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1. Introduction 

Mass spectrometry is a frequently used technique for tissue-based biomarker discovery as it holds 

immense potential for uncovering the biochemical processes causing tumorous malfunctions. Tissues 

are advantageous over biofluids (e.g. blood and urine), since there are many high-abundance proteins 

present in the latter, making the analysis more difficult. Investigating tissues allows the measurement of 

low-abundance components involved in pathogenesis. Tissue microarrays (TMAs) contain 0.5–2 mm 

core biopsies of either healthy or diseased patients fixed on a microscopic slide, pathological tissue slices 

may provide even 1-2 cm diameter areas. Tissue sections are most frequently investigated by 

immunohistochemistry, however, with the development of bioinformatics and instrumental analytical 

techniques, mass spectrometry-based methods (e.g. MALDI-imaging) started to gain space in their 

analysis, too. Due to the limited sample amount and low concentration of investigated compounds, 

methods of high sensitivity and selectivity are a necessity. 

Coupled techniques (especially capillary HPLC-MS/MS) are suitable for the qualitative and quantitative 

analysis of complex biological samples. However, the use of specific sample preparation and 

measurement methods is necessary along with bioinformatics and statistical data evaluation.  

The main goals of the projects described in my Ph.D. thesis were the development of capillary 

HPLC-MS and sample preparation methods for deciphering glycosaminoglycans (GAGs) present in 

tissues. The investigated components include heparan sulfate (HS) and chondroitin sulfate (CS) 

glycosaminoglycans since those bear the largest structural variability in the GAG family. Formalin-

fixed, paraffin-embedded tissue samples were used; bringing the main advantage of pathologically well-

characterized samples. Thus, the differences between different tumor types and healthy tissue can be 

investigated retrospectively within the range of several decades.  

Studies were aimed at improving tissue surface digestion, extraction, purification, capillary HPLC 

separation, and MS analysis of the GAGs. I aimed to characterize extensively the efficiency and 

reproducibility of the methods used to digest polysaccharide chains. To increase the sensitivity of the 

HPLC separation, I prepared self-packed capillary columns that allow the separation of glycans based 

on weak anion exchange (WAX) and hydrophilic interaction chromatography (HILIC). During the 

development of the chromatographic methods, a detailed mapping of the separation mechanism proved 

to be necessary. Based on the acquired information, I developed HILIC-based salt gradient methods for 

the separation of sulfated disaccharide building blocks of HS and CS chains. 

Using the developed methods, my goal was to answer two biological questions. I examined cirrhosis 

and hepatocellular carcinoma human liver sections with different etiologies to map whether the origin 

of the disease affects the amount and structure of tissue GAGs. In addition, I aimed to perform a large-

scale study on the GAG compositions in benign prostatic hyperplasia (BPH) and prostate cancer (PCa) 

tissues to map the biochemical processes responsible for the diseases. 
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2. Background 

2.1. Proteoglycans, glycosaminoglycans 

The local environment of the cells (stroma) consists of host cells and extracellular matrix (ECM). The 

ECM is a set of biomolecules that interact with each other. Its main components are fibrous proteins that 

provide strength and flexibility (e.g. collagens and elastins), glycoproteins responsible for adhesion (e.g. 

fibronectin, laminin), and proteoglycans (PGs) that form matrix macrocomplexes to create a hydrogel 

structure1.  

GAGs are long linear polysaccharides built up of repeating disaccharide units. They can mainly be found 

on the cell surface attached to syndecan or glypican core proteins or in the ECM attached to e.g. aggrecan 

and perlecan. The repeating disaccharide units consist of a hexuronic acid or galactose and an 

N-acetylhexosamine. Based on the type of building blocks, four GAG classes can be determined: 

hyaluronan (HA), keratan sulfate (KS), chondroitin sulfate/dermatan sulfate (CS/DS), and 

heparin/heparan sulfate (Hep/HS). Except for HA, the GAG chains can be sulfated at various positions 

depending on the class and the functions of the respective molecules. GAGs show substantial 

heterogeneity in molecular mass and the positions and extent of sulfation as well. 

HS carries the largest structural variability of all; the varying degrees of sulfation and the domain-like 

enzymatic epimerization of glucuronic acid residues into iduronic acid makes the GAG class considered 

to be the most information-rich from a biological point of view2. Chondroitin sulfate (CS) is the most 

abundant GAG in the human body, and liver cancer has previously been shown to increase the amount 

of connective tissue regions, resulting in increased CS synthesis3. Therefore, in our work, we focused 

on the examination of these two GAG classes. Changes in the ratio of the building block with different 

sulfation motifs may be descriptive of several diseases. Differences in the sulfation pattern of healthy 

and cancerous tissues have been observed4. Moreover, structural and quantitative changes of GAGs and 

PGs may play a role in tumor progression5.  

