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General introduction

Cancer is one of the leading causes of death worldwide. Breast cancer is the most 
common cancer in females. Pancreatic cancer has a very poor prognosis, with 
almost as many deaths as incidences.1 The detection of cancer at early stage is 
challenging, but highly important as this often comes with a better prognosis and 
more treatment options. For breast cancer population screening and pancreatic 
cancer high-risk screening imaging techniques are used for detection. As is true 
for almost any diagnostic test, current screening methods are not optimal in terms 
of sensitivity and specificity, resulting in false positives and false negatives, which 
could have far-reaching consequences for patients. The need for new biomarkers 
and the development of new highly sensitive and specific methods is high, without 
compromising on low invasiveness and risk for the patients. To this end blood-based 
screening has great potential and as a result multiple blood based markers have 
been reported from omics-discovery studies, although none of these have provided 
the desired sensitivity and specificity that are needed for clinical implementation 
for population/high-risk screening.2 In addition, blood-based biomarkers could 
add to the process of clinical decision making to improve treatment. In cancer, 
the expression of glycosyltransferases and glycosidases is altered, which leads 
to changes in glycosylation of proteins and lipids.3,4 Qualitative and quantitative 
analysis of the glycosylation of proteins might provide a better understanding of 
these changes. Moreover, recent advances in glycoanalytical strategies have allowed 
glyco(proteo)mics to be implemented in cancer biomarker studies for exploring 
glycans as a potential source of biomarkers.
	 The research described in this thesis was focused on development of released 
N-glycosylation analysis methods for dried blood spots as well as for serum, of which 
the latter was applied to a pancreatic cancer case-control study. Furthermore a breast 
cancer case-control study was performed. In this introduction a clinical background 
of breast- and pancreatic cancer is provided, the basics of protein glycosylation are 
described and the analysis of glycosylation from blood-derived samples with mass 
spectrometry is explained.
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Cancer

For 2018 it was estimated that 18.1 million new cancer cases would be diagnosed 
worldwide and that 9.6 million people would die from the disease.1 Of these new 
cancer cases it was estimated that breast cancer would account for over 2 million 
incidences and 626 thousand deaths. For pancreatic cancer the number of incidences 
was estimated to be much lower (459 thousand), however, because of its poor 
prognosis the number of deaths (432 thousand) is almost equal to the number of 
incidences.1 It is predicted that the number of pancreatic cancer related deaths 
will in the future be even higher than the deaths related to breast cancer, while the 
incidence of breast cancer is more than four times higher.1 As cancer is the first or 
second cause of death in 91 countries, the number of studies related to cancer is vast. 
	 Much attention is paid to study the biology of cancer and its pathophysiology. 
Cancer cells often develop from normal tissues, caused by mutated genes. These 
genes can be inherited, and thus be present at birth, but often these are acquired 
through exposure by environmental factors (e.g. radiation, chemicals, asbestos, 
bacteria/viruses) or lifestyle-related factors (e.g. cigarette smoke, alcohol, sunlight, 
food-related factors). The result of the mutated genes is not presented from the 
onset. It takes time for the cancer cells to develop and even more time before 
symptoms will appear. Some cancers, such as pancreatic cancer, are often diagnosed 
when these have already reached an advanced stage, decreasing the possibility for 
curative treatment and patient survival chances.5

Pancreatic cancer
Pancreatic cancer is the seventh cause of cancer deaths, which is not due to a high 
incidence, but rather a result of aggressiveness of the cancer, leading to a poor 
prognosis for pancreatic cancer patients.1 The pancreas is located in the abdomen, 
where it is surrounded by other organs and large blood vessels (i.e. aorta and inferior 
vena cava), the pancreas is therefore a relatively inaccessible organ.6 It contains a duct 
system through which produced enzymes are transported to the digestive system. 
These digestive enzymes are produced in lobules located throughout the pancreas 
being part of the exocrine system.6 The pancreas also has an endocrine function: it 
produces hormones to regulate the blood sugar level.7 Most pancreatic cancers (85-
90%) are pancreatic ductal adenocarcinomas (PDAC) which are originating from 
the exocrine system. Neuroendocrine tumors (NET) are only found in 1-2% of the 
pancreatic cancer patients.5

	 In most patients that are diagnosed with pancreatic cancer the tumor is at 
an advanced stage and resection is in many cases not possible. Pancreatic cancer is 
at an advanced stage when the celiac axis or superior mesenteric artery are affected 
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or in case of metastasis.8 The symptoms of pancreatic cancer are often aspecific, 
including malaise, weight loss and pain in the abdomen. Most pancreatic cancers 
have metastasized ahead of manifestation of the disease and in cases the initial 
diagnosis was a localized cancer, the patients still die from metastatic or recurrent 
cancer.9 Notably, patients are also diagnosed with pancreatic cancer as a side-finding 
in scans for unrelated matters (e.g. trauma).9 To increase the percentage of patients 
where resection is still possible, screening modalities for genetic high risk groups are 
being developed to diagnose pancreatic cancer at an earlier stage.10 
	  As the incidence of pancreatic cancer is relatively low, the benefit of a 
general population screening does not outweigh the downsides such as false-
positives and high costs. Therefore currently only persons at high risk are tested. 
Besides genetic risk factors, also clinical risk factors for pancreatic cancer were 
found: chronic pancreatitis, diabetes and a family history of pancreatic cancer, but 
also age, smoking and obesity, which are nonspecific.9

	 Some serum biomarkers are available for pancreatic cancer, such as 
CA19-9. This marker has a low sensitivity and specificity which prevents its use 
in screening. Instead, CA19-9 is used for monitoring of patients during treatment.9 

Promising results have been reported from protein biomarker discovery studies 
on pancreatic juice, but this liquid is difficult to obtain with inherent risks for the 
patient.9,11 Alternatively, imaging techniques are used for screening, however with 
ultrasonography the sensitivity is relatively low because of the location of the 
pancreas in the abdomen.12 Contrast-enhanced computerized tomography is also 
used for diagnostic purposes and can show relatively high sensitivity and specificity, 
but this technique is more invasive.9 A third imaging technique that is used for 
pancreatic cancer diagnosis is magnetic resonance imaging (MRI), but this technique 
is expensive and less convenient for the patients as they have to remain motionless 
during the scan.13 Nevertheless, annual MRI screening of high risk patients was 
shown to be successful to detect pancreatic cancer at a resectable stage.14

	  The development of a screening test for pancreatic cancer is challenging, 
but not limited to the above mentioned difficulties. False-positive cases are highly 
undesired in pancreatic cancer as the follow-up evaluations are relatively invasive9, 
besides the influence on the mental wellbeing of the patient. Moreover, if a screening 
test would diagnose patients at an earlier stage, it does not necessarily mean that 
the natural development of the cancer can be altered in order to increase survival 
time.9 This should be taken into account when evaluating a screening method, as 
implementing a screening test is only worth it when it improves the prognosis or 
well-being of the patient. For pancreatic cancer the higher resection rate and better 
survival of screened patients (often diagnosed at earlier stage) compared to sporadic 
pancreatic cancer cases suggests that it meets the requirement.14
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Breast cancer
Breast cancer is the leading cancer diagnosed in women. Of all cancer incidences in 
women, more than 24% is breast cancer. Cancer mortality in women is in 15% of the 
cases the result of breast cancer.1 It is predicted that within thirty years breast cancer 
incidence will reach more than 3 million new cases annually due to population aging 
and westernization of the developing countries.15

