photodissociation (UVPD).131–134 UVPD in 

particular enables improved structural elucidation of GSLs compared to CID/HCD, because cross-ring 

fragments (A/X fragment ions) are obtained in addition, which allows isomeric differentiation. 

 

Figure 4: A GSL consisting of three monosaccharide units and a ceramide backbone. Cleavage sites upon 
fragmentation are indicated by dotted lines resulting in Y-, Z-, B, and C-fragment ions for the glyosidic cleavage 
of the saccharide units and the NII-fragment ion for the sphingoid base. Cross-ring fragments of the saccharide 
head group (A- and X- ions) are exemplarily indicated. Nomenclature according to Domon and Costello and 
Merrill et al.128,129 

Additional possibilities to elucidate the structure of GSLs by MS include the enzymatic cleavage of GSLs 

or the derivatization of GSLs prior to analysis.135–138 A classical derivatization method is the 

permethylation of glycans which makes it possible to obtain more reliable MS/MS spectra for structure 

elucidation.139,140 Furthermore, the ionization efficiency is increased.  
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Neglected tropical diseases 

Neglected tropical diseases (NTDs) are defined by the World Health Organization (WHO) and currently 

comprise 20 different diseases and disease groups.141,142 NTDs mainly affect poverty-related countries 

and communities where people have limited access to fresh water, sanitation or appropriate 

housing.143 Research into these NTDs was neglected for a long time, but the London Declaration from 

2012 represents a turnaround.144 The London Declaration was one of the largest health efforts to 

eradicate NTDs, bringing together governments, non-governmental organizations, pharma companies 

and donors. Even if the initial goals have not been fully achieved, the campaign against NTDs remains 

a focus of the WHO, with goals that are bundled in the current guideline "Ending the neglect to attain 

the Sustainable Development Goals: A roadmap for neglected tropical diseases 2021-2030".145 A focus 

in the research against NTDs is, for example, the development of novel drugs and vaccines. To date, 

drugs are mostly used in mass drug administration (MDA) programs for the treatment of helminth 

infections. A re-administration is usually necessary, either because of incomplete eradication or re-

infection, increasing the risk for drug resistance.146 Therefore, novel vaccines against helminths are 

potential game changers. As a potential molecular class for new treatments, glycans are already 

investigated as they are known to modulate the host immune system.147  

 

Schistosomiasis

The parasitic infectious disease schistosomiasis is defined as an NTD by the WHO with around 

250 million people requiring treatment.148 The causative parasites belong to the class of trematodes 

with Schistosoma (S.) mansoni, S. japonicum and S. haematobium being the most prevalent species 

affecting humans.149 S. mansoni and S. haematobium co-exist in Africa and the Middle East. Further, 

S. mansoni is distributed across several countries in South America. S. japonicum, on the other hand, 

is widespread in China, Indonesia and the Philippines. Other, but more locally distributed S. species 

pluralis (spp.) affecting humans, are S. menkongi, S. guineesis and S. intercalatum.149 The infectious 

disease is treated with the chemotherapeutic praziquantel, which is effective against all S. spp..150 The 

mechanism of action is not fully understood, but it is most effective against the adult parasites. 

However, praziquantel does not prevent re-infection. Therefore, in endemic areas, regular MDA 

programs are common. Although no resistance to the drug has been observed in the field, resistance 

has already been induced in mice in laboratory experiments.151 

A common characteristic of the various S. spp. is that they are dioecious.149 The blood flukes mate and 

live most of their lives in copula (the female resides in the gynaecophoric canal of the male) at the final 

location in the definitive host. For S. mansoni and S. japonicum, the final locations are the mesenteric 

veins and for S. haematobium the perivascular veins, respectively. There, the female sheds hundreds 

to thousands of eggs per day, which are fertilized by the male worm. The eggs are excreted via the 

faeces or urine, but some of them are trapped inside the host. For. S. mansoni, around half of the 

shedded eggs get trapped inside the liver or intestine.152 From the excreted eggs, which are vital for 1-

2 weeks after release by the female, free-living ciliated miracidia will hatch upon contact with 

freshwater. These ciliated miracidia then infect their intermediate host. The intermediate hosts are 

aquatic freshwater snails, and schistosomiasis can only become endemic in areas where these snails 

are prevalent. In the snails, asexual replication of the snails leads to the release of tens of thousands 

of cercariae into the freshwater. The cercariae are infective for 1-3 days and penetrate the skin of their 

mammalian host upon contact. In the human host, the cercariae transform into schistosomula by 

losing their tail and enter the vasculature of the host. There, they mature while migrating to their final 

destination, where they eventually pair and the life cycle repeats. 

The morbidity of schistosomiasis-affected humans is mainly attributed to the eggs, which are trapped 

inside the organs. These eggs and their soluble-egg antigens shift the immune response from an initial 
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T helper type-1 (Th1) immune response to a T helper type-2 (Th2) immune response, and granuloma 

formation around the trapped eggs is observed.153,154 Various different immune cells are involved in 

immune response and subsequent granuloma formation. For S. mansoni infection, the most prominent 

cells are T and B cells, M2 macrophages and eosinophils.155 The granulomas are important to protect 

the surrounding hepatic tissue physically and by sequestering toxins released by the eggs. On the other 

hand, the constant immune response is the cause for liver fibrosis development.154 

 

Schistosoma glycans 

The relevance of glycans for host-parasite interaction was already recognized by studies in the 1960s 

and 1970s.156–160 Initial characterizations of glycoproteins at the beginning of the 1980s confirmed the 

assumption that these are primarily responsible for eliciting an immune response.161 This was most 

clearly demonstrated at that time using the example of glycoproteins from S. mansoni eggs.162 Many 

more studies on glycans associated with schistosomiasis followed, often using MS as the analytical 

method, and were reviewed in several articles.163–166 In summary, there are now plenty of studies 

suggesting that glycans play an important role in host-parasite interaction. Thereby, schistosomes have 

several different glycan motifs, mostly localized on the surface of the parasite, like the tegument or 

oral sucker, but also as free agents or in the adult gut and parenchyma.167–172 Additionally, the glycan 

expression changes during development.173 Several studies described glycan motifs of schistosomes 

and immunogenic glycans during the disease, and some biological roles are known. 

For instance, various host proteins belonging to the C-type lectin receptor family can recognize Galβ1-

4(Fucα1-3)GlcNAc (Lewis X) and GalNAcβ1-4(Fucα1-3)GlcNAc (LDN-F), which are typical for 

schistosomes, as well as GalNAcβ1-4GlcNAc (LDN) and mannose- and fucose-containing 

glycans.169,174,175 These antigens are secreted by S. mansoni eggs, and the binding of molecule-3-

grabbing nonintegrin to Lewis X potentially triggers a modified Th2 immune response.169 Furthermore, 

an antibody response is also induced by glycans. In particular, (multi)fucosylated LDN glycan motifs are 

highly immunogenic and trigger an immunoglobulin M and immunoglobulin G antibody response.176,177 

Glycans also play a role in the diagnosis of schistosomiasis. For example, schistosomes excrete many 

circulating cathodic antigens, which can be detected with commercially available urine tests for the 

diagnosis of schistosomes.178 Furthermore, a study has shown that of the various glycan motifs of 

schistosomes, LDN and Galβ1–4GlcNAc (LN) are primarily involved in the formation of granulomas.179 

In conclusion, it is clear today, that glycans play an important role in host-parasite interaction. 