2.2. HPLC-MS analysis of glycosaminoglycans 

GAGs are highly acidic molecules with loosely-bound sulfate groups and the different possible sulfation 

positions provide large structural variability. Thus their mass spectrometry investigation is rather 

challenging6. Native glycans are chemically labile, therefore, special care should be taken to avoid in-

source fragmentation during electrospray ionization (ESI). There are several methods available for the 

chromatographic separation of the Δ4,5-unsaturated CS and HS disaccharides (Fig. 1, Fig. 2) produced 

by enzymatic digestion of GAG chains. Since the detection is based on fluorescence or MS, most 

methods use MS-friendly solvents.  

Reversed-phase chromatography (RP-HPLC) is the most commonly used chromatographic method, but 

it is not suitable for the determination of native GAG disaccharides and oligosaccharides, since they are 

                                                 

1 A.D. Theocharis, S.S. Skandalis, et al., Extracellular matrix structure, Advanced drug delivery reviews. vol. 

97 (2016). pp. 4-27. 
2 U. Lindahl, M. Kusche-Gullberg, et al., Regulated Diversity of Heparan Sulfate, J. Biol. Chem. vol. 273 

(1998). pp. 24979-24982. 
3 K. Baghy, P. Tátrai, et al., Proteoglycans in liver cancer, World journal of gastroenterology. vol. 22 (2016). 

pp. 379-393. 
4 A. Nagarajan, P. Malvi, et al., Heparan Sulfate and Heparan Sulfate Proteoglycans in Cancer Initiation 

and Progression, Frontiers Endocrin. vol. 9 (2018). 
5 R.D. Sanderson, Y. Yang, et al., Proteoglycans and Cancer, in Cell-Extracellular Matrix Interactions in 

Cancer, R. Zent and A. Pozzi, Editors. 2010, Springer New York: New York, NY. pp. 191-215. 
6 J. Zaia, Principles of mass spectrometry of glycosaminoglycans, in Biomacromolelcular Mass 

Spectrometry, S. König, Editor. 2005, Nova Science Publishers. pp. 3-36. 
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not retained on RP stationary phases due to their polarity. Hydrophobicity may be gained by 

derivatization or by using ion-pairing agents7. However, the use of multi-step derivatization processes 

is not advisable when working with limited sample amounts. 

Porous graphite chromatography (PGC) can also be applied for the analysis, and this way even positional 

isomers can be resolved8. However, the triply sulfated D2S6 shows insufficient elution characteristics, 

long washing and equilibration times are necessary, and the lifetime of the stationary phase is much 

lower than that of the silica-based ones. 

Recently, HILIC chromatography is the most commonly used method due to the diversity of stationary 

phase chemistries and its compatibility with MS-coupling9. A potential disadvantage of this method is 

that the polarity - and thus the retention - of non-sulfated (D0A0 and D0a0) and multiply sulfated (e.g. 

D2S6) disaccharides is very different, which requires a compromise between the analysis time and the 

sufficient retention. However, the latest developments allow even the resolution of CS positional isomers 

and the detailed structural characterization of GAG chains10,11.  

 

Figure 1. Chemical structure, traditional nomenclature, and Lawrence-code of CS disaccharide 

digestion products after lyase digestion.  

 

 

Figure 2. Chemical structure, traditional nomenclature, and Lawrence-code of HS disaccharide 

digestion products after lyase digestion. 

                                                 

7 B. Yang, A. Weyers, et al., Ultra-performance ion-pairing liquid chromatography with on-line 

electrospray ion trap mass spectrometry for heparin disaccharide analysis, Anal. Biochem. vol. 415 (2011). 

pp. 59-66. 
8 N.G. Karlsson, B.L. Schulz, et al., Use of graphitised carbon negative ion LC-MS to analyse enzymatically 

digested glycosaminoglycans, J Chrom B. vol. 824 (2005). pp. 139-147. 
9 J. Wu, J. Wei, et al., Sequencing Heparan Sulfate Using HILIC LC-NETD-MS/MS, Anal. Chem. vol. 91 

(2019). pp. 11738-11746. 
10 S. Poyer, I. Seffouh, et al., Discrimination of sulfated isomers of chondroitin sulfate disaccharides by 

HILIC-MS, Anal. Bioanal. Chem. vol. 413 (2021). pp. 7107-7117. 
11 J. Wei, J. Wu, et al., Characterization and Quantification of Highly Sulfated Glycosaminoglycan Isomers 

by Gated-Trapped Ion Mobility Spectrometry Negative Electron Transfer Dissociation MS/MS, Anal. 

Chem. vol. 91 (2019). pp. 2994-3001. 
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Samples are usually subjected to various sample preparation steps prior to HPLC-MS analysis, such as 

tissue surface digestion, extraction, solid-phase extraction (SPE) purification, and enrichment. In most 

cases, the solvents used are not compatible with the previous/subsequent methods, so a solvent change 

is required between each step. The easiest way to do this is to evaporate the samples and then reconstitute 

them in the desired solvent. Our previous experience has shown that significant losses can occur during 

these evaporation steps, however, there are only a few examples in the literature of stability and recovery 

problems encountered in the analysis of the GAG cause. Volpi et al. investigated the stability of intact 

CS chains under several temperatures and pH conditions12, while Zaia et al. showed that 12-20% loss in 

monosulfated CS disaccharides is expected during solvent evaporation13. Based on the above-mentioned 

examples, significant changes in their structure may occur under certain conditions but this has not been 

systematically investigated before. 