	 The breast is located on the outside of the chest muscles, under the skin. 
The nipple is in the center of the skin and is under the skin surrounded by 15-20 
lobes. These lobes consist of 20-40 lobules, which produce the milk that is in the 
end excreted by the nipple. The breast also consists of fatty tissue, of which the 
amount determines the size of the breast. Additionally, blood vessels and connective 
tissue are present.16,17 Most breast cancers start in the milk-producing and -transport 
system of the breast (e.g. the lobules, milk-ducts), but can be caused by the 
expression of multiple different genes.18 Breast cancer is genetically and clinically 
very heterogeneous, and multiple different classification systems exist (e.g. receptor 
status, DNA classification).19 In addition, prognostic staging (TNM classification) 
of breast cancer is based on tumor size (T), lymph nodes involvement (N) and 
metastasis (M) of the disease.
	 Population-based breast cancer screening programs are carried out to 
reduce mortality, and for example in the Netherlands consist of mammography 
every two years for women aged between 50 and 75 years.20 This technique consists 
of X-ray photos taken from the breasts in search for abnormalities. Unfortunately, 
the percentage of cases that were not detected by mammography lies around 25%. 
In addition, around 75% of the women that are send to the hospital for additional 
tests, turn out to be a false-positive of the mammography test.21 From these results it 
is no surprise that there is an ongoing debate on the use of mammography for breast 
cancer screening.22 Although there is clear evidence that the use of mammography 
for screening of breast cancer reduces mortality,21,22 there are also multiple downsides 
to this method. To begin with the false-positive results, which lead to unnecessary 
biopsies and also feelings of anxiety and stress for the patients. Additionally the risk 
of overdiagnosis is high, resulting in demanding treatments for patients where the 
cancer will not result in death.22

	 For breast cancer, risk factors are genetic mutations (e.g. BRCA1, BRCA2) 
and a family history with breast cancer, but amongst others also menarche at 
younger age, late first pregnancy (>30 years) or nulliparity, late menopause, oral 
contraceptives and a history of chest irradiation increase the risk. The average life-
time risk for breast cancer is less than 15%, however, the above mentioned factors 
can increase this number for the individual patients. The BRCA1 and BRCA2 
mutations increase the lifetime risk (LTR) of breast cancer up to 82%, however only 
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15% of the familial breast cancers is explained by these genes.23 Other known, but 
rare, mutations connected to increased breast cancer risk are PTEN (LTR 85%), TP53 
(LTR 25%), CDH1 (LTR 39%) and STK11 (LTR 32%).23 Additionally, multiple DNA 
repair genes interacting with BRCA mutations or -pathways which double the risk 
of breast cancer have been identified (CHEK2, BRIP1, ATM, PALB2).23

	 Breast cancer testing in women carrying the BRCA genes starts at younger 
age, as these mutations can lead to the develop of cancers at younger age. However, 
mammography has some disadvantages in these cases, as younger women often have 
denser breast tissue which negatively influences the sensitivity of mammography. 
Another technique which is often used for the detection of breast cancer is MRI. 
Compared to mammography, MRI is relatively expensive. However, MRI has a 
high sensitivity in breast cancer, although the specificity is relatively low (more false 
positives). Notably, for young high risk patients the combination of mammography 
and MRI increased sensitivity.24

	 As breast cancer is a very heterogeneous disease19 and screening challenges 
such as overdiagnosis and interval breast cancer (developing within 12 months 
after a mammography test considered normal) are present, additional research 
on screening methods and early cancer detection are urgently needed. New high 
sensitivity and specificity tests need to be developed to be able to detect all different 
breast cancer subtypes and to prevent overdiagnosis.
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Glycosylation

The human genome consists of approximately 30,000 genes that each code for a 
specific protein. For each gene various molecular protein species are found, which are 
called proteoforms25, resulting in more than one million different proteins presented 
in the human body.26 Various types of proteoforms result from splicing upon human 
deoxyribonucleic acid (DNA) transcription, where introns are removed from the 
messenger ribonucleic acid (RNA), or from post-translational modifications (PTMs), 
in which structural changes occur after translation of the RNA to proteins.27 These 
PTMs have influence on for example the structure and solubility, leading to changes 
in function and activity of the proteins.28 Many different types of PTMs are known, 
all with various functions and each with a very specific presence and abundance 
on proteins. Most of these modifications are enzyme-catalyzed and several are 
reversible.27,28

	 A frequently observed PTM is glycosylation, which is defined as “the 
enzyme-catalyzed covalent attachment of carbohydrate to a polypeptide, lipid, 
polynucleotide, carbohydrate, or other organic compound, generally catalyzed 
by glycosyltransferases, utilizing specific sugar nucleotide donor substrates”.29 

Glycosylation is commonly found on secretory as well as membrane proteins in 
single cell- and multicellular organisms. 

Monosaccharides
Glycans are built from monosaccharides, which in solution exist in an equilibrium 
of the cyclic and linear form. Upon cyclization of a linear monosaccharide an 
additional chiral center is formed at C-1, resulting in a so-called α- and β-anomer 
(exemplified for glucose in Figure 1). The anomeric center of a monosaccharide can 
interconvert between both isomers via the linear structure. However, in a oligo- or 
polysaccharide, only one monosaccharide can interconvert at the anomic center, 
namely the one that is not bound to another monosaccharide and this is called the 
reducing end. This name originates from the redox reaction that may be performed 
on the aldehyde in the cyclization (Figure 1) resulting in an oxidized carbonyl group.
	 Glycans are complex oligosaccharides which, in contrast to linear 
polysaccharides such as hyaluronan and heparin, often are branched structures. 
This branching increases the complexity of the glycans and results in many isomeric 
structures, which subsequently might influence the function. Moreover, the variety 
of monosaccharide building blocks that are commonly present in glycan structures 
further increases complexity. In addition, monosaccharides are linked via glycosidic 
bonds, which in theory can be formed between all hydroxyl-groups present on the 
monosaccharides.
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	 The great variety of possible glycans makes the study of their function 
challenging. Glycans are influencing the structure and conformation of proteins, 
which leads to changes in protein interactions and protein activity.30,31 In addition, 
glycans are involved in many biological processes, such as cell recognition, cell 
signaling, inflammation, immune defense and regulation processes including cell 
survival and growth.32

Figure 1. Equilibrium of cyclic and linear glucose.

Protein glycosylation: structures and biosynthesis
Glycosylation is found on many different compounds in human cells, for example 
on proteins. The most common glycan structures found on proteins are N- and 
O-glycans. Enzymes couple monosaccharides to form branched and often complex 
polysaccharides. The substrate specificity of these glycosyltransferases determines 
the primary structure of a glycan.33 N-linked glycans are linked to an asparagine 
(Asn) via the nitrogen atom from the Asn amine group. Not all asparagines in a 
protein are potential glycosylation sites. The specific amino acid sequence Asn-X-
Ser/Thr, where X cannot be a proline, is referred to as a structural motif for potential 
N-glycan attachment.
	 N-glycans all share the same core structure consisting of three mannoses 
(Man) and two N-acetylglucosamines (GlcNAc): Manα1–6(Manα1–3)Manβ1–
4GlcNAcβ1–4GlcNAcβ1-Asn-X-Ser/Thr. Three different classes of N-glycans 
are defined: oligomannose-type, complex-type and hybrid-type N-glycans. The 
oligomannose glycans consist of mannoses only in their core structure; complex 
glycans have on both outer mannoses of the core so-called ‘antennae’ attached, 
which start with GlcNAc and are followed by a variety of different monosaccharides; 
the hybrid type N-glycans contain on the Manα1-6 arm only mannoses, while on 
the Manα1-3 arm a complex antenna is attached (Figure 2a). The most common 
monosaccharides found in human N-glycans are besides GlcNAc and Man: fucose 
(Fuc), galactose (Gal) and N-acetylneuraminic acid (Neu5Ac), the latter is also 
referred to as “sialic acid”.
	 Roughly, the biosynthesis of N-glycans is a two-step process, which takes 
place in the endoplasmic reticulum (ER) and the Golgi. The build-up of the glycan 
starts in the ER with a dolichol phosphate to which monosaccharides are one by one
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Figure 2. (a) N-glycan types (oligomannose, hybrid and complex) and general N-glycan core. (b) Tn-

antigen and O-glycan cores.

coupled by enzymes. An oligomannose glycan, consisting of nine mannoses and 
extended with three glucoses on the α1-3 arm, is formed. This glycan is in its entirety 
transferred to the asparagine of the glycosylation site of the protein and all other 
glycans are derived from this single glycan structure. Subsequently the glycan is 
trimmed and rebuilt in the Golgi, which gives the protein its specific function.34 

Although this pathway might seem a devious process, the glycan intermediates 
serve as a quality control for the protein.34