However, there are still large gaps in the understanding of the effects and functions of glycans in 

particular. 

 

Fascioliasis 

The parasitic, zoonotic infectious disease fascioliasis is a major economic challenge with an annual loss 

of several billion USD.180 The disease-causing foodborne trematodes Fasciola (F.) hepatica and F. 

gigantica, also referred to as liver flukes, infect not only human livestock (cattle, sheep, water buffalo) 

but also wild animals such as hares, rats and deer.181 Also, fascioliasis has been classified as an NTD by 

the WHO since 2020, as an estimated 2.4 million people are infected and many millions more are at 

risk.182 Fascioliasis is found on all inhabited continents and is therefore geographically the most 

widespread disease caused by helminths.183 Fascioliasis is mainly treated with triclabendazole, which 

is effective against adult and juvenile worms. However, the emerging resistance to the drug 

necessitates the search for new treatment methods.184,185 

The life cycle of F. spp. is complex, as in the case of most other trematodes. Undeveloped eggs 

produced by adult F. spp., which reside in the bile duct of the definitive host, are excreted via the 
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faeces. Outside the host, the eggs can continue to develop once they are separated from the faeces. 

When the eggs are fully developed, mobile miracidia can hatch. Within a short period of time, the 

miracidia need to find an intermediate host, which is usually a Galba truncatula snail. However, other 

snail species also serve as intermediate hosts. The miracidia develop further. Firstly, sporocysts 

develop, which then turn into rediae and finally cercariae, which leave the intermediate host. These 

cercariae develop further into metacercariae, which either attach themselves to plants or float on 

water. The final hosts can become infected by feeding on the infested plant or by ingesting free 

metacercariae floating on the water. In the intestine, the freshly excysted juveniles hatch from the 

cysts and penetrate the intestinal wall to reach the liver. This typically happens within 4-6 days. There, 

the immature worms migrate through the liver tissue for several weeks and feed on it until they have 

developed into adult (mature) flukes. The adult worms live in the bile duct and the life cycle repeats.181 

The clinical picture of a fascioliasis infection can vary and depends, among other things, on the parasite 

load. In humans, the disease can be asymptomatic. However, infections with a clear clinical appearance 

are also possible.181 A distinction can be made between the acute and the chronic phase of the 

infection.186 The migratory phase of the parasites during the acute infection can lead to various 

symptoms such as fever, anaemia, weight loss or abdominal pain. In addition to the parasite load, the 

host's immune response also plays an important role.181 During the chronic phase, bile duct obstruction 

can occur due to inflammation and hyperplasia and the size of the adult parasites, whereby F. hepatica 

can grow up to 4 cm long and up to 1.5 cm wide.187 

 

Fasciola glycans 

The number of studies on the structural elucidation of glycans in F. spp. is limited compared to other 

helminths, such as schistosomes. In the early 2000s, the glycolipids of F. spp. were analysed.188–190 

Mammalian-like structures were described, as well as highly antigenic glycolipids, including specific 

acidic glycolipids. For adult F. hepatica it is now known that they carry in particular high-mannose, 

complex and phosphorylated glycans on their surface.191 In contrast, newly excysted juveniles (NEJ) 

mainly have a truncated and also high-mannose structure.192 In addition, the glycan profiles of F. 

hepatica extracellular vesicles were analysed using lectin assays, and it was shown that N-glycans are 

resistant to exo- and endo-glycosidases.193 In a recent study, the N- and O-glycan profiles of somatic 

and excreted-secreted extracts from NEJ were analysed in detail and new, unusual structures were 

identified.194 

For the function of glycans, it has been shown that lectin receptors, such as the mannose receptor 

(MR), stimulate dendric cells and activate a signalling cascade.195 This influences the interaction with T 

cells and enhances the Th2 immune response. It has also been shown that macrophage Gal/GalNAc 

lectin 2 (MGL2+) cells, which recognise GalNAc-glycosylated parasite components, are particularly 

important for the expansion of modified Th2 immune responses and the suppression of Th1 

polarisation.196 Thus, MGL2+ antigen-presenting cells in the peritoneum have been shown to be critical 

for parasite survival during infection and to promote the induction of T cells in the spleen. This was 

demonstrated by using MGL2- diphtheria toxin receptor transgenic mice in which MGL2+ cells were 

depleted by diphtheria toxin. Depletion of these cells resulted in partial resistance to the infection and 

prevented the parasite-induced increase of CD4+/CD25+ FoxP3+ T cells in the spleen. In addition, it is 

known that the migration of NEJ can be inhibited by specific lectins that bind to mannose-containing 

glycans of F. hepatica larvae.197 Thus, it seems possible that glycans of NEJ are important for binding 

with the host tissue, more specifically the intestinal epithelial cells, to penetrate the intestinal wall. 
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Motivation and aim of this work 

GSLs are a class of molecules that are difficult to analyse by MALDI MSI due to low ionisation 

efficiencies and suppression effects by other lipid classes.198,199 To date, only a few MALDI MSI studies 

focused on GSLs, the majority of which have analysed brain tissue, which is known to have a high 

concentration of GSLs.199–208 Analysis of other tissue types has rarely been reported. One application 

describes the examination of cancer tissue using MALDI-2 post-ionisation.199 Here, with a lateral 

resolution of 15 µm, the highest lateral resolution for MALDI MSI focusing on GSLs was demonstrated, 

even though the instrumental effort is significantly higher compared to a conventional MALDI MSI 

setup. The distribution of GSLs in parasites or in relation to host interactions has not yet been 

investigated using MALDI MSI. However, imaging lectin assays showed that the localisation of glycans 

in parasites can provide information about possible interactions.194,209–211 Furthermore, different 

immune cells are often involved in parasitic infections.212,213 It is generally known that immune cells 

can fulfil important functions.213 However, there is limited knowledge about GSLs of immune cells and 

their specific roles during parasitic infections, which can also be attributed to the lack of adequate 

analytical methods.  

Therefore, publication I focussed on the development of an analytical method to provide local 

information on the distribution of intact GSLs in parasitic samples. In S. mansoni infected hamsters, 

the GSLs of liver tissue surrounding S. mansoni eggs were analysed. In a first step, a nano-HILIC MS/MS 

method was established in order to obtain the most accurate overview possible of the GSLs present. 

This is necessary because existing databases for analysing GSLs have so far been inadequate. This is 

particularly true for parasitic GSLs, as the ceramide motifs of GSLs differ from those of mammals. For 

the MALDI MSI analysis, the matrix application of 2,5-dihydroxyacetophenone (DHAP) was optimised 

to enable high spatial resolution MALDI MSI measurements with a focus on GSLs. The application of 

state-of-the-art AP-MALDI MSI instrumentation yielded convincing results. Based on the results, 

specific GSLs were identified as markers for certain immune cells during S. mansoni infection. The high 

spatial resolution of the MALDI MSI experiments, routinely established with 10 µm lateral resolution 

and demonstrated with an experimental setup of 3 µm, was essential to resolve histological features. 