2.3. Chronic liver diseases, cirrhosis, hepatocellular carcinoma 

Liver disease is responsible for approximately 2 million deaths worldwide each year, half of which is 

due to cirrhosis and the other half to complications from viral infections and hepatocellular carcinoma 

(HCC). HCC is thus the fifth most common type of cancer and has one of the highest mortality rates14.  

During fibrosis, damaged liver tissue is replaced or covered with collagen-rich scar tissue (fibrogenesis). 

The normal wound healing process is not terminated, so an abnormally large amount of connective tissue 

is produced and deposited in the liver. Cirrhosis develops during liver fibrosis and is a more advanced 

form when even the liver's vascular network is damaged. This affects the portal and arterial blood supply, 

blocking the flow between the sinusoids and the adjacent liver parenchyma15. Etiology is the origin or 

the cause of a disease. As many pathological and acute liver diseases are known, this can vary widely in 

cirrhosis and hepatocellular carcinoma. The most common etiologies are the following: Hepatitis B and 

C virus infection (HBV, HCV), alcoholic liver disease (ALD), and non-alcoholic fatty liver disease 

(NAFLD). In addition, primary sclerosing cholangitis (PSC), primary biliary cholangitis (PBC), 

hereditary hemochromatosis, and autoimmune hepatitis (AiH) in women also appear. Patients with 

cirrhosis of any of the above-mentioned etiologies have a significant risk of developing hepatocellular 

carcinoma (HCC)16.  

However, early detection of the disease is difficult in the absence of sufficiently specific biomarkers.  

The biomarker currently accepted for the identification of HCC is a change in blood levels of alpha-

fetoprotein (AFP); its increased amount indicates the presence of a tumor. This method is rapid, but its 

reliability varies considerably depending on the stage (i.e. progression) and size of the tumor and other 

inflammatory processes present in the body17.  

Most of the research on chronic liver disease nowadays investigates fibrotic, cirrhotic, and HCC but the 

etiology of these diseases is usually overlooked. Consideration of etiology may be key in describing 

                                                 

12 N. Volpi, A. Mucci, et al., Stability studies of chondroitin sulfate, Carbohydr. Res. vol. 315 (1999). pp. 345-

349. 
13 J. Zaia, C.E. Costello, Compositional Analysis of Glycosaminoglycans by Electrospray Mass 

Spectrometry, Anal. Chem. vol. 73 (2001). pp. 233-239. 
14 A.K. Singh, R. Kumar, et al., Hepatocellular Carcinoma: Causes, Mechanism of Progression and 

Biomarkers, Curr Chem Gen Translat Med. vol. 12 (2018). pp. 9-26. 
15 D. Schuppan, N.H. Afdhal, Liver cirrhosis, The Lancet. vol. 371 (2008). pp. 838-851. 
16 A.M. Moon, A.G. Singal, et al., Contemporary Epidemiology of Chronic Liver Disease and Cirrhosis, 

Clinical gastroenterology and hepatology : the official clinical practice journal of the American 

Gastroenterological Association. vol. 18 (2020). pp. 2650-2666. 
17 M. Morimoto, K. Numata, et al., Novel Lens culinaris agglutinin-reactive fraction of α-fetoprotein: a 

biomarker of hepatocellular carcinoma recurrence in patients with low α-fetoprotein concentrations, 

International journal of clinical oncology. vol. 17 (2012). pp. 373-379. 
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molecular mechanisms, as proteoglycans promote the internalization of many particles into the cells, 

including viruses. For example, in the case of Hepatitis C and COVID-19 viruses, it has been clearly 

shown that internalization is affected by cell surface syndecans18,19.  

2.4. Prostate cancer 

The currently used diagnostic methods to identify prostate cancer (PCa) are measuring blood levels of 

prostate-specific antigen (PSA) and assessing the size and structure of the prostate using digital rectal 

examination (DRE) or magnetic resonance imaging (MRI). Pathological evaluation of tissue biopsies 

can be used to determine the risk assessment of the disease. Several parameters are routinely used to 

estimate the outcome of prostate cancer, and thus to make appropriate treatment decisions. Pre-treatment 

PSA levels, clinical T-stage, and Gleason score based on pathological examination of biopsies may all 

predict potential PCa endpoints20. However, these markers are far from perfect for risk assessment thus 

unnecessary surgical interventions are performed in many cases. To avoid unwanted surgeries, it is 

important to study potential novel markers for more accurate therapy decisions. In the case of prostate 

cancer, only limited data are available on changes in proteoglycans yet, but the signaling pathways 

mediated by PGs play a role in the progression of the disease. Highlighting some examples, versican 

(CSPG), decorin, biglycan (CS/DS-PG) play important roles in signal transduction and tissue 

organization. An inhibitory function has been shown for both EGFR and androgen receptor signaling 

pathways for decorin, which may be of particular relevance in subsequent multi-target therapies21.  