	 The other most commonly found glycan structures on proteins are 
N-acetylgalactosamine (GalNAc) O-glycans. These glycans are linked to Ser or Thr 
via an oxygen atom (GalNAcα-Ser/Thr). Unlike N-glycans, O-glycans do not share 
a single core structure: eight different core structures are known, of which core 1 
and 2 are most often found (Figure 2b).35,36 All O-glycan cores contain an N-acetyl 
galactosamine and besides this monosaccharide O-glycans also can contain galactose, 
N-acetyl glucosamine, fucose and sialic acid sugars.35 In contrast to N-glycans, 
O-glycans are directly synthesized onto the protein (per monosaccharide) after 
N-glycosylation, folding and protein oligomerization.36
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Glycosylation and cancer
In tumor cells alterations in glycosylation are often observed and it has been suggested 
that these play specific roles in the progression of the disease.3,37,38 In cells, major 
changes of N- and O- glycosylation are associated with transformation of the cell in 
early stage as well as in progression of the disease and metastasis.39 Furthermore, 
an increase in specific glycosyltransferases in cancer influences the production of 
glycans and alters the ‘normal’ glycosylation, which subsequently may influence the 
structure and function of the glycoprotein.39 The conformation of the glycoproteins, 
as well as the interaction with other molecules and oligomerization can be changed, 
which may contribute to the progression of the tumor. Also, the interaction between 
the tumor and its microenvironment might be altered.3,39,40 On tumor cells specific 
glycan structure are often found to be highly expressed, of which the Tn-antigen 
(Figure 2b) is an example.39

	 Altered N-glycosylation features which are often reported are increased 
branching and fucosylation (upregulation of FuT8) in cancer patients.41 The latter 
has been associated with the regulation of cell proliferation39, but also decreased cell 
adhesion and cancer development.3,42 The increased branching of glycans in cancer 
cells has been associated with the upregulation of MGAT5 and is involved in tumor 
growth and metastasis.42–45 Additionally, expression of sialyl Lewis antigens (sLe) 
is upregulated.39,41 The glycosylation epitope sLeX is found on the cell surface, but 
also on glycoproteins in serum of cancer patients.46 Notably, it was reported that the 
most lethal cancers, which are pancreatic, lung and gastric cancer, show the highest 
serum sLeX levels.47
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Analytical methodology

To understand the role of glycosylation in cancer and other diseases, information on 
glycosylation changes, in terms of structures and/or amounts present, is collected. 
This data can be gathered from different human sample types, such as whole blood 
samples, serum/plasma samples, tissue, saliva and urine, depending on the research 
question and goal.48–52

	 Glycosylation analysis can be performed on different levels. It can be 
analyzed from intact glycoproteins, from glycopeptides or from solely the glycans 
themselves. Each of the levels provide different information on the glycosylation. 
With intact analysis all modification on a glycoprotein are presented in the system 
in which they function. The number of PTM’s per protein can be analyzed and also 
the information on combinations of PTM’s can provide insights in the function 
of the protein. However, the analysis of intact proteins can be challenging as a 
good separation of all different proteoforms is difficult to establish, particularly 
when proteins contain many glycosylation sites or are part of a complex mixture. 
Alternatively glycopeptide analysis can link PTM’s to the exact location on 
the protein, giving insight in the occupation and type of glycans on a specific 
glycosylation site. This however is still challenging with complex mixtures of many 
different glycoproteins.
	 The focus of this thesis is on the analysis of released glycans from 
glycoproteins in complex samples (e.g. serum and blood). Although the obtained 
glycan information cannot be linked to glycosylation sites or specific proteins on 
this level of analysis, highly informative data on overall glycan heterogeneity can 
be obtained from very complex samples. Changes in certain types of glycosylation, 
such as levels of different antennarities, fucosylation or sialylation, might give 
an indication on processes that are related to the disease investigated. Moreover, 
these up- and down-regulation of certain types of glycans might still be linked to 
certain glycoproteins, as information on the glycosylation of these specific proteins 
is available.53

	 Over the years, various analytical methods have been described for the 
structural, qualitative or (semi-)quantitative analysis of glycans. Nuclear magnetic 
resonance (NMR) has for example been used to analyze the structure of glycans.54–56 
The advantage of NMR is that the exact structure of the glycan can be determined and 
thus can differentiate between isomers. However, the sample needs to be nearly pure, 
because mixtures of glycans can cause great difficulties in interpreting the data. In 
addition, the interpretation of NMR spectra from large structures is also challenging, 
due to the similar environments many of the protons encounter. Another limiting 
aspect of NMR is the amount of sample required for analysis, which is extremely 
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high in comparison with a sensitive technique such as fluorescence detection, UV 
detection or mass spectrometry (MS).57

	 Fluorescence detection and UV detection are often used after liquid 
chromatography (LC) separation of labeled glycans. Also electrospray ionization 
(ESI)-MS is generally used after LC separation of glycans with and without prior 
labeling. LC separations of glycans have been extensively reviewed for various 
stationary phases, specifically hydrophilic interaction liquid chromatography 
(HILIC), porous graphitized carbon (PGC) chromatography and reversed phase 
(RP) chromatography.58–62 The different stationary phases are used for different 
research questions and purposes. HILIC chromatography is often used for complex 
samples as it has a high peak capacity. PGC however, has the great advantage 
of separating glycan isomers, including linkage isomers. On the other hand, RP-
LC is usually highly reproducible and also widely available among research 
laboratories.62,63 Additionally, glycan separation with capillary electrophoresis (CE) 
is also a possibility and is often performed in combination with fluorescence or MS 
detection.64–72 A more in-depth analysis of glycan structures can be done using endo-
glycosidases. A sequential use of these enzymes in combination with the techniques 
described above, can reveal the monosaccharide structure of glycans.
	 In this thesis matrix-assisted laser desorption/ionization (MALDI)-MS is 
used as an analytical technique for released glycans. Both MALDI-time of flight 
(TOF)-MS and MALDI-Fourier-transform ion cyclotron resonance (FTICR)-MS are 
evaluated and applied to released glycan analysis.

Serum and blood sampling
In the research described this thesis, glycosylation analysis is performed on serum, 
plasma, whole blood and dried blood. In general, the quality of preanalytical 
processing of blood samples is extremely important for the quality of the outcomes of 
the research. Inaccurate results might be obtained when the preanalytical processing 
is not thoroughly thought out prior to cohort collection. Technical variables such 
as variation in collection tubes, sampling protocols and storage temperature might 
lead to biases in the outcome of the research, but also biological variables such as 
age, gender, ethnicity and lifestyle factors might play a significant role in this.73 For 
proteomics studies it was shown that the standardization of preanalytical processing 
is of great importance73, while it appears that glycans are less influenced by the 
preanalytical processing conditions.74 
	 Research has indicated that glycosylation profiles are very stable compared 
to other serum or plasma analytes such as proteins.74 For plasma samples no effect of 
storage conditions before centrifugation as well as longterm storage at -20 versus -80 
°C has been found on MALDI-TOF-MS N-glycosylation profiles. Also using different 
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collection tube additives and overnight shaking of the sample did not introduce any 
difference in the profiles.74

	 The stability of glycans in DBS is investigated in this thesis. In the past 
stability of glycans in DBS has already been evaluated at room temperature and 
-80 °C, concluding that also in DBS the glycome is stable.49 Proteins and peptides 
however, degrade relatively fast in DBS.75 The stability of the glycome in DBS makes 
the use of DBS samples for glycan analysis very attractive for sample collection. 
Especially because it is less invasive compared to venipuncture and might even be 
performed by patients themselves.