In publication II, shortcomings of the previously developed method were solved. A bottleneck of the 

previously developed method was the manual data analysis of the nano-HILIC MS/MS experiments due 

to a lack of software solutions. In this work, a semi-automatic approach for data analysis was 

established, which significantly reduced the time required to curate a GSL database. In addition, 

valuable MALDI MSI data about other lipid classes, which did not require additional imaging 

experiments, was considered and compared to RPC MS/MS analysis. A further motivation was the 

question whether GSLs show a different, organ-specific distribution in the parasite, which can provide 

indications for possible functions or metabolism. Therefore, our method for GSL analysis was first 

validated for isolated parasites. Using adult F. hepatica, the existing knowledge about GSLs was 

confirmed and extended. With the help of semi-automatic data analysis, novel GSLs specific to F. 

hepatica were discovered. In addition, the distribution of many different GSL species in the parasite 

were determined simultaneously with a lateral resolution down to 5 µm. Furthermore, liver tissue from 

F. hepatica infected rats was examined during the migratory, acute phase of the infection. For the first 

time, the GSLs, which may be involved in the in vivo host-parasite interaction, were examined in situ. 

A comparison of nano-HILIC MS/MS data of the acute infection stage to the chronic infection stage 

confirms that GSLs may be important for the direct host-parasite interaction. Distribution images of 

GSL in the tissue also allowed the possible assignment to immune cells for this model system. 

Furthermore, the distribution of GSLs of immature F. hepatica in liver tissue was compared with that 

of isolated adult F. hepatica, thus providing information on metabolic processes during the 

development of the parasite. 
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Publication I - Hepatic Topology of Glycosphingolipids in Schistosoma 

mansoni Infected Hamsters  

In case of infection with S. mansoni, the formation of granulomas around the encapsulated eggs is the 

main cause of pathogenesis.154 However, so far mainly glycoconjugates from the different parasite 

stages have been analysed and especially the host’s GSLs, which are involved in immune response, 

were ignored.173,214,215 Nevertheless, due to the association of glycoconjugates during immune 

response in general, such as cell-cell communication and pathogen recognition, it is necessary to 

elucidate the molecular level of the response for a fundamental understanding of infection.106 This can 

provide support for the development of new drugs or vaccines. Therefore, the aim of this work was to 

establish a global and local profile of GSLs during S. mansoni infection in hamster liver. However, the 

analytical characterization of GSLs is a major challenge. We saw a promising approach in the 

combination of nano-HILIC MS/MS with AP-SMALDI MSI to characterize GSLs both structurally and 

locally.  

To investigate the possibilities of combining these two state-of-the-art methods, we focused on liver 

tissue from S. mansoni-infected hamsters. We analysed liver tissue from bi-sex-infected hamsters (n=3) 

and healthy control samples (n=3). In addition, we analysed liver samples from single-sex-infected 

hamsters (n=3). In contrast to bi-sex-infected hamsters, no eggs are produced. 

In a first step, we established a nano-HILIC MS/MS method for the analysis. In order to map the GSL 

profile as comprehensively as possible, it was essential to use both, the aqueous and the organic phase 

of the extraction of GSL from liver homogenate in combination, for the subsequent desalting using SPE 

cartridges. In addition, it was decided not to separate anionic from neutral GSLs, although this is a 

classic step in the preparation of GSL extracts.112 However, this step would not allow a complete 

analysis of the GSL profile. The gradient for the nano-HILIC MS/MS method was adapted from the 

method published by Bindila et al. with modifications.216 A crucial step in the nano-LC method for the 

sensitive detection of GSLs is the sample injection. Because GSLs can be important for the functions 

despite low concentrations in the tissue, the pre-concentration setup was used for sample injection in 

order to be able to detect GSLs with high sensitivity. For nano-LC applications, pre-concentration was 

used to increase the amount of sample injected compared to direct injection. However, it is necessary 

to optimize various parameters such as the solvent of the sample or switching times of the valve in 

conjunction with the flow rate of the loading pump. Figure 5a shows an example of the final separation 

of the nano-HILIC MS method, which is based on the glycan composition of the GSLs. A good separation 

of the different glycans was achieved. For example, the species NeuAcHexCer 18:1;O2/16:0 and 

NeuGcHexCer 18:1/16:0 (Figure 5b), which have only a minimal structural deviation from each other, 

were also separated.  



21 
 

 

Figure 5: (a) Extracted ion chromatogram (EIC) for GSLs from liver of bs-infected hamsters. (b) EIC of 
NeuAcHexCer 18:1;O2/16:0 and NeuGcHexCer 18:1/16:0 with structures. Although these two species only differ 
in one hydroxyl group, they are still separated by our nano-HILIC method. 

Based on the data-dependent MS/MS spectra, it was possible to elucidate the structure of GSLs in 

terms of glycan sequence and ceramide composition. A total of 59 GSL compounds were identified and 

curated in a database. The high mass resolution and mass accuracy in conjunction with the retention 

time supported the correct identification in the case of an incomplete fragment scheme of the MS/MS 

data. Additionally, a semi-quantitative analysis was performed. Firstly, a principal component analysis 

(PCA) (Figure 6) was used to separate the different groups. Significant differences (p < 0.001) between 

the bi-sex-infected and the other groups were determined at species level. If any significant differences 

in GSLs had been identified, these were upregulations in the bi-sex-infected sample. This was expected, 

as various immune cells, such as T and B cells, macrophages and also eosinophils, are important for 

granuloma formation.155 Based on the PCA analysis, a small difference between the single-sex-infected 

group and the healthy control can be assumed. In fact, significant differences between single-sex and 

non-infected samples can be detected for certain GSL species. One possible explanation is the 

excretion of bacteria and hemosides during a single-sex infection, which accumulate in the liver.217 

There is also the possibility that unpaired parasites are present in the liver and that they induce an 

immune response, leading to an accumulation of inflammatory cells in the blood and liver.218 

Accidental excretion of unfertilised egg-like structures has also been reported.219

 

Figure 6: Principle component analysis of nano-
HILIC MS/MS data in positive-ion mode with “●” for 
bi-sex-infected, “◊” for single-sex-infected, “□” for 
non-infected hamster, and “+” for quality control 
samples. 

After establishing the global GSL profile, the 

localisation of the GSLs in the liver tissue was 

the main requirement to be able to assign 

changes in the GSL profile to histological 

characteristics. To this end, we first optimized 

the matrix application of DHAP by sublimation 

in our laboratory. Compared to other 

frequently used matrices, DHAP showed the 

highest intensity for GSL species during MALDI 

MSI analysis in the mouse brain both, for 

neutral GSLs, measured in positive-ion mode, 

and for acidic GSLs, measured in negative-ion 

mode. 
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The optimized DHAP sublimation protocol was subsequently used to analyse tissue sections from the 

different hamster liver conditions using MALDI MSI. The annotations were guided by the GSL database 

generated by nano-HILIC MS/MS experiments. The distributions of different neutral GSLs in positive-

ion mode were visualized, especially for the liver sections of bi-sex-infected hamsters. With a total of 

21 distribution images for neutral GSLs compared to 31 molecular species in the in-house GSL 

database, a reasonable overlap was achieved. However, due to the high sensitivity of the nano-HILIC 

MS/MS method, a larger number of GSL species was identified by this approach. Similar results were 

obtained in the experiments in negative-ion mode. Here, distribution images could be generated for 

17 of 30 GSL species in the database. 