3. Experimental methods 

3.1. Liquid chromatography-mass spectrometry 

In the first step of my work, I developed HPLC-MS methods for the quantification of chondroitin sulfate 

and heparan sulfate disaccharides. Self-packed capillary columns were prepared and mounted to the 

nanoHPLC-MS system. The column temperature was adjusted to 45 °C with an externally controlled 

capillary thermostat. 

I mapped the behavior and retention mechanism of the applied HILIC-WAX stationary phase using an 

HS disaccharide standard mixture. The effect of salt concentration and solvent composition was 

examined in isocratic measurements with a 3x10 factorial design. Acetonitrile contents of 75%, 50%, 

and 25% were used to test the eluent composition. Ammonium formate was added to each solvent 

compositions in the concentrations of 5 mM, 10 mM, 15 mM, 20 mM, 25 mM, 30 mM, 35 mM, 45 mM, 

55 mM, and 65 mM. Next, I designed and optimized ammonium formate salt gradient methods for the 

separation of both HS and CS disaccharides with a 75:25 v/v ACN: water (pH 4.4) solvent composition. 

During the development of chromatographic methods and the study of the stability of CS disaccharides, 

the following instrument was used: Waters QTOF Premier hybrid quadrupole - time of flight analyzer 

mass spectrometer in negative ionization mode. For the measurement of the tissue samples, a Waters 

Select Series Cyclic Ion Mobility Mass Spectrometer was used. HS disaccharides were measured in 

MS1 mode, while CS disaccharides were measured in MS1 and MS/MS modes to differentiate between 

the monosulfated isomer pair (D0a4 and D0a6). 

                                                 

18 Q. Shi, J. Jiang, et al., Syndecan-1 serves as the major receptor for attachment of hepatitis C virus to the 

surfaces of hepatocytes, Journal of virology. vol. 87 (2013). pp. 6866-6875. 
19 F. Ogawa, Y. Oi, et al., Temporal change in Syndecan-1 as a therapeutic target and a biomarker for the 

severity classification of COVID-19, Thrombosis journal. vol. 19 (2021). pp. 55. 
20 G. Rodrigues, P. Warde, et al., Pre-treatment risk stratification of prostate cancer patients: A critical 

review, Canadian Urological Association journal = Journal de l'Association des urologues du Canada. vol. 6 

(2012). pp. 121-127. 
21 Y.P. Hu, H.G. Sun, et al., Decorin Suppresses Prostate Tumor Growth through Inhibition of Epidermal 

Growth Factor and Androgen Receptor Pathways, Neoplasia. vol. 11 (2009). pp. 1042-1053. 
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3.2. Stability and recovery of CS disaccharides 

To investigate the effect of the sample preparation steps on recovery, I used a heated vacuum evaporator 

(55 °C) and a lyophilizer (-110 °C) and aqueous solutions. Further testing of the heated vacuum 

evaporation and storage stability of the disaccharide mixtures the following solvent mixtures were used: 

(A): 90:10 v/v ACN:water, (B): 75:25 v/v ACN:water, (C): 10 mM ammonium formate (pH = 4.4) in 

75:25 v/v ACN:water, (D): 50:50 v/v ACN:water, (E): 75:25 v/v MeOH:water és (F): 10 mM ammonium 

formate (pH = 4.4) in 75:25 v/v MeOH:water. 

3.3. Investigation of tissue samples 

The formalin-fixed, paraffin-embedded (FFPE) tissues were first deparaffinized, and then we performed 

an antigen retrieval process. Then GAG chains were enzymatically digested. Chondroitinase-ABC was 

used to digest chondroitin sulfate, and a 5:1:1 mixture of Heparin lyase I-II-III was used to digest the 

heparan sulfate content of the tissues. The resulting GAG disaccharide mixture was then purified in a 

graphite+C18 pipet tip centrifugal SPE system. Finally, HPLC-MS measurements and statistical analysis 

(where appropriate) were performed. The workflow is shown in Fig. 3.  

 

Figure 3. The workflow applied for the investigation of liver and prostate FFPE tissue sections. 

3.4. Data evaluation and visualization 

Selected ion chromatograms were integrated with the QuanLynx add-in of the Waters MassLynx 4.2. 

Data visualization was performed using Microsoft Excel, Origin, R in RStudio 1.4.1106, box-whisker 

plots were prepared with ggplot2 package. The effect sizes (Cohen f2) and the resulting minimum 

number of samples (α = 0.05, and 1-β = 0.9) were calculated using pwr package. 

The normality of each sample group compared (combinations of GAG chains and Risk Groups) was 

tested using Shapiro-Wilk tests. Multiple sample comparisons were performed using Kruskal-Wallis 

tests. In the case of Kruskal-Wallis significant GAG chains, two-sample comparisons were performed. 