Glycan release
Intact glycan analysis is an upcoming field, but before that glycosylation was mainly 
analyzed on released glycan level.76 Released glycan analysis is still widely applied 
and also in this thesis this approach is used. An important criterium for a release 
method is that it should not have a bias towards certain glycans, and thus should 
only be selective for the cleavage site. In addition, it should not modify the glycan 
except for the cleavage of the target bond. Moreover, the reaction has to be efficient 
enough that a sufficient amount of released glycan material can be recovered. It 
should also be mentioned that it is highly desirable that a free reducing end is 
available for labeling after glycan release.76

	 Both chemical and enzymatic releases of glycans are possible. Chemical 
release of glycans is performed via for example β-elimination at alkaline conditions. 
With this method N-glycans as well as O-glycans can be released, dependent on the 
alkaline conditions used: with harsh alkaline conditions the N-glycans are released 
from the proteins, whereas with dilute alkaline conditions only O-glycans are 
released. Notably, with this reaction the protein backbone is heavily affected and 
the GlcNAcs are deacetylated.77

	 N-glycans are often cleaved using peptide-N-glycosidase F (PNGase F). This 
enzyme breaks the bond between the Asn and GlcNAc, which results in an aspartic 
acid residue and a glycosylamine.78 The stability of the amine is not very high at a 
neutral pH, resulting in a hydrolysis of the amine to a hydroxide group. The reaction 
takes place under mild conditions, leaving the protein backbone intact. In addition, 
it is specific for N-glycans, as PNGase F only cleaves glycans that are attached to an 
asparagine.79 Unfortunately no enzyme has been found yet that cleaves all types of 
O-glycans.78

	
Glycan derivatization and purification
Derivatization reactions are performed to improve the molecular properties of 
an analyte for analysis. On glycans, often derivatized sites are the reducing end, 
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the carboxylic acid of the sialic acids and all hydroxyl groups in the molecule. 
Reducing end modifications are usually labels which can be used to analyze 
glycans with fluorescence or UV detection.80–83 Also for MS detection labels are used, 
which might enhance sensitivity or provide semi-quantitative information upon 
fragmentation.84–86 Additionally, stable isotope labelling can be used for the direct 
comparison of samples or as an internal standard.87–89 In this thesis the reducing end 
of the glycans is not modified other than the reduction of the reducing end in the 
case of the O-glycans which happens during the release reaction.
	 Sialic acid modifications are essential for the analysis of sialylated glycans 
with MALDI-MS. In-source/post-source fragmentation, resulting in the loss of sialic 
acids, is often observed with MALDI-MS.90,91 Previous studies have reported that 
this is due to the carboxylic acid that is located next to the glycosidic bond. With an 
internal reaction the glycosidic bond is broken, resulting in the loss of the complete 
sialic acid.90,92 This type of cleavage has also been observed for peptides.93,94 To 
stabilize the sialic acids they can be methyl- or ethyl esterified.50,90,91,95,96 In addition 
the carboxylic acid can be amidated and/or permethylated.97,98

Figure 3. Ethyl esterification reaction of α2,6-linked sialic acids, and lactonization reaction of α2,3-linked 

sialic acids.

	 In this thesis ethyl esterification (N-glycans) and permethylation (O-glycans) 
are performed to stabilize the sialic acids. It should be noted that many of the above 
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mentioned derivatization reactions are linkage-specific. Sialic acids are linked to 
their neighboring galactose (in the case of N-glycans) with an α2,3- or α2,6-linkage. 
Conformationally the carboxylic acid of the α2,3-linked sialic acid is in proximity 
in space to the galactose, which leads to an internal reaction forming a lactonized 
structure (Figure 3). On the contrary, the carboxylic acid of the α2,6-linked sialic 
acid has a significant distance in space from the galactose and forms an ester 
at the carboxylic acid instead of the internal ring (Figure 3). In the case of ethyl 
esterification, the mass differences obtained in comparison with nonderivatized are 
-18.011 Da and +28.031 Da for the α2,3- and α2,6-linked sialic acids respectively. In 
MALDI-MS analysis this mass difference between the glycans containing α2,3- or 
α2,6-linked sialic acids, can be used to gather linkage-specific information on the 
glycosylation in a sample.91

	 In permethylation of the O-glycans not only the carboxylic acid is modified 
but all hydrogens of the hydroxyl and amine groups are replaced by methyl groups. 
This modification decreases the hydrophilicity of the molecule, which is beneficial 
in for example RP separations, but also for sensitivity in ESI-MS.62,99,100

MALDI-MS
Biomarker research is often performed on large sample cohorts. To minimize batch 
effects, it is preferred that samples are measured in a short time period. A high-
throughput analysis method such as MALDI-MS can fulfill this need as the general 
measurement time per sample is 10 to 20 seconds, depending on laser frequency and 
analyte concentration.
	 MALDI is a soft ionization method which was introduced in 1985. It is 
called ‘soft’ as MALDI ionizes analytes without breaking the chemical bonds in the 
analyte molecule.101 This allows direct mass measurement of biomolecules, such as 
glycans. Nevertheless, for certain glycan structures in-source fragmentation occurs 
in small amounts upon MALDI ionization.92,102 For example, the loss of sialic acids 
as mentioned earlier in this Introduction and consequently this requires a different 
strategy (such as derivatization). 
	 In general, MALDI analysis starts with applying a small drop (few 
microliters) of the sample onto a MALDI target together with a matrix. The matrix 
consists of small organic molecules which have a strong absorption at the wavelength 
of the laser.103 The sample and matrix then dry together to form analyte containing 
matrix crystals on the MALDI target plate. Under vacuum conditions in the source 
these crystals are ablated with shots of an ultraviolet laser, resulting in analyte ions. 
The ions are then transferred to the mass analyzer, which can be a TOF or FTICR 
instrument, and mass-to-charge (m/z) ratios are determined.104

	 There are also some challenges generally encountered in MALDI-MS. First, 
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the dried sample/matrix spots on the MALDI target are often not homogeneous. 
For glycan analysis generally 2,5-dihydrobenzoic acid (DHB) matrix is used, which 
forms various large crystals thus resulting in heterogeneous spots. A rather large 
shot-to-shot variation is therefore frequently observed in MALDI-MS analysis.105 To 
compensate for this effect and to improve repeatability of measurements multiple 
shots on a spot can be averaged. When these are recorded in an unbiased random 
pattern the average spectrum obtained from a spot is relatively stable.
	 Second, in MALDI-MS chemical noise is often present in the spectra. 
Chemical noise can arise from impurities in the sample, but more challenging is the 
chemical noise caused by matrix ions.106 Especially with low analyte concentrations 
and in the lower mass region (below m/z 800) many signals originating from matrix 
clusters are visible. Analysis of small glycans at low concentrations can thus become 
challenging.

Mass analyzers
Ions are evacuated from the MALDI-source and accelerated by an electric field 
towards the mass analyzer, in TOF this is the flight tube. This tube is field-free and 
the ions are separated here based on their velocities. From the time it takes the ions 
to move through the flight tube to the detector the m/z ratios are determined. A TOF 
analyzer can analyze ions over a very broad mass range, making it very suitable to 
combine with a MALDI-source. These measurements can be performed in linear 
mode, as well as reflectron mode. A reflectron deflects the ions back into the flight 
tube to a second detector. Here, the kinetic energy dispersion of ions with the same 
m/z is corrected, which improves mass resolution. Ions with a higher kinetic energy 
will travel deeper into the reflectron, giving them a slightly longer path than ions 
with a lower kinetic energy, which results in the ions reaching the detector at the 
same time. However, using reflectron mode results in a mass range limitation and a 
loss of sensitivity.103

	 Another analyzer which can be combined with a MALDI-source is FTICR. 
The ions are transported to an ion trap cell within a magnetic field. For detection 
purposes, the ions are excited and the corresponding cyclotron frequencies are 
measured from an induced image current. In Fourier transform MS all ions are 
excited simultaneously, resulting in a complex wave, which can be transformed 
into individual frequencies. The obtained frequency spectra is Fourier transformed 
into a mass spectrum that displays m/z-values for each species with a corresponding 
intensity.103
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Scope