The importance of the new information about the distribution patterns of the GSLs becomes apparent 

when the MALDI MSI data is evaluated. For this purpose, it is relevant to consider the theoretical 

compositions of the granulomas with the most frequently occurring immune cells displayed in Figure 7. 

The early phase of granuloma development, the so-called pre-granulomatous exudative (PGE) stage, 

is mainly characterized by B and T cells, which accumulate around the S. mansoni eggs. In the further 

course, a disorganized accumulation of various immune cells subsequently leads to an ordered 

structure of the granulomas, which can be divided into three layers. The inner layer around the 

S. mansoni egg, which is formed by eosinophils and macrophages, accounts for the largest proportion 

of the granuloma in terms of cell mass. The cells are surrounded by collagen fibers and hepatic stellate 

cells (HSC), representing the middle layer. B and T cells surround the granulomas as their outer layer. 

This highly organized structure is also known as the exudative-productive (EP) stage.155,220,221 

 

Figure 7: (left) Granuloma model of the pre-granulomatous-exudative (PGE) stage. B and T cells are surrounding 
the S. mansoni eggs. (right) Granuloma model of the exudative-productive (EP) stage, representing a highly 
ordered structure. Eosinophils and macrophages build the inner layer around the egg, surrounded by collagen 
fibers and hepatic stellate cells as a middle layer and B and T cells as the outer layer. In both granuloma stages, 
cell types with low abundance are not included in the scheme. 
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Using the granuloma model in conjunction with the MALDI MSI results, we propose that the 

distributions of different GSL species are not only organism-specific but also immune-cell-specific. 

Figure 8a shows an optical microscopic image of a liver section of a bi-sex-infected hamster before 

measurement and Figure 8b shows a corresponding RGB-overlay ion-image of exemplary selected 

signals in positive-ion mode. The organism-specific complex GSL Fuc3HexNac6HexCer 36:0;O3 for S. 

mansoni eggs is shown in red. In comparison with the optical image, a clear assignment is possible. The 

magnification in Figure 8d suggests that the GSL is only present on the surface of the S. mansoni eggs. 

The lateral resolution of 10 µm allows a clear differentiation of the signal from the surrounding 

granuloma and enables the detection of signals in small histological features such as the S. mansoni 

eggs, which have a size of approximately 117-150 x 40-70 µm. We also detected signals specific to the 

granuloma stages. In Figure 8b, the GSL HexNac2Hex3 34:1;O2 is specific for most granulomas. Based 

on the time of infection and the size of the granulomas, we expected most granulomas to be in the EP 

stage. During this stage, eosinophils and macrophages are the immune cells immediately surrounding 

the eggs. Further experiments are needed to determine for which immune cells this GSL species may 

be specific. We also observed the presence of other GSLs for small granulomas in a few examples. 

Figure 8b shows an example of HexNacHex3 34:1;O2 in blue. Accordingly, this signal could be specific 

for T or B cells surrounding the S. mansoni egg during the PGE stage. 

The comparison with the two other sample groups (single-sex infected, non-infected) clearly supports 

that GSLs in our example reflect immune cell-specific signals. Figures 8f and 8h show the RGB-overlay 

ion-images of the three signals described above as examples for single-sex and non-infected liver 

sections. In both examples, only noise can be recognised and no enhancement of the GSLs is observed. 

 

Figure 8: AP-SMALDI analysis of neutral GSLs. (a) Optical microscopic image of a S. mansoni liver tissue section of 
bi-sex-infected hamster. S. mansoni eggs are indicated by yellow arrows, and orange dotted circles highlight 
granulomas. (b) RGB-overlay ion-image corresponding to the optical microscopic image in (a), showing 
Fuc3HexNac6HexCer 20:0;O3/16:0 ([M+K]+, at m/z 2442.2211) in red, HexNac2Hex3Cer 18:1;O2/16:0 ([M+K]+, at 
m/z 1468.7919) in green and HexNacHex3Cer 18:1;O2/16:0 ([M+K]+, at m/z 1265.7134) in blue. Magnifications of 
(a) and (b) are shown in (c) and (d). Optical microscopic image of liver tissue sections of a non-infected and a 
single-sex-infected hamster in (e) and (g). RGB-overlay ion-images in (f) and (h) corresponding to the optical 
microscopic images (e) and (g), respectively. The same m/z-values as for the bi-sex-infected sample are displayed. 

Compared to the positive-ion mode, selected distribution ion-images for acidic GSL species in the 

negative-ion mode may represent the outer and middle layer of granulomas in the EP stage. Figure 9a 

shows the optical microscopic image before the measurement and in comparison in Figure 9b the 
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distribution for NeuAcHex2Cer 18:1;O2/16:0 in red, which represents the middle layer. All acidic 

glycolipids containing N-acetylneuraminic acid show this distribution, which suggests a specificity for 

collagen fibers or HSC during granuloma formation. This signal is surrounded by NeuGcHex2Cer 

18:1;O2/16:0 in green. This signal could be specific for T and B cells. This assumption is supported by 

the fact that this signal is also observed in non-granulomatous tissue as these immune cells also occur 

in small populations in normal hepatic tissue. 

However, an overlap is apparent between the two species, which leads to a different explanation. The 

enzyme phosphate-N-acetylneuraminic acid hydroxylase, which catalyses the transformation of the 

very similar acidic saccharide NeuAc into NeuGc, is present in hamsters.222 It is therefore possible that 

the simultaneous detection of the many different acidic GSLs provides us with indications of metabolic 

processes in the organism. The detection of the different molecular acidic GSLs is advantageous here. 

It can be observed that the distributions of different NeuGcHex2 species in the liver tissue show 

different distribution patterns. In the case that NeuGcHex2 and NeuAcHex2 have the same ceramide 

motifs, the distribution can be observed as in the example described above. 

In addition, sulfatides can be detected in the negative-ion mode, showing a partially accumulated 

distribution around the granuloma, Figure 9c. This is a good example to demonstrate the increased 

sensitivity of MALDI MSI analyses compared to chromatographic methods. Due to the potentially high 

local concentration, detection by MALDI MSI is possible, but the dilution during the bulk-analysis is too 

high, so that the analyte can no longer be detected. 

 

Figure 9: AP-SMALDI analysis of acidic GSLs. (a) Optical microscopic image of a liver tissue section of bi-sex-
infected hamster. S. mansoni eggs are indicated by yellow arrows, and orange dotted circles highlight 
granulomas. (b) RG-overlay ion-image corresponding to the optical microscopic image in (a), showing 
NeuAcHex2Cer 18:1;O2/16:0 ([M˗H]˗ at m/z 1151.7058) in red, NeuGcHex2Cer 18:1;O2/16:0 ([M˗H]˗ at m/z 
1167.7008) in green. (c) Ion-image corresponding to the optical microscopic image in (a), showing SHexCer 
18:1;O2/16:0 ([M˗H]˗ at m/z 778.5148). 