For normally distributed data equal variance assumptions were checked using F tests. Based on the 

results, t-tests, Welch t-tests, and Wilcoxon rank-sum tests were carried out.   
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4. Results 

4.1. Method development and characterization 

Due to the small sample amounts available on the tissue sections (10-100 µg of total tissue mass) and 

the low concentration of the target components, the use of sample preparation and separation methods 

with the best selectivity and sensitivity is required. An important step during the method development 

phase was the optimization of the sample preparation methods used for the GAG-omics studies and the 

method development for the rapid chromatographic separation of HS and CS disaccharides. 

The investigated compounds are disaccharides with varying extent and position of sulfation, thus having 

a quite large polarity distribution. Therefore their separation in one run necessitates the use of special 

techniques. A mixed-mode stationary phase based on hydrophilic interaction and weak anion exchange 

(HILIC-WAX) was selected for the task.  

The effect of the quality and concentration of the used solvents and salts on the separation efficiency 

was mapped in detail. The use of 75% acetonitrile - 25% water and ammonium formate salt (pH 4.4) as 

eluent was found to provide excellent efficiency. In the first step, we developed an isocratic method for 

the separation of HS disaccharides using a self-packed 100 µm i.d. capillary HILIC-WAX column. This 

method provided outstanding efficiency for the measurement of HS disaccharides, however, due to 

technical difficulties in using a nanoelectrospray (nanoESI) source, we considered it worthwhile to 

create a “hybrid” system with a nanoHPLC, 250 µm i.d. capillary column, and a normal ESI source. 

We found that the HS disaccharides with varying rates of sulfation react interestingly to changes in 

solvent and salt content. Sensitivity decreases with decreasing acetonitrile content in terms of both peak 

areas and peak intensities (Fig. 4/A, B). This is due to the decreasing ionization efficiency and the 

significant peak broadening together.  

 

 

Figure 4. Average peak area (A), average peak intensity (B), and average signal-to-noise ratio (C) of 

HS disaccharides as a function of acetonitrile content and salt concentration of the mobile phase.  
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The increasing salt concentration (moving from bottom to top in the figures) had only a small effect on 

the peak areas, however, peak intensities and S/N values increased significantly due to the narrower 

peaks (Fig. 4). These results indicate that the decrease in ionization efficiency due to the high salt 

concentration is negligible. In contrast to these unidirectional trends, a different phenomenon can be 

seen in the resolution of singly and doubly sulfated HS disaccharides, respectively, which are difficult 

to separate components. While the resolution of monosulfated components is maximal at low salt 

concentrations, the resolution of doubly sulfated components increases with increasing salt 

concentration. This raised the potential for a future salt gradient. 

Using 75% acetonitrile, the retention mechanism is quite complex. Under these conditions, the effect of 

HILIC function on retention becomes dominant, whereas the WAX function influences the retention of 

components during the formation of electrostatic repulsion-hydrophilic interaction chromatography 

(ERLIC) interactions instead of solely ionic interactions. Thus, separation is determined by a 

combination of the HILIC and ERLIC mechanisms. This is supported by the increase in retention of 

non-sulfated and monosulfated components compared to the higher water-content separations (i.e. 50% 

or 25% acetonitrile). On the other hand, the retention of doubly- and triply-sulfated components is 

significantly reduced due to the conversion of strong WAX interactions to HILIC and ERLIC. The 

increase in selectivity between the equally charged N-acetylated and N-sulfated components is due to 

the following reason. N-sulfation significantly reduces the electron density of the nitrogen atom, 

therefore significantly reducing the likelihood of protonation, resulting in less ERLIC effect (less 

electrostatic repulsion). Therefore, the retention of the N-sulfated components (D0S0 and D2S0/D0S6) 

is increased compared to their N-acetylated (D2A0/D0A6 and D2A6) counterparts, respectively. 

Based on the above-mentioned findings, we developed ammonium formate salt gradient methods for the 

separation of both CS and HS disaccharides. The methods were partially validated and they provide 

outstanding efficiency for the separation of the two GAG classes (Fig. 5).  

 

Figure 5. Selected ion chromatograms obtained using the developed methods for the separation of HS 

(A) and CS (B) disaccharides.  
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4.2. Stability and recovery of CS disaccharides 

Evaporation of sample solvents is a common practice during multi-step sample preparation processes to 

eliminate solvent incompatibility issues between the steps. Two techniques are widespread for solvent 

evaporation: heated vacuum evaporation and lyophilization. Samples dissolved in 10 µL HPLC-MS 

water, 100 µL HPLC-MS water, and 100 µL 100 mM ammonium bicarbonate were evaporated in 

4 technical replicates using both techniques. The 10 µL samples were used for modeling evaporation 

after on-tissue digestion and low volume HILIC-SPE purifications. The 100 µL sample volumes were 

used to model in-solution digestion and high volume graphite SPE purification, while 100 mM 

ammonium bicarbonate was used to model the effect of digestion buffer on the evaporation method 

examined.  