The aim of this thesis is to develop robust and high-throughput methods for the 
analysis of N-glycosylation from serum proteins, to facilitate biomarker discovery 
focused at early detection of cancer. For this purpose a glycan profiling method with 
a MALDI-FTICR-MS platform was established and applied to a pancreatic cancer 
cohort.
	 In Chapter 1 of this thesis an overview was provided on cancer, with the 
emphasis on pancreatic and breast cancer from a clinical point of view. In addition a 
general introduction to glycosylation and glycan analysis was given.
	 The second part of this thesis, consisting of Chapters 2, 3 and 4, focuses 
on method development for glycosylation analysis. A high-throughput method 
including MALDI-TOF-MS for the analysis of N-glycans from serum was reported 
earlier and this method was used as a starting point for the development of the 
method described in Chapter 2. Points of improvement are the prevention of side 
reactions and the automation of cotton-HILIC SPE. Moreover, the glycans are 
analyzed with ultrahigh resolution MALDI-FTICR-MS, resulting in resolved instead 
of overlapping peaks and in highly confident glycan assignments. In Chapter 3 the 
method from the previous chapter is extended to the analysis of DBS instead of 
serum. For clinical applications the sampling of a DBS is desired as it is less invasive 
and cumbersome than the collection of venous blood specimens. A method for the 
analysis of released glycans from DBS was developed and evaluated for different 
storage conditions. Chapter 4 elaborates on the MALDI-FTICR-MS measurements 
of glycans from complex samples and explores the use of ultrahigh-resolution 
approaches for the comprehensive detection of N- and O-glycan signals over a vast 
m/z range.
	 Chapter 5 describes the application of the method from Chapter 2 to a 
pancreatic cancer biomarker study. Here, case and control samples from two 
independent cohorts are compared for their N-glycosylation profiles. This allows to 
study the glycosylation differences between pancreatic cancer patients and healthy 
controls and might in future be used for the improved diagnosis of pancreatic cancer. 
In Chapter 6 a similar method is applied to a breast cancer case-control biomarker 
study. Here, the focus is on the comparison of the results with findings described in 
literature.
	 In Chapter 7 a general discussion is given on the work described in the 
previous chapters. Finally, a perspective is provided on method development and 
translational research.

 

18

Chapter 1



References 
(1) 	 Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R. L.; Torre, L. A.; Jemal, A. Global Cancer Statistics 2018: GLOBOCAN 

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA. Cancer J. Clin. 2018, 68 (6), 
394–424. https://doi.org/10.3322/caac.21492.

(2) 	 Parker, C. E.; Borchers, C. H. Mass Spectrometry Based Biomarker Discovery, Verification, and Validation - Quality 
Assurance and Control of Protein Biomarker Assays. Mol. Oncol. 2014, 8 (4), 840–858. https://doi.org/10.1016/j.
molonc.2014.03.006.

(3) 	 Vajaria, B. N.; Patel, P. S. Glycosylation: A Hallmark of Cancer? Glycoconj. J. 2017, 34 (2), 147–156. https://doi.
org/10.1007/s10719-016-9755-2.

(4) 	 Reis, C. A.; Osorio, H.; Silva, L.; Gomes, C.; David, L. Alterations in Glycosylation as Biomarkers for Cancer 
Detection. J. Clin. Pathol. 2010, 63 (4), 322–329. https://doi.org/10.1136/jcp.2009.071035.

(5) 	 Haugk, B.; Raman, S. Pancreatic Pathology: An Update. Surg. (United Kingdom) 2016, 34 (6), 273–281. https://doi.
org/10.1016/j.mpsur.2016.03.012.

(6) 	 Bockman, D. E. Anatomy of the Pancreas. In The Pancreas: Biology, Pathobiology and Disease; Raven Press: New 
York, 1993; p 8.

(7) 	 Kahl, S.; Malfertheiner, P. Exocrine and Endocrine Pancreatic Insufficiency after Pancreatic Surgery. Best Pract. 
Res. Clin. Gastroenterol. 2004, 18 (5), 947–955. https://doi.org/10.1016/S1521-6918(04)00089-7.

(8) 	 Bilimoria, K. Y.; Bentrem, D. J.; Ko, C. Y.; Ritchey, J.; Stewart, A. K.; Winchester, D. P.; Talamonti, M. S. Validation 
of the 6th Edition AJCC Pancreatic Cancer Staging System: Report from the National Cancer Database. Cancer 
2007, 110 (4), 738–744. https://doi.org/10.1002/cncr.22852.

(9) 	 Poruk, K. E.; Firpo, M. A.; Adler, D. G.; Mulvihill, S. J. Screening for Pancreatic Cancer: Why, How, and Who? Ann. 
Surg. 2013, 257 (1), 17–26. https://doi.org/10.1097/SLA.0b013e31825ffbfb.

(10) 	 Singhi, A. D.; Koay, E. J.; Chari, S. T.; Maitra, A. Early Detection of Pancreatic Cancer: Opportunities and 
Challenges. Gastroenterology 2019, 156 (7), 2024–2040. https://doi.org/10.1053/j.gastro.2019.01.259.

(11) 	 Shi, C.; Fukushima, N.; Abe, T.; Bian, Y.; Hua, L.; Wendelburg, B. J.; Yeo, C. J.; Hruban, R. H.; Goggins, M. 
G.; Eshleman, J. R. Sensitive and Quantitative Detection of KRAS2 Gene Mutations in Pancreatic Duct Juice 
Differentiates Patients with Pancreatic Cancer from Chronic Pancreatitis, Potential for Early Detection. Cancer 
Biol. Ther. 2008, 7 (3), 353–360. https://doi.org/10.4161/cbt.7.3.5362.

(12) 	 Long, E. E.; Van Dam, J.; Weinstein, S.; Jeffrey, B.; Desser, T.; Norton, J. A. Computed Tomography, Endoscopic, 
Laparoscopic, and Intra-Operative Sonography for Assessing Resectability of Pancreatic Cancer. Surg. Oncol. 
2005, 14 (2), 105–113. https://doi.org/10.1016/j.suronc.2005.07.001.

(13) 	 Sahani, D. V.; Shah, Z. K.; Catalano, O. A.; Boland, G. W.; Brugge, W. R. Radiology of Pancreatic Adenocarcinoma: 
Current Status of Imaging. J. Gastroenterol. Hepatol. 2008, 23 (1), 23–33. https://doi.org/10.1111/j.1440-
1746.2007.05117.x.

(14) 	 Vasen, H.; Ibrahim, I.; Robbers, K.; Van Mil, A. M.; Potjer, T.; Bonsing, B. A.; Bergman, W.; Wasser, M.; Morreau, H.; 
De Vos Tot Nederveen Cappel, W. H.; et al. Benefit of Surveillance for Pancreatic Cancer in High-Risk Individuals: 
Outcome of Long-Term Prospective Follow-up Studies from Three European Expert Centers. J. Clin. Oncol. 2016, 
34 (17), 2010–2019. https://doi.org/10.1200/JCO.2015.64.0730.

(15) 	 Jemal, A.; Center, M. M.; DeSantis, C.; Ward, E. M. Global Patterns of Cancer Incidence and Mortality Rates and 
Trends. Cancer Epidemiol. Biomarkers Prev. 2010, 19 (8), 1893–1907. https://doi.org/10.1158/1055-9965.EPI-10-
0437.

(16) 	 Lemaine, V.; Simmons, P. S. The Adolescent Female: Breast and Reproductive Embryology and Anatomy. Clin. 
Anat. 2013, 26 (1), 22–28. https://doi.org/10.1002/ca.22167.

(17) 	 Pandya, S.; Moore, R. G. Breast Development and Anatomy. Clin. Obstet. Gynecol. 2011, 54 (1), 91–95. https://doi.
org/10.1097/GRF.0b013e318207ffe9.

(18) 	 Curtis, C.; Shah, S. P.; Chin, S. F.; Turashvili, G.; Rueda, O. M.; Dunning, M. J.; Speed, D.; Lynch, A. G.; Samarajiwa, 
S.; Yuan, Y.; et al. The Genomic and Transcriptomic Architecture of 2,000 Breast Tumours Reveals Novel 
Subgroups. Nature 2012, 486 (7403), 346–352. https://doi.org/10.1038/nature10983.

(19) 	 Malhotra, G. K.; Zhao, X.; Band, H.; Band, V. Histological, Molecular and Functional Subtypes of Breast Cancers. 
Cancer Biol. Ther. 2010, 10 (10), 955–960. https://doi.org/10.4161/cbt.10.10.13879.

(20) 	 Paap, E.; Verbeek, A. L. M.; Botterweck, A. A. M.; van Doorne-Nagtegaal, H. J.; Imhof-Tas, M.; de Koning, H. J.; 
Otto, S. J.; de Munck, L.; van der Steen, A.; Holland, R.; et al. Breast Cancer Screening Halves the Risk of Breast 
Cancer Death: A Case-Referent Study. Breast 2014, 23 (4), 439–444. https://doi.org/10.1016/j.breast.2014.03.002.