In addition to the solely visual impressions of the GSL distributions, we also propose an approach to 

make semi-quantitative statements based on MALDI MSI data. For this purpose, we determined the 

total-ion-count-normalized signal intensities per pixel for selected signals in defined ROIs. The results 

shown in Figure 10 for both, the positive-ion mode and the negative-ion mode are comparable with 

the nano-HILIC MS/MS results. It should be noted that the liver sections from bi-sex-infected hamsters 

show comparable levels of GSLs in the healthy liver tissue compared to the single-sex and non-infected 

sample. Only the granuloma region shows increased levels of GSLs, which emphasises the association 

of GSLs with immune cells of the granulomas.  



25 
 

 

Figure 10: Semi-quantitative evaluation of ion-images of Fuc3HexNac6HexCer 20:0;O3/16:0, HexNac2Hex3Cer 
18:1;O2/16:0 and HexNacHex3Cer 18:1;O2/16:0, shown in Figure 8b and NeuAcHex2Cer 18:1;O2/16:0 and 
NeuGcHex2Cer 18:1;O2/16:0 shown in Figure 9b with a 50x50 pixel ROI showing the intensity per pixel for n=3 
with standard error as error bars. Red – bi-sex-infected sample ROI with granuloma included, pink – bi-sex-
infected samples without granuloma included, green – single-sex-infected sample and blue – non-infected 
sample. Black lines centered above two bars indicate the difference between the two corresponding ROIs, with 
“***” representing a significant difference with p < 0.001, “**” with p < 0.01, “*” with p < 0.05. “n.s.” indicates 
a non-significant difference. 

In this work, we were also able to demonstrate the detection of GSLs with 3 µm lateral resolution for 

the first time. In Figure 11b, the signal of HexCer 20:0;O3/16:0 can be clearly assigned to the surface 

of the S. mansoni egg. These experiments demonstrate for the first time the possibility of our 

developed method to track GSL at the cellular level. 

 

Figure 11: High spatial resolution MALDI MSI measurement. (a) Optical microscopic image of a liver tissue section 
of bi-sex-infected hamster showing a granuloma with S. mansoni eggs. (b) RGB-overlay ion-image with 3 µm step 
size using an experimental AP-SMALDI imaging setup, showing HexCer 20:0;O3/16:0 ([M+K]+ at m/z 784.5715) in 
red, HexNac2Hex3Cer 18:1;O2/16:0 ([M+K]+, at m/z 1468.7913) in green and PC 38:1 ([M+K]+ at m/z 854.6042) in 
blue. 
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Publication II – Glycolipidomics of liver flukes and host tissues during 

fascioliasis – insights from mass spectrometry imaging 

During Fascioliasis, GSLs or other glycoconjugates may play an important role in the immune response. 

Studies on GSLs show that they have a high antigenicity or possess host-like GSL structures.188–190 

However, spatially resolved information on the different GSL species is lacking. Therefore, we first 

analysed the GSLs of isolated adult F. hepatica using our previously developed method, the 

combination of nano-HILIC MS/MS and AP-SMALDI MSI. Furthermore, we were interested in the 

immune response of the host. To this end, we analysed the GSL profiles of rat liver in the acute 

infection stage, rat liver in the chronic infection stage and the bile duct in the chronic infection stage 

using nano-HILIC MS/MS experiments. For the rat livers, the livers of healthy rats were also analysed. 

AP-SMALDI experiments were also carried out in order to assign changes in the GSL profile to different 

processes (migration of the parasite and the resulting mechanical and enzymatic damage to the liver 

parenchyma, immune response of the host, liver regeneration) in the rat liver of the acute infection 

stage. 

In total, this study design resulted in six different groups for the nano-HILIC MS/MS experiments, which 

were measured as both biological and technical triplicates. This makes a manual evaluation of the data 

as in the previous project unrealistic, so that the focus was initially on optimising the data evaluation. 

For this purpose, the open-source analysis software MS-DIAL was used in a semi-automatic approach. 

The decisive factor for the identification is that the GSLs have recurring fragments, starting from the 

sugar residue, and also recurring mass differences as neutral losses due to the masses of the saccharide 

building blocks. In addition, there are typical fragments for the sphingoid base of the ceramide motif. 

Taken together, various rules for the MS/MS search option of MS-DIAL can be created and the GSLs 

identified. However, the determination of the sequence of the saccharide head group and the exact 

composition of the ceramide must still be determined manually in the following. Nevertheless, the 

time saving compared to a manual evaluation is enormous and the GSL database created in-house 

comprises all groups together 212 different molecular species. 

A total of 108 different GSLs were identified for isolated F. hepatica alone. The identifications 

correspond to previously published studies by Wuhrer et al. and could be extended further.188,189 It 

should be emphasised that it was also possible to identify many GSLs with ultra-long chain fatty acids 

(ULCFA), example MS/MS shown in Figure 12a. This would not have been possible with existing 

software solutions, which usually have a limited database. In addition, unknown species such as Hex-

HPO3-Hex-Cer 18:0;O3/18:0, Figure 12b, were identified. Similar species specific for F. hepatica with 

the general composition GlcNacα1-HPO3-6Gal(1-1)-Cer have already been identified by Wuhrer et al.189 

However, the biological function of these phosphate-containing species for F. hepatica is unknown. 
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Figure 12: (a) Tandem mass spectrum for HexCer 18:0;O3/h30:0 ([M+H]+ at m/z 930.7978). The fragment ion at 
m/z 282.2791 corresponds to the NII-fragment. The fragment ion at m/z 750.7328 represents the Z0-fragment 
ion with a neutral loss of 180.0650 Da (Hex) from the parent ion. (b) Tandem mass spectrum for Hex-HPO3-Hex-
Cer 18:0;O3/18:0 ([M-H]- at m/z 986.6113). The fragment ion at m/z 241.0098 represents the B2-fragment ion. 
The fragment ion at m/z 403.0619 corresponds to the B3-fragment ion. The fragment ion at m/z 824.5607 
corresponds to the Y2-fragment ion. 

In addition to the identification of GSLs in bulk-analysis, we focused on spatially resolving the GSL 

distributions in F. hepatica. For this purpose, we applied our previously optimised MALDI MSI 

workflow. Based on various examples, we can determine from the distribution of the phosphate-

containing GSL species that they are mainly distributed in the intestine or the tegument, Figure 13. It 

has been shown that the distribution of GSLs is presumably related to the fatty acid of the ceramide 

motif. If this is hydroxylated, it is distributed in the tegument and intestine. However, phosphate-

containing GSLs with non-hydroxylated FAs are primarily accumulated in the intestine. This 

observation may indicate metabolic processes in the parasite. Although they are not capable of de 

novo fatty acid synthesis, they can modify the host's own FAs.223 The comparison of AP-SMALDI MSI 

results with the immature parasites migrating through the liver tissue allows conclusions to be drawn 

about the biological relevance. As shown in Figure 13, the distribution of phosphate-containing GSLs 

with non-hydroxylated FAs of immature F. hepatica is comparable to that of adult F. hepatica. 