When comparing evaporation techniques, we found that sample loss was significantly lower when using 

a heated vacuum evaporator than lyophilization. Evaporations from various solvents have shown that 

the loss during solvent evaporation from aqueous solutions was approximately 20%, but when using 

organic solvents, this value can be as high as 50%. During storage at 4 °C, the stability of the samples 

in the commonly used injection solvents was found to be satisfactory for up to 12 hours. However, in 

the case of longer storage, it is worth paying attention to the solvent used, as the decomposition of the 

samples was faster in the case of methanol-containing solvents than in the case of acetonitrile-containing 

solvents. 

4.3. Investigation of chronic liver diseases 

Cirrhosis and HCC may both be associated with various etiologies, such as alcoholic liver disease, fatty 

liver, primary sclerosing cholangitis (PSC), and HBV and HCV viral infections. We aimed to map the 

effect of these etiologies on the CS and HS content of liver tissues in the course of a pilot study  

(3-4 samples per group), and then to perform a detailed sample size calculation for the design of a 

subsequent large-scale study. We compared PSC-, HBV-, and HCV-associated cirrhosis, HCC with 

alcoholic liver disease-associated cirrhosis (ALDC), HBV, and HCV infection etiologies, and the cancer 

adjacent cirrhotic liver parenchyma (KCMP). Due to the small sample size, it was not possible to 

perform a detailed statistical analysis. 

Interestingly, the CS content of the KCMP tissues showed similar CS content to that of virus-associated 

HCC tissues, while cirrhotic and ALDC-HCC tissues had lower CS contents (Fig. 6). 

 

Figure 6. The total intensity of chondroitin sulfate with respect to the etiology of cirrhosis and HCC. 
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However, due to the significant interpatient variability, the groups cannot be distinguished. There is a 

considerable difference between HBV- and HCV-associated cirrhosis. In the latter case, there was a 

1.65-fold lower CS intensity than in HBV-derived cirrhosis (Fig. 6). No similar trends were observed in 

HCC: HCCs of viral etiologies had the same amount of CS, which was approximately 1.8-fold higher 

than alcoholic cirrhosis-associated HCCs. ALDC-associated HCC had a lower level of CS, while HCCs 

with viral etiologies have higher levels of CS compared to the KCMP. It is also important to mention 

that the variance of the results for HCC is significantly higher than for the other groups except for 

PSC-derived cirrhosis. From this, we can conclude that the interpatient variability of molecular patterns 

increases in cancer. 

Next, we examined the sulfation pattern of the CS chains, i.e., the relative intensity of each 

disaccharide normalized to the total amount of CS. Comparing the HCC and adjacent cirrhotic 

parenchyma, there is no significant difference in the sulfation pattern, however, the range of measured 

data is ca. twice as high for HCC samples. In the case of cirrhotic, there are considerable differences 

between groups of different etiologies and relative to the KCMP. The most significant of these is the 

difference in the sulfation position of monosulfated CS disaccharides (6S/4S ratio). PSC-associated 

cirrhosis results in a completely different sulfation pattern than all other sample groups. Elevated  

6-O-sulfation rates were observed in all cirrhotic and HCC groups compared to KCMP, with 

ALDC-associated HCC and PSC-associated cirrhosis having the highest rates. 

In summary, significant differences were observed in the total amount of CS chains in all investigated 

comparisons, however, the sulfation pattern showed significant differences only in cirrhosis. HCC 

resulted in the same sulfation patterns as KCMP regardless of the etiology. 6-O-sulfation is dominant in 

all the groups studied and significant differences in the proportion of D0a6 disaccharide in pairwise 

comparisons were observed in cirrhotic samples. 

Considerable differences were observed in the total amount of HS chains (Fig. 7). In cirrhotic samples, 

the total amount of HS was on average 1.5-fold lower, while in HCC it was 3.5-fold higher than in 

KCMP, resulting in an overall difference of 5.2-fold between cirrhosis and HCC. Observing the 

dependence of the etiology of cirrhosis samples, it can be seen that in HBV-associated cirrhosis the 

amount of HS is 2.6–2.8 times lower compared to the other two groups. This tendency is opposite to 

that observed in the total amount of CS chains, where HCV-derived cirrhosis was found to be 1.7-fold 

lower than HBV-derived cirrhosis (Fig. 6). This opposite trend was not observed in other pairwise 

comparisons.  

 

Figure 7. Total intensity of HS chains with respect to the etiology of cirrhosis and HCC. 
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Next, the sulfation pattern of HS chains was also examined. The proportion of non-sulfated and 

monosulfated disaccharide building blocks (D0A0, D2A0, D0A6, D0S0) was dominant in most cases. 

The proportions of the doubly and triply sulfated disaccharides (D2A6, D2SO, D0S6, D2S6) and the 

changes they showed were smaller. 