(21) 	 Sankatsing, V. D. V. D. V.; Geuzinge, H. A. A.; Fracheboud, J.; Van Ravesteyn, N. T. T.; Heijnsdijk, E. A. M. A. M.; 
Kregting, L. M. M.; Broeders, M. J. M. J. M.; Otten, J. D. M. D. M.; Verbeek, A. L. M. L. M.; Pijnappel, R. .; et al. 
Landelijke Evaluatie van Bevolkingsonderzoek Naar Borstkanker in Nederland 2004 - 2014; 2019.

(22) 	 Myers, E. R.; Moorman, P.; Gierisch, J. M.; Havrilesky, L. J.; Grimm, L. J.; Ghate, S.; Davidson, B.; Mongtomery, 
R. C.; Crowley, M. J.; McCrory, D. C.; et al. Benefits and Harms of Breast Cancer Screening: A Systematic Review. 
JAMA - J. Am. Med. Assoc. 2015, 314 (15), 1615–1634. https://doi.org/10.1001/jama.2015.13183.

19

General Introduction



(23) 	 Shiovitz, S.; Korde, L. A. Genetics of Breast Cancer: A Topic in Evolution. Ann. Oncol. 2015, 26 (7), 1291–1299. 
https://doi.org/10.1093/annonc/mdv022.

(24) 	 Wellings, E.; Vassiliades, L.; Abdalla, R. Breast Cancer Screening for High-Risk Patients of Different Ages and Risk 
- Which Modality Is Most Effective? Cureus 2016, 8 (12). https://doi.org/10.7759/cureus.945.

(25) 	 Smith, L. M.; Kelleher, N. L. Proteoform: A Single Term Describing Protein Complexity. Nat. Methods 2013, 10 (3), 
186–187. https://doi.org/10.1038/nmeth.2369.

(26) 	 Aebersold, R.; Agar, J. N.; Amster, I. J.; Baker, M. S.; Bertozzi, C. R.; Boja, E. S.; Costello, C. E.; Cravatt, B. F.; 
Fenselau, C.; Garcia, B. A.; et al. How Many Human Proteoforms Are There? Nat. Chem. Biol. 2018, 14 (3), 206–214. 
https://doi.org/10.1038/nchembio.2576.

(27) 	 Walsh, C. T.; Garneau-Tsodikova, S.; Gatto, G. J. Protein Posttranslational Modifications: The Chemistry of 
Proteome Diversifications. Angew. Chem. Int. Ed. Engl. 2005, 44 (45), 7342–7372. https://doi.org/10.1002/
anie.200501023.

(28) 	 Walsh, G. Post-Translational Modifications in the Context of Therapeutic Proteins: An Introductory Overview. In 
Post-translational Modification of Protein Biopharmaceuticals; Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, 
Germany, 2009; pp 1–14.

(29) 	 Varki, A.; Esko, J. D.; Colley, K. J. Cellular Organization of Glycosylation. In Essentials of Glycobiology; Varki, 
A., Cummings, R., Esko, J., Freeze, H. H., Goldsmith, H. W., Bertozzi, C. R., Hart, G. W., E. Etzler, M., Eds.; Cold 
Spring Harbor (NY): Cold Spring Harbor Laboratory Press, 2009.

(30) 	 Varki, A. Biological Roles of Oligosaccharides: All of the Theories Are Correct. Glycobiology 1993, 3 (2), 97–130. 
https://doi.org/10.1093/glycob/3.2.97.

(31) 	 Wormald, M. R.; Dwek, R. A. Glycoproteins: Glycan Presentation and Protein-Fold Stability. Structure 1999, 7 (7), 
R155-60.

(32) 	 Geyer, H.; Geyer, R. Strategies for Analysis of Glycoprotein Glycosylation. Biochim. Biophys. Acta - Proteins 
Proteomics 2006, 1764 (12), 1853–1869. https://doi.org/10.1016/j.bbapap.2006.10.007.

(33) 	 Gabius, H.-J. The Sugar Code: Fundamentals of Glycosciences, 2nd ed.; John Wiley & Sons, 2011.
(34) 	 Helenius, A.; Aebi, M. Roles of N-Linked Glycans in the Endoplasmic Reticulum. Annu. Rev. Biochem. 2004, 73, 

1019–1049. https://doi.org/10.1146/annurev.biochem.73.011303.073752.
(35) 	 Brockhausen, I.; Schachter, H.; Stanley, P. O-GalNAc Glycans. In Essentials of Glycobiology; Varki, A., Cummings, 

R., Esko, J., Freeze, H. H., Goldsmith, H. W., Bertozzi, C. R., Hart, G. W., E. Etzler, M., Eds.; Cold Spring Harbor 
(NY): Cold Spring Harbor Laboratory Press: New York, 2009.

(36) 	 Mariño, K.; Bones, J.; Kattla, J. J.; Rudd, P. M. A Systematic Approach to Protein Glycosylation Analysis: A Path 
through the Maze. Nat. Chem. Biol. 2010, 6 (10), 713–723. https://doi.org/10.1038/nchembio.437.

(37) 	 Varki, A. Biological Roles of Glycans. Glycobiology 2017, 27 (1), 3–49. https://doi.org/10.1093/glycob/cww086.
(38) 	 Adamczyk, B.; Tharmalingam, T.; Rudd, P. M. Glycans as Cancer Biomarkers. Biochim. Biophys. Acta - Gen. Subj. 

2012, 1820 (9), 1347–1353. https://doi.org/10.1016/j.bbagen.2011.12.001.
(39) 	 Stowell, S. R.; Ju, T.; Cummings, R. D. Protein Glycosylation in Cancer. Annu. Rev. Pathol. Mech. Dis. 2015, 10 (1), 

473–510. https://doi.org/10.1146/annurev-pathol-012414-040438.
(40) 	 De Freitas-Junior, J. C. M.; Morgado-Díaz, J. A. The Role of N-Glycans in Colorectal Cancer Progression: Potential 

Biomarkers and Therapeutic Applications. Oncotarget 2016, 7 (15), 19395–19413. https://doi.org/10.18632/
oncotarget.6283.

(41) 	 Munkley, J. The Glycosylation Landscape of Pancreatic Cancer (Review). Oncol. Lett. 2019, 17 (3), 2569–2575. 
https://doi.org/10.3892/ol.2019.9885.

(42) 	 Kizuka, Y.; Taniguchi, N. Enzymes for N-Glycan Branching and Their Genetic and Nongenetic Regulation in 
Cancer. Biomolecules 2016, 6 (2), 1–21. https://doi.org/10.3390/biom6020025.

(43) 	 Dube, D. H.; Bertozzi, C. R. Glycans in Cancer and Inflammation - Potential for Therapeutics and Diagnostics. Nat. 
Rev. Drug Discov. 2005, 4 (6), 477–488. https://doi.org/10.1038/nrd1751.

(44) 	 Arnold, J. N.; Saldova, R.; Abd Hamid, U. M.; Rudd, P. M. Evaluation of the Serum N-Linked Glycome for the 
Diagnosis of Cancer and Chronic Inflammation. Proteomics 2008, 8 (16), 3284–3293. https://doi.org/10.1002/
pmic.200800163.

(45) 	 Zhao, Y.; Sato, Y.; Isaji, T.; Fukuda, T.; Matsumoto, A.; Miyoshi, E.; Gu, J.; Taniguchi, N. Branched N-Glycans 
Regulate the Biological Functions of Integrins and Cadherins. FEBS J. 2008, 275 (9), 1939–1948. https://doi.
org/10.1111/j.1742-4658.2008.06346.x.

(46) 	 Zhang, Z.; Wuhrer, M.; Holst, S. Serum Sialylation Changes in Cancer. Glycoconj. J. 2018, 35 (2), 139–160. https://
doi.org/10.1007/s10719-018-9820-0.