However, phosphate-containing GSLs with hydroxylated FAs are hardly detectable. Thus, this group of 

molecular species could be an example to visualise tegument remodelling, a well-known phenomenon 

for F. hepatica.224 Thus, it can be hypothesised that the phosphate-containing GSLs with hydroxylated 

FAs have a higher relevance for adult F. hepatica compared to immature F. hepatica. 
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Figure 13: (a) Haematoxylin and eosin (H&E) staining of a F. hepatica transversal section after AP-SMALDI MSI 
measurement (first row). The F. hepatica pictogram illustrates the transverse sectional plane. Intestine signed 
with asterisks and the tegument with hashes. Optical microscopic image of an immature parasite (second row), 
emphasized by an orange dotted line, surrounded by hepatic tissue. The intestine of the parasite is highlighted 
by red arrows. (b) single-ion image of HexNac-HPO3-Hex-Cer 18:1;O2/18:0 ([M-H]- at m/z 1009.6349). (c) single-
ion image of HexNac-HPO3-Hex-Cer 18:0;O3/28:1 ([M-H]- at m/z 1165.7861). (d) single-ion image of HexNac-
HPO3-Hex-Cer 20:0;O3/18:0 ([M-H]- at m/z 1055.6769) (e) single-ion image of HexNac-HPO3-Hex-Cer 
18:0;O3/h30:2 ([M-H]- at m/z 1207.8279). (f) single-ion image of HexNac-HPO3-Hex-Cer 18:0;O3/h32:2 ([M-H]- at 
m/z 1235.8279). (g) single-ion image of HPO3-Hex-Cer-20:0;O3/h18:0 ([M-H]- at m/z 868.5921). (h) single-ion 
image of HPO3-Hex-Cer-18:0;O3/h30:0 ([M-H]- at m/z 1008.7822. (i) single-ion image of Hex-HPO3-Hex-Cer 
18:0;O3/18:0 ([M-H]- at m/z 986.6187). (j) single-ion image of Hex-HPO3-Hex-Cer 18:0;O3/h18:0 ([M-H]- at m/z 
1002.6136). The AP-SMALDI MSI measurement was performed with 10 µm step size for the adult parasite and 7 
µm for the immature parasite, respectively.  

In addition to the role of phosphate-containing GSLs, the abundance of ULCFA is also striking. In 
addition to the phosphate-containing GSLs (example Figure 13 c,e,f and h), neutral GSLs with ULCFA as 
part of the ceramide were also detected. While the function for F. hepatica is unknown, we may be 
able to learn from mammals. For example, it is known that ceramides with very-long-chain fatty acids 
are important for epidermal permeability.225,226 Therefore, the incorporation of GSLs with various 
ceramides bearing an ULCFA into the glycocalyx could represent a protective mechanism for the 
parasite. 



29 
 

While already gaining a lot of information from the GSL profile and distributions of different GSL 
species in the parasite, the host immune response is equally important to gain a fundamental 
understanding of the infection. Since it is already known that GSLs play a role during the immune 
response, we therefore additionally analysed the GSLs of the host. 
Based on the nano-HILIC MS/MS experiments and data analysis, we can already determine that many 
GSL species are accumulated in the liver tissue during the acute infection compared to the control 
sample, shown in the volcano plot Figure 14b. Especially GSL species with fucose as a saccharide 
building block clearly appear as a major feature. In comparison, the GSL level in the liver tissue during 
chronic infection is normalised compared to the control sample, Figure 14a. Here it can be assumed 
that liver regeneration has already progressed and therefore the liver during the chronic phase reflects 
healthy liver tissue again.227 Compared to the acute stage, where the parasite is actively migrating 
through the liver parenchyma, the liver tissue is not in direct contact with the host during chronic 
infection. During this stage, the parasite is already in the bile duct. Therefore, we analysed the GSLs in 
the bile duct during the chronic phase. As for the liver sample of the acute infection, several GSLs with 
fucose as a component could be identified as an abnormality. Although there was no comparison of 
the bile duct with a control sample, high numbers of GSLs were also observed for this tissue type.  

 

Figure 14: Volcano plot comparing the results from MS-DIAL data analysis for GSLs after normalization. (a) Livers 
from rats at the chronic infection stage were compared to same-aged healthy control livers. (b) Livers from rats 
at the acute infection stage were compared to same-aged healthy control livers. The fold-change threshold was 
set to -1.5 to 1.5 and the significance threshold was set to p < 0.01 for both plots. Red circle corresponds to an 
increased species and a blue circle to decreased species. 

In a next step, we resolved the local GSL profile in the liver tissue of the acute infection stage using AP-

SMALDI. Here, the migration of the immature F. hepatica results in both enzymatic and mechanical 

damage, which provokes an immune response from the host. In addition, liver regeneration processes 

can already begin in parallel.181,227 

Therefore, a spatially resolved GSL profile is essential to identify the possible involvement in the 

different processes. In positive-ion mode, for example, we were able to detect F. hepatica-specific GSLs 

in the tegument and intestine of the immature parasite, Figure 15c. However, it was also possible, for 

example, to detect HexCer 38:1;O2 locally in the parasite, but also in the host tissue (Figure 15c). This 

observation allows two interpretations. Either this species is excreted by the parasite in order to inhibit 

liver regeneration. Another study has already shown that this is possible with glucosylceramides.228 

Another interpretation results from the increased accumulation at the host-parasite interface and the 

centre of tissue damage and the simultaneous apparently low occurrence in healthy tissue. Although 

the presence of eosinophils in healthy tissue is low, eosinophils are known to reduce tissue damage 

during F. hepatica.229 Eosinophils also promote liver regeneration.230 These three aspects combined 

may explain the distribution pattern of HexCer 38:1;O2, and may allow this species to be used as an 

immune cell marker for eosinophils during F. hepatica infection. 
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Figure 15: (a, b) Optical microscopic images of liver tissue sections of rat during the acute infection stage. The 
outlines of the migrating parasites are emphasized with an orange dotted line, and the intestine is indicated by 
red arrows. (c) Positive RGB-overlay ion-image corresponding to (a) with HexCer 36:0;O2 ([M+K]+ at m/z 
768.5750) in red, SM 34:1 ([M+Na]+ m/z 725.5568) in green and HexCer 38:1;O2 ([M+K]+ at m/z 794.5907) in 
blue. The measurement was performed with 10 µm step size. (d) Negative-ion RGB-overlay ion-image 
corresponding to (b), showing NeuAcHex2Cer 40:1;O2 ([M-H]- at m/z 1235.8002) in red, NeuGcHex2Cer ([M-H]- 
at m/z 1279.8246) in green and NeuAcHex2Cer 34:1;O2 ([M-H]- at m/z 1151.7063) in blue. The measurement was 
performed with 7 µm step size. 

The local profile for acidic GSLs obtained by AP-SMALDI experiments in negative-ion mode mainly 

allowed us to detect NeuAc2HexCer/NeuGc2HexCer species. These show an accumulation in the 

connective tissue around the tissue damage, Figure 15d. Thus, we can hypothesise that these species 

may not play a role in direct host-parasite interaction, but are rather important for liver regeneration 

during the infection. This is consistent with the fact that the production of gangliosides, a class of acidic 

glycolipids, is increased several days after partial hepatectomy.231 

In addition to GSLs, the AP-SMALDI MSI data of rat liver during the acute infection stage was 

additionally analysed with regard to other lipid classes to learn as much as possible about the host-

pathogen interaction. During parasite migration, a general decrease in phospholipids is expected, as F. 

hepatica has phospholipases in the tegument, or in vomit, which result in phospholipid 

degradation.232,233 Here, our RPC MS/MS results and MALDI MSI support the decrease in phospholipids. 