We have observed that the etiology of the diseases had a significant effect on the sulfation of both CS 

and HS chains. A direct correlation between the sulfation rates of the two GAG classes was observed 

only in the case of PSC-associated cirrhosis, as both CS and HS were significantly less sulfated than in 

the other groups studied. No significant one-way or opposite changes were observed for HBV-HCV and 

ALDC-associated samples. 

4.4. Investigation of prostate cancer 

We examined FFPE tissue sections of patients diagnosed with either benign prostate hyperplasia or 

prostate cancer. In my Ph.D. thesis, first, a brief general characterization of BPH and PCa samples taken 

during different surgical procedures was shown. Then, I presented the differences according to the risk 

stratification generally used for all cancer types based on Gleason grades. The results of the latter 

comparisons are summarized in the thesis statements. The analysis was based on the total amount and 

the sulfation pattern of CS and HS, the average degree of sulfation (number of sulfate groups per 

disaccharide unit), and the change in sulfation position (CS 6S/4S ratio, and HS O/N-sulfation ratio). 

4.4.1. Total amount of GAGs 

We observed a significant increase in the total amount of CS chains in PCa tissues compared to BPH. 

In the low-risk group, this increase was 1.61-fold (p=0.0197), in the intermediate-risk group 1.88-fold 

(p=0.0361), and in the high-risk group 1.94-fold (p=0.0032). No statistically significant differences were 

observed between the risk groups, however, there was a small increase in mean and median with PCa 

progression (Fig. 8/A). The changes described suggest that an increase in the amount of CS chains may 

predict tumor development at an early stage in the development of prostate cancer, and there may also 

be an association between the amount of CS chains and tumor aggressiveness. There was also a small 

increase in the amount of HS chains (1.32–1.42-fold) in PCa tissues compared to BPH, however, in this 

case, only the increase in the amount of HS in the low-risk group was found to be statistically significant 

(Fig. 8/B). 

 

Figure 8. Total amount of GAGs in BPH and different risk groups (low, intermediate, high) of 

prostate cancer. A: chondroitin sulfate, B: heparan sulfate. (*:p<0.05, **:p<0.01). 
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4.4.2. Chondroitin sulfate sulfation 

The dominant disaccharide was the non-sulfated (D0a0) building block, except for the high-risk group. 

An interesting trend can be observed in the change in the amount of D0a0, as the relative intensity is 

higher in the low-risk group than in the case of BPH, however, there is a significant decrease with the 

progression of PCa. Significant differences were found in the high-risk group compared to BPH 

(p=0.0328) and in the low-risk group (p=0.0021). The doubly sulfated D0a10 disaccharide was present 

in the smallest amount, and although similar changes were observed as for D0a0, these differences were 

not statistically significant. 

Remarkable differences were observed in the relative abundances of the monosulfated components. 

D0a4 disaccharide showed significantly lower relative abundance in PCa than in BPH, and a further 

decreasing trend was observed with PCa progression. D0a6 disaccharide showed the opposite trend to 

its isomer: a small increase compared to BPH was observed in the low-risk group, but a large increase 

in relative abundance was observed with PCa progression. The high-risk group was statistically different 

from the other three groups. 

Observing the overall degree of sulfation (Fig. 9/A), it can be seen that there was a significant increase 

with PCa progression, however, lower sulfation was observed in the low-risk group than in BPH. We 

observed a significantly higher 6S/4S ratio in PCa than in BPH (1.4-fold, 1.7-fold, and 6.0-fold increase 

with PCa progression, respectively). The difference between all studied groups was statistically 

significant except for the low and medium risk groups (Fig. 9/B). 

 

Figure 9. CS sulfation characteristics of tissues derived from BPH and Low-risk, intermediate-risk, 

and high-risk PCa. A: overall rate of sulfation, B: ratio of monosulfated isomer pairs (6S/4S ratio). 

(*:p<0.05, **:p<0.01, ***:p<0.001). 

 

4.4.3. Heparan sulfate sulfation 

Sulfation of the HS chains showed smaller and less significant changes than the CS chains discussed 

above. The dominant HS building block was the unsulfated D0A0 disaccharide. The mono-O-sulfated 

D0A0/D0A6 isomer pair was present in similar amounts to D0A0, while the mono-N-sulfated D0S0 was 

present in 4-5 times smaller amounts on average. The doubly- and triply-sulfated disaccharides were 

present only in small amounts, D2A6 and D2S6 were less than 1% in most cases, while the D0S0/D0S6 

isomer pair was present in relative abundances between 1% and 5%. 



Summary of Ph.D. thesis, 2022  Gábor Tóth 

14 

Significant differences were observed in the relative abundances of D0A0 (10% increase, p=0.0094) and 

D2A0/D0A6 isomer pairs (16% decrease, p=0.0022) between the BPH and intermediate-risk group. 

Besides, there were significant differences observed between the BPH and the low-risk samples, in the 

relative intensities of the D2A0/D0A6 isomer pair (9% decrease, p=0.0411) and D0S0 (11% increase, 

p=0.0319). There was no significant change in the relative abundance of the doubly and triply sulfated 

disaccharides, however, a decreasing trend with PCa progression was observed in all three cases. 