(47) 	 Lan, Y.; Hao, C.; Zeng, X.; He, Y.; Zeng, P.; Guo, Z.; Zhang, L. Serum Glycoprotein-Derived N- and O-Linked 
Glycans as Cancer Biomarkers. Am. J. Cancer Res. 2016, 6 (11), 2390–2415.

(48) 	 Reiding, K. R.; Vreeker, G. C. M.; Bondt, A.; Bladergroen, M. R.; Hazes, J. M. W.; van der Burgt, Y. E. M.; Wuhrer, 
M.; Dolhain, R. J. E. M. Serum Protein N-Glycosylation Changes with Rheumatoid Arthritis Disease Activity 
during and after Pregnancy. Front. Med. 2018, 4 (241), 1–11. https://doi.org/10.3389/fmed.2017.00241.

(49) 	 Ruhaak, L. R.; Miyamoto, S.; Kelly, K.; Lebrilla, C. B. N-Glycan Profiling of Dried Blood Spots. Anal Chem 2012, 
84 (1), 396–402. https://doi.org/10.1021/ac202775t.

20

Chapter 1



(50) 	 Holst, S.; Heijs, B.; De Haan, N.; Van Zeijl, R. J. M.; Briaire-De Bruijn, I. H.; Van Pelt, G. W.; Mehta, A. S.; Angel, 
P. M.; Mesker, W. E.; Tollenaar, R. A.; et al. Linkage-Specific in Situ Sialic Acid Derivatization for N-Glycan Mass 
Spectrometry Imaging of Formalin-Fixed Paraffin-Embedded Tissues. Anal. Chem. 2016, 88 (11), 5904–5913. 
https://doi.org/10.1021/acs.analchem.6b00819.

(51) 	 Plomp, R.; De Haan, N.; Bondt, A.; Murli, J.; Dotz, V.; Wuhrer, M. Comparative Glycomics of Immunoglobulin 
A and G from Saliva and Plasma Reveals Biomarker Potential. Front. Immunol. 2018, 9 (OCT), 1–12. https://doi.
org/10.3389/fimmu.2018.02436.

(52) 	 Kammeijer, G. S. M.; Nouta, J.; De La Rosette, J. J. M. C. H.; De Reijke, T. M.; Wuhrer, M. An In-Depth Glycosylation 
Assay for Urinary Prostate-Specific Antigen. Anal. Chem. 2018, 90 (7), 4414–4421. https://doi.org/10.1021/acs.
analchem.7b04281.

(53) 	 Clerc, F.; Novokmet, M.; Dotz, V.; Reiding, K. R.; de Haan, N.; Kammeijer, G. S. M.; Dalebout, H.; Bladergroen, M. 
R.; Vukovic, F.; Rapp, E.; et al. Plasma N-Glycan Signatures Are Associated With Features of Inflammatory Bowel 
Diseases. Gastroenterology 2018, 155 (3), 829–843. https://doi.org/10.1053/j.gastro.2018.05.030.

(54) 	 Battistel, M. D.; Azurmendi, H. F.; Yu, B.; Freedberg, D. I. NMR of Glycans: Shedding New Light on Old Problems. 
Prog. Nucl. Magn. Reson. Spectrosc. 2014, 79, 48–68. https://doi.org/10.1016/j.pnmrs.2014.01.001.

(55) 	 Leeflang, B. R.; Faber, E. J.; Erbel, P.; Vliegenthart, J. F. G. Structure Elucidation of Glycoprotein Glycans and 
of Polysaccharides by NMR Spectroscopy. J. Biotechnol. 2000, 77 (1), 115–122. https://doi.org/10.1016/S0168-
1656(99)00212-6.

(56) 	 Lundborg, M.; Widmalm, G. Structural Analysis of Glycans by NMR Chemical Shift Prediction. Anal. Chem. 2011, 
83 (5), 1514–1517. https://doi.org/10.1021/ac1032534.

(57) 	 Taylor, M.E. & Drickamer, K. Introduction to Glycobiology, Third edit.; Oxford University Press: Oxford, 2006; 
Vol. 2nd ed.

(58) 	 Wuhrer, M.; De Boer, A. R.; Deelder, A. M. Structural Glycomics Using Hydrophilic Interaction Chromatography 
(HILIC) with Mass Spectrometry. Mass Spectrom. Rev. 2009, 28 (2), 192–206. https://doi.org/10.1002/mas.20195.

(59) 	 Stavenhagen, K.; Kolarich, D.; Wuhrer, M. Clinical Glycomics Employing Graphitized Carbon Liquid 
Chromatography–Mass Spectrometry. Chromatographia 2014, 78 (5–6), 307–320. https://doi.org/10.1007/s10337-
014-2813-7.

(60) 	 Ruhaak, L. R.; Deelder, A. M.; Wuhrer, M. Oligosaccharide Analysis by Graphitized Carbon Liquid 
Chromatography-Mass Spectrometry. Anal. Bioanal. Chem. 2009, 394 (1), 163–174. https://doi.org/10.1007/s00216-
009-2664-5.

(61) 	 Zauner, G.; Deelder, A. M.; Wuhrer, M. Recent Advances in Hydrophilic Interaction Liquid Chromatography 
(HILIC) for Structural Glycomics. Electrophoresis 2011, 32 (24), 3456–3466. https://doi.org/10.1002/elps.201100247.

(62) 	 Vreeker, G. C. M.; Wuhrer, M. Reversed-Phase Separation Methods for Glycan Analysis. Anal. Bioanal. Chem. 
2017, 409 (2), 359–378. https://doi.org/10.1007/s00216-016-0073-0.

(63) 	 Melmer, M.; Stangler, T.; Premstaller, A.; Lindner, W. Comparison of Hydrophilic-Interaction, Reversed-Phase 
and Porous Graphitic Carbon Chromatography for Glycan Analysis. J. Chromatogr. A 2011, 1218 (1), 118–123. 
https://doi.org/10.1016/j.chroma.2010.10.122.

(64) 	 Szabo, Z.; Guttman, A.; Rejtar, T.; Karger, B. L. Improved Sample Preparation Method for Glycan Analysis 
of Glycoproteins by CE-LIF and CE-MS. Electrophoresis 2010, 31 (8), 1389–1395. https://doi.org/10.1002/
elps.201000037.

(65) 	 Schwedler, C.; Kaup, M.; Weiz, S.; Hoppe, M.; Braicu, E. I.; Sehouli, J.; Hoppe, B.; Tauber, R.; Berger, M.; Blanchard, 
V. Identification of 34 N-Glycan Isomers in Human Serum by Capillary Electrophoresis Coupled with Laser-
Induced Fluorescence Allows Improving Glycan Biomarker Discovery. Anal. Bioanal. Chem. 2014, 406 (28), 7185–
7193. https://doi.org/10.1007/s00216-014-8168-y.

(66) 	 Weiz, S.; Wieczorek, M.; Schwedler, C.; Kaup, M.; Braicu, E. I.; Sehouli, J.; Tauber, R.; Blanchard, V. Acute-Phase 
Glycoprotein N-Glycome of Ovarian Cancer Patients Analyzed by CE-LIF. Electrophoresis 2016, 37 (11), 1461–
1467. https://doi.org/10.1002/elps.201500518.

(67) 	 Gennaro, L. A.; Salas-Solano, O. On-Line CE-LIF-MS Technology for the Direct Characterization of N-Linked 
Glycans from Therapeutic Antibodies. Anal. Chem. 2008, 80 (10), 3838–3845. https://doi.org/10.1021/ac800152h.

(68) 	 Liu, Y.; Salas-Solano, O.; Gennaro, L. A. Investigation of Sample Preparation Artifacts Formed during the 
Enzymatic Release of N-Linked Glycans Prior to Analysis by Capillary Electrophoresis. Anal. Chem. 2009, 81 (16), 
6823–6829. https://doi.org/10.1021/ac9010588.

(69) 	 Bunz, S. C.; Cutillo, F.; Neusüß, C. Analysis of Native and APTS-Labeled N-Glycans by Capillary Electrophoresis/
Time-of-Flight Mass Spectrometry. Anal. Bioanal. Chem. 2013, 405 (25), 8277–8284. https://doi.org/10.1007/s00216-
013-7231-4.