Figure 16a shows the optical microscopic image of a liver section during acute infection, which includes 

two tissue lesions. One is directly around the migrating parasite and the other one seems not to be in 

direct contact with the parasite. Using the example of phosphatidylcholine PC 36:4 in Figure 16b in 

green, a reduction of this signal can be seen in the tissue lesions. In the control sample of healthy liver 

tissue, however, a homogeneous distribution is recognisable. Another example of how our data 

generate meaningful distribution images can be described using triglycerides (TGs). An increase of 

neutral glycerolipids in tissue lesions is expected, because it is already known, that TGs are important 

for energy supply during liver tissue repair in partial hepatectomy.234 The distribution of TG 58:8 in 

Figure 16b confirms this, as the analyte is most abundant in tissue damage, whereas it is only 

detectable as noise in the control tissue. Interestingly, the accumulation seems to be highest directly 

around the parasite. This could be a direct effect of the parasite, as it is known to induce oxidative 

stress.235 This in turn can result in an accumulation of TGs.236  
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Figure 16: (a) Optical microscopic image before analysis of a rat liver tissue section during the acute infection 
stage. The outline of the migrating F. hepatica is emphasized with an orange dotted line, and arrows pointing at 
tissue lesions. (b) Positive-ion RG-overlay image corresponding to the optical microscopic image (a), showing TG 
58:8 ([M+K]+ at m/z 969.7308) in red and PC 36:4 ([M+K]+ at m/z 820.5253) in green. (c) Optical microscopic 
image before analysis of a rat liver tissue section during the acute infection stage. The outline of the migrating F. 
hepatica is emphasized with an orange dotted line. (d) Negative-ion RG-overlay image corresponding to (c), 
showing PI-P 38:4 ([M-H]- at m/z 869.5549) in red and PI 34:0 ([M-H]- at m/z 837.5499) in green. MSI 
measurements in this figure were performed with 7 µm step size. 

Due to the high spatial resolution it is also possible to identify lipids that have accumulated at the host-

parasite interface. An example is shown with plasmalogen phosphatidylinositol (PI) 34:0 in Figure 16d 

in red. Other plasmalogen phospholipids also show a similar distribution pattern, which can possibly 

be assigned to immune cells. For example, macrophages are known to be involved in the immune 

response during Fasciola infection and are generally rich in plasmalogen species. In addition, parasite-

specific lipids, such as PI 34:0 in Figure 16d in green were detected. Although not capable of de-novo 

lipid synthesise, F. hepatica can enzymatically modify FAs from the host.223 Future in-depth studies 

seem rational to build a detailed lipid atlas of F. hepatica, which, in conjugation with other localized 

data, will prove beneficial to better understand the fundamental biology of the parasite. 

 

Conclusion 

The objective of this work was to develop a method for analysing GSLs in parasitic samples, focusing 

on both, their identification and spatial localization. Two advanced analytical techniques, nano-HILIC 

MS/MS and AP-SMALDI MSI, were employed to achieve this goal. 

In the first publication, we successfully established a nano-HILIC MS/MS method to analyse the GSL 

profile of hamster livers infected with Schistosoma mansoni for the first time. The liver homogenate 

extraction process was optimized to extract a range of GSLs from simple to complex forms. Sample 

preparation involved minimal processing, limited to the saponification of phospholipids and 

purification via solid-phase extraction (SPE) cartridges. Acidic and neutral GSLs were not separated, as 

the high separation efficiency and sensitivity of the nano-HILIC MS/MS method enabled simultaneous, 

comprehensive analysis of various GSL species. Using the generated database, distribution maps of 

identified GSL species were produced through AP-SMALDI MSI experiments. For these experiments, 

the DHAP matrix application was optimized to achieve high spatial resolution detection, with lateral 

resolutions up to 3 µm. The resulting distribution images of different GSL species within granulomas 

and their structures were correlated with specific immune cell populations and their differentiation. 

The congruence between the relative quantitative results from AP-SMALDI and nano-HILIC MS/MS 

data further validated the method’s applicability for semi-quantitative MSI analysis. 

In the second publication, we demonstrated the effectiveness of the nano-HILIC MS/MS method in 

analysing isolated Fasciola hepatica parasites. To manage the extensive data from six distinct groups 

(including F. hepatica, rat liver during acute and chronic infection, and corresponding controls), a semi-
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automatic data analysis workflow was developed. This approach allowed for the identification of 

previously unknown GSLs, culminating in the creation of a database comprising 212 distinct molecular 

GSL species. This database facilitated the analysis of AP-SMALDI MSI experiments, showcasing, for the 

first time, the distribution of GSLs at the molecular level in both parasite and host tissues. The 

detection of intact molecular species proved crucial, revealing significant differences in the distribution 

of GSLs with similar headgroup compositions in adult F. hepatica, which may hold biological relevance. 

The high spatial resolution also enabled isolated AP-SMALDI analysis of immature migrating F. hepatica 

in liver tissue, with comparisons to adult forms offering insights into tissue remodelling and the roles 

of specific GSLs during developmental stages. As in the first study, GSL distributions in host tissues 

were associated with immune cells, and similar analyses were extended to plasmalogen species. The 

AP-SMALDI MSI technique, while optimized for GSL detection using DHAP, also facilitated the detection 

of other lipid species in the same experiment. These findings linked the distribution profiles of various 

lipid species to processes such as tissue damage and liver repair during F. hepatica infection. 

 

Future Work 

With this work, we provide a comprehensive toolbox for the initial analysis of GSLs in a given sample 

system. These experiments and results lay the foundation for further, more detailed investigations. 

Through our studies, we reduced the number of GLS species, which are potentially involved in host-

parasite-interaction by locally resolving the GSL profile. For instance, we identified GSL species in the 

tegument of F. hepatica, with several of these GSL bearing an ULCFA. In a multimodal approach with 

local transcriptomic data, we may have already revealed pathways of GSLs modification by F. hepatica. 

Here, future knockdown experiments of the four identified elongase genes (D915_006030, 

D915_002071, D915_002072, D915_004203) can help to verify our hypothesis and, more importantly, 

to elucidate the importance of these GSLs for host-parasite interaction.237 

A similar approach can be applied for another finding. As previously described, several GLS species 

with a hydroxylated fatty acid are located within the tegument. Identifying the genes responsible for 

hydroxylation of FA’s in F. hepatica and subsequent knockdown experiments, can help to reveal the 

significance of this small structural feature in a biological context. 

Additionally, we found that F. hepatica potentially converts mono- to trihexosylceramides, with the 

latter being accumulated within the tegument. Therefore, in vitro cultivation of F. hepatica may allow 

the incorporation of chemical probes by utilizing modified monohexosylceramides, for which a large 

variety of derivates is available.238 Subsequent activity-based protein profiling may help to understand 

the mode of action between parasite’s GSLs and the host proteins.  

Besides parasite-specific GLSs, we can associate GSLs to immune cells from the host. As some 

correlations are ambiguous, combination of MALDI MSI results with cell-type specific 

immunohistostaining can strengthen our results. This is important, as the GSL profiles and functions of 

immune cells is dependent on different factors, such as pathogenesis or stage of differentiation.213,239 

For example, GSLs on immune cells during cancer can reduce the apoptosis capacity of the immune 

system.240 It has to be evaluated in more detail, if similar or other functions, like orchestrating 

granuloma formation, are fulfilled of host GSLs during schistosomiasis. For this, inhibitor or 

CRISPR/Cas9 studies targeting metabolic pathways of GSL species can be performed. However, to 

target the right metabolic pathways, the precise structural elucidation of the GSL species, which we 

identified, is required.  