 

  



Summary of Ph.D. thesis, 2022  Gábor Tóth 

15 

5. Summary and thesis statements 

During my Ph.D. research, I studied heparan sulfate and chondroitin sulfate glycosaminoglycans. Due 

to their highly acidic nature and large size, these molecules present a challenge for both sample 

preparation and instrumental analytical measurement. 

As a first step, I developed methods for the chromatographic separation of HS and CS disaccharides.  

Then I performed detailed studies to increase the efficiency of sample preparation: I optimized the tissue 

surface digestion method, determined the recovery and stability characteristics of CS disaccharides 

under commonly used sample preparation conditions, and further development of sample purification 

methods is currently underway in our research group. 

As a second step, I focused on answering two biological questions. Examining cirrhotic and 

hepatocarcinoma liver sections, I determined the effect of disease etiology on the total amount and 

sulfation pattern of tissue glycosaminoglycans. As considerable differences have been identified, it is 

worth addressing this issue in a large-scale study in the future. Significant differences in the amount and 

sulfation pattern of tissue GAGs, particularly with respect to the ratio of sulfation positions of 

monosulfated CS disaccharides, were also observed in a large number of cases in prostate cancer and 

benign prostate hyperplasia specimens. 

The thesis statements are the following: 

1. I developed HPLC-MS methods for the quantification of heparan sulfate and chondroitin 

sulfate disaccharides (Publications I – III). I developed an isocratic and a solvent gradient 

nanoUHPLC-MS method for the separation of HS disaccharides using a HILIC-WAX column. 

To increase the sensitivity and reliability of the method, I developed a µUHPLC MS method for 

the separation of HS disaccharides using ammonium formate salt gradient and constant solvent 

composition. Using the same principle, I also developed an ammonium formate salt gradient 

µUHPLC-MS/MS method for the separation of CS disaccharides. These methods have a shorter 

analysis time and lower limits of detection than others in the literature, thus facilitating the high-

throughput analysis of tissue samples available in limited quantities. 

2. I was the first to analyze the retention mechanism of the mixed-mode HILIC-WAX 

stationary phase during the separation of sulfated disaccharides (Publication II). I 

observed that the contribution of HILIC, WAX, and ERLIC mechanisms to the retention 

depends on both the solvent composition used and the degree of sulfation (charge state). 

Multiply-charged components can interact strongly with the stationary phase, so their retention 

is primarily determined by the ion exchange mechanism (WAX and ERLIC) throughout the 

experimental space studied. In contrast, for components with lower degrees of sulfation, the 

HILIC mechanism may play the most significant role, especially for high acetonitrile and low 

salt eluents. Finally, with acetonitrile contents higher than 75%, HILIC-type interactions are 

markedly amplified and the elution of HS disaccharides is not rapid enough for high-throughput 

assays. 

3. I have determined the stability and recovery of CS disaccharides under standard sample 

preparation and chromatography conditions (Publication IV). I observed that the use of a 

heated vacuum evaporator is more advantageous than lyophilization. In the case of evaporation 

from aqueous solutions, approx. 30% lower losses were achieved than from mixtures containing 

organic solvents. During storage at 4 ° C, the stability of the samples in the commonly used 

injection solvents was demonstrated. If CS disaccharides have to be stored longer than 12 hours 



Summary of Ph.D. thesis, 2022  Gábor Tóth 

16 

in the autosampler unit, it is worth paying attention to the solvent used, as GAG disaccharides 

decompose faster in methanol-containing solvents than in acetonitrile-containing ones. 

4. I determined that the quantity and sulfation pattern of tissue glycosaminoglycans strongly 

depend on the etiology of the liver disease. I performed a comparison of cirrhotic liver sections 

with etiology of HBV, HCV, and PSC, and HCC liver sections with etiology of ALDC, HBV, 

and HCV. In the study of CS chains, significant differences were observed in the total CS 

amount in all comparisons, however, the sulfation pattern showed significant differences only 

in cirrhosis. In HCC the sulfation pattern was similar to that of the adjacent cirrhotic liver 

parenchyma, irrespective of the etiology. I have also shown that PSC-associated cirrhosis results 

in a completely different sulfation pattern compared to all other sample groups. 6-O-sulfation 

was dominant in all the groups studied, and there were significant differences in the relative 

abundance of D0a6 disaccharide in all pairwise comparisons of cirrhotic groups. 

5. I determined that the amount and structure of tissue glycosaminoglycans are significantly 

altered in benign prostatic hyperplasia and prostate cancer. These differences are in 

alignment with PCa progression. I observed significant differences in the total amount of CS 

between BPH and different risk groups of PCa, while HS chains play a “housekeeping” role in 

terms of the total amount. Differences in the sulfation pattern were also more pronounced for 

CS, especially concerning the ratio of the sulfation position of monosulfated disaccharides. 
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