For this, more detailed analysis including distinguishing between monomers (Gal vs. Glc) and 

determining linkage positions are essential. Amidation experiments are already known for N-glycan 

MALDI MSI experiments in order to investigate the isomerism of the linkage of sialic acid.124 In addition 

to the on-tissue derivatisation approach, on-tissue MS/MS experiments may also resolve the 
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distribution of isomers. For example, in nano-ESI MS/MS experiments, a distinction can be made 

between α- and β-hexosylceramides on the basis of the relative intensity of the fragments.241 To 

achieve this level of resolution, however, further improvements in the detection sensitivity of GSLs are 

necessary. One promising strategy is salt doping, which has already been shown to increase signal 

intensity in MALDI MSI experiments for neutral lipids.242 

Therefore, in initial experiments we performed AP-SMALDI MSI experiments with additional salt 

doping for isolated F. hepatica, as we only visualised a limited number of neutral GSL of our in-house 

database during the experiments in publication II. For the salt-doping experiments we also performed 

matrix sublimation of DHAP. Accordingly, a salt solution is sprayed beforehand. In initial screening 

experiments, a 10 mmol/L potassium carbonate solution in methanol/water (3/1, v/v) with 80 µL spray 

volume has proven to be the best approach for our application so far. 

The comparative analysis between AP-SMALDI MSI with salt doping and normal sample preparation is 

presented in Figure 17, focusing on two GSL species. Specifically, Hex3Cer 20:0;O3/h18:0 (depicted in 

Figure 17 b and c) exhibits a consistent distribution across the tegument and abdominal sucker in both 

measurements. On the other hand, Hex2Cer 18:1;O2/24:1 (Figure 17 d and e) only reveals a distinct 

distribution in the salt-doped tissue section. Upon comparison with the H&E staining of a F. hepatica 

longitudinal section (Figure 5a) post-measurement, it is evident that this GSL accumulates in the 

uterus. Overall, our investigation allowed for the local identification of 42 neutral GSLs out of 69 of F. 

hepatica deriving from our nano-HILIC MS/MS database from publication II. These findings are 

visualized in the index images provided in Figure 18. Out of these 42 compounds, only 13 showed the 

same distribution for salt doped experiments compared to normal experiments, highlighted by a red 

box in Figure 18. For the remaining 29 GSLs, we observed either similar distributions with additional 

signal in other histological features of F. hepatica in the salt-doped MSI experiments or exclusive 

detection for the salt-doped experiment. These distinct ion-images are highlighted by a green box in 

Figure 18. 

 

Figure 17: (a) H&E staining of a F. hepatica longitudinal section of the salt-doped experiment after MSI 
measurement. (b) Index image of the Hex3Cer 20:0;O3/h18:0 ([M+H]+ at m/z 1114.7459, [M+Na]+ at m/z 
1136.7279, and [M+K]+ at m/z 1152.7018) of a salt-doped tissue section. (c) Index image of the Hex3Cer 
20:0;O3/h18:0 without salt doping of a consecutive tissue section. (d) Index image of the Hex3Cer 20:0;O3/h18:0 
([M+H]+ at m/z 972.7347, [M+Na]+ at m/z 994.7165, and [M+K]+ at m/z 1010.6904) of a salt-doped tissue section. 
(e) Index image of the Hex3Cer 20:0;O3/h18:0 without salt doping of a consecutive tissue section. The AP-SMALDI 
MSI measurements were performed with 10 µm step size. 

To test the robustness of the salt doping we already performed biological replicate measurements. 

The trend of improved detection of GSLs for salt-doped tissue sections persisted across two additional 

biological replicates, and the corresponding numerical data is detailed in Table 1. For the third 

replicate, we find a non-negligible number of images, where we observe different distributions for salt-

doped and normal F. hepatica sections. However, the results for the biological replicate 1 and 3 

represent a similar number of species showing the same distribution and similar results for improved 
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detectability for salt-doped experiments. In both replicates, parts of the reproductive system were 

analysed. In contrast, the results for the second biological replicate, not bearing histological features 

linked to the reproductive system, show less overlap in total numbers. These results then guided us to 

evaluate the GSLs in the reproductive system. 

Table 1: Comparison of F. hepatica AP-SMALDI measurements with and without additional salt doping for 69 
neutral GSL species identified by nano-HILIC MS/MS experiments. 

biological 
replicate 

matching 
distribution 

only/additional distribution for 
salt doped experiments 

different 
distribution 

not 
detected 

1 13 29 1 27 
2 23 20 - 26 
3 12 31 9 17 

We found, that the more intricate GSL structures are frequently localized in histological features like 

uterus or vitellarium. This underscores the potential significance of complex GSLs in the reproductive 

processes of F. hepatica. Therefore, we performed AP-SMALDI MSI measurements with a salt-doped 

F. hepatica longitudinal tissue section bearing several intact eggs. Indeed, the five-monosaccharide-

containing species Hex5Cer 18:1;O2/24:1 shows an accumulation in the eggs as shown in Figure 19. For 

S. mansoni it is known that high-mannose N-glycans can drive the immune response, and that 

glycosylated antigens from the schistosome eggs polarize the Th2 immune response.243 It is tempting 

to speculate that similar mechanisms appear for F. hepatica eggs when deposited in the bile duct, of 

which some enter the bile duct tissue. 



35 
 

 



36 
 

 



37 
 

Figure 18: Salt doping experiments with a longitudinal F. hepatica tissue sections for the first biological replicate. 
Index images of the protonated, sodiated and potassiated adduct for 69 neutral GSLs are shown. For each ion-
image, two measurements were stitched to one hypercube, with the salt-doped experiments above the normal 
AP-SMALDI experiments from a consecutive tissue section. A mass deviation of ± 5 ppm was used for the 
generation of the images. The AP-SMALDI MSI measurements were performed with 10 µm step size. 

Overall, our salt doping methodology has improved the MALDI MSI outcome, revealing the additional 

distribution of many more GSLs compared to MSI experiments without salt doping. While consistent 

with results of a previous study, our use of potassium carbonate in conjunction with DHB matrix, 

though not as potent as the combination with DHAP matrix, represents a novel approach for AP-MALDI 

MSI. Notably, the resulting index images without salt doping exhibited satisfactory quality, but the 

application of salt doping provides a decisive advantage. To enhance the detection of species near the 

limit of detection, the addition of an excess of a specific adduct ion, in our case the potassium ion, 

proved beneficial. Notably, our experimental parameters are compatible with high spatial resolution 

AP-SMALDI MSI experiments, as wash-out effects were not observed. While we only conducted a brief 

screening to identify the optimal salt doping conditions, future in-depth studies would be valuable to 

optimize salt doping conditions under AP-MALDI MSI analysis.  

 

Figure 19: (left) H&E stained transversal F. hepatica section after AP-SMALDI MSI (left). (right) Ion-image showing 
the accumulation of Hex5Cer 18:1;O2/24:1 ([M+K]+ at m/z 1496.8489) in F. hepatica eggs. 
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