(70) 	 Nakano, M.; Higo, D.; Arai, E.; Nakagawa, T.; Kakehi, K.; Taniguchi, N.; Kondo, A. Capillary Electrophoresis-
Electrospray Ionization Mass Spectrometry for Rapid and Sensitive N-Glycan Analysis of Glycoproteins as 
9-Fluorenylmethyl Derivatives. Glycobiology 2009, 19 (2), 135–143. https://doi.org/10.1093/glycob/cwn115.

(71) 	 Mechref, Y.; Novotny, M. V. Glycomic Analysis by Capillary Electrophoresis-Mass Spectrometry. Mass Spectrom. 
Rev. 2009, 28 (2), 207–222. https://doi.org/10.1002/mas.20196.

(72) 	 Lageveen-Kammeijer, G. S. M.; de Haan, N.; Mohaupt, P.; Wagt, S.; Filius, M.; Nouta, J.; Falck, D.; Wuhrer, M. 

21

General Introduction



Highly Sensitive CE-ESI-MS Analysis of N-Glycans from Complex Biological Samples. Nat. Commun. 2019, 10 (1), 
2137. https://doi.org/10.1038/s41467-019-09910-7.

(73) 	 Lista, S.; Faltraco, F.; Hampel, H. Biological and Methodical Challenges of Blood-Based Proteomics in the Field of 
Neurological Research. Prog. Neurobiol. 2013, 101–102 (1), 18–34. https://doi.org/10.1016/j.pneurobio.2012.06.006.

(74) 	 Dědová, T.; Grunow, D.; Kappert, K.; Flach, D.; Tauber, R.; Blanchard, V. The Effect of Blood Sampling and 
Preanalytical Processing on Human N-Glycome. PLoS One 2018, 13 (7), e0200507. https://doi.org/10.1371/journal.
pone.0200507.

(75) 	 Chambers, A. G.; Percy, A. J.; Yang, J.; Borchers, C. H. Multiple Reaction Monitoring Enables Precise Quantification 
of 97 Proteins in Dried Blood Spots. Mol. Cell. Proteomics 2015, 14 (11), 3094–3104. https://doi.org/10.1074/mcp.
O115.049957.

(76) 	 Merry, T.; Astrautsova, S. Chemical and Enzymatic Release of Glycans from Glycoproteins. Methods Mol. Biol. 
2003, 213, 27–40. https://doi.org/10.1385/1-59259-294-5:27.

(77) 	 Mulloy, B.; Dell, A.; Stanley, P.; Prestegard, J. H. Structural Analysis of Glycans. In Essentials of Glycobiology; 
Varki, A., Ed.; Cold Spring Harbor (NY): Cold Spring Harbor Laboratory Press: New York, 2009; pp 639–652.

(78) 	 Rudd, P. M.; Karlsson, N. G.; Khoo, K.-H.; Packer, N. H. Glycomics and Glycoproteomics. In Essentials of 
Glycobiology; Varki, A., Ed.; Cold Spring Harbor (NY): Cold Spring Harbor Laboratory Press: New York, 2009; pp 
653–666.

(79) 	 Stanley, P.; Schachter, H.; Taniguchi, N. N-Glycans. In Essentials of Glycobiology; Varki, A., Cummings, R., Esko, 
J., Freeze, H. H., Goldsmith, H. W., Bertozzi, C. R., Hart, G. W., E. Etzler, M., Eds.; Cold Spring Harbor (NY): Cold 
Spring Harbor Laboratory Press: New York, 2009.

(80) 	 Keser, T.; Pavić, T.; Lauc, G.; Gornik, O. Comparison of 2-Aminobenzamide, Procainamide and RapiFluor-MS as 
Derivatizing Agents for High-Throughput HILIC-UPLC-FLR-MS N-Glycan Analysis. Front. Chem. 2018, 6 (July), 
1–12. https://doi.org/10.3389/fchem.2018.00324.

(81) 	 Melmer, M.; Stangler, T.; Schiefermeier, M.; Brunner, W.; Toll, H.; Rupprechter, A.; Lindner, W.; Premstaller, A. 
HILIC Analysis of Fluorescence-Labeled N-Glycans from Recombinant Biopharmaceuticals. Anal. Bioanal. Chem. 
2010, 398 (2), 905–914. https://doi.org/10.1007/s00216-010-3988-x.

(82) 	 Ruhaak, L. R.; Steenvoorden, E.; Koeleman, C. A. M.; Deelder, A. M.; Wuhrer, M. 2-Picoline-Borane: A Non-
Toxic Reducing Agent for Oligosaccharide Labeling by Reductive Amination. Proteomics 2010, 10 (12), 2330–2336. 
https://doi.org/10.1002/pmic.200900804.

(83) 	 Lattova, E.; Perreault, H. Labelling Saccharides with Phenylhydrazine for Electrospray and Matrix-Assisted Laser 
Desorption-Ionization Mass Spectrometry. J. Chromatogr. B. Analyt. Technol. Biomed. Life Sci. 2003, 793 (1), 167–
179.

(84) 	 Afiuni-Zadeh, S.; Rogers, J. C.; Snovida, S. I.; Bomgarden, R. D.; Griffin, T. J. AminoxyTMT: A Novel Multi-
Functional Reagent for Characterization of Protein Carbonylation. Biotechniques 2016, 60 (4), 186–196. https://doi.
org/10.2144/000114402.

(85) 	 Gong, B.; Hoyt, E.; Lynaugh, H.; Burnina, I.; Moore, R.; Thompson, A.; Li, H. N-Glycosylamine-Mediated Isotope 
Labeling for Mass Spectrometry-Based Quantitative Analysis of N-Linked Glycans. Anal. Bioanal. Chem. 2013, 
405 (17), 5825–5831. https://doi.org/10.1007/s00216-013-6988-9.

(86) 	 Gennaro, L. A.; Harvey, D. J.; Vouros, P. Reversed-Phase Ion-Pairing Liquid Chromatography/Ion Trap Mass 
Spectrometry for the Analysis of Negatively Charged, Derivatized Glycans. Rapid Commun. Mass Spectrom. 
2003, 17 (14), 1528–1534. https://doi.org/10.1002/rcm.1079.

(87) 	 Kim, K.-J.; Kim, Y.-W.; Kim, Y.-G.; Park, H.-M.; Jin, J. M.; Hwan Kim, Y.; Yang, Y.-H.; Kyu Lee, J.; Chung, J.; Lee, 
S.-G.; et al. Stable Isotopic Labeling-Based Quantitative Targeted Glycomics (i-QTaG). Biotechnol. Prog. 2015, 31 
(3), 840–848. https://doi.org/10.1002/btpr.2078.

(88) 	 Walker, S. H.; Taylor, A. D.; Muddiman, D. C. Individuality Normalization When Labeling with Isotopic Glycan 
Hydrazide Tags (INLIGHT): A Novel Glycan-Relative Quantification Strategy. J. Am. Soc. Mass Spectrom. 2013, 
24 (9), 1376–1384. https://doi.org/10.1007/s13361-013-0681-2.

(89) 	 Kim, K.-J.; Kim, Y.-W.; Hwang, C.-H.; Park, H.-G.; Yang, Y.-H.; Koo, M.; Kim, Y.-G. A MALDI-MS-Based 
Quantitative Targeted Glycomics (MALDI-QTaG) for Total N-Glycan Analysis. Biotechnol. Lett. 2015. https://doi.
org/10.1007/s10529-015-1881-6.

(90) 	 Sekiya, S.; Wada, Y.; Tanaka, K. Derivatization for Stabilizing Sialic Acids in MALDI-MS. Anal. Chem. 2005, 77 
(15), 4962–4968. https://doi.org/10.1021/ac050287o.

(91) 	 Reiding, K. R.; Blank, D.; Kuijper, D. M.; Deelder, A. M.; Wuhrer, M. High-Throughput Profiling of Protein 
N-Glycosylation by MALDI-TOF-MS Employing Linkage-Specific Sialic Acid Esterification. Anal. Chem. 2014, 86 
(12), 5784–5793. https://doi.org/10.1021/ac500335t.

(92) 	 Harvey, D. J. Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry of Carbohydrates. Mass Spectrom. 
Rev. 1999, 18 (6), 349–450. https://doi.org/10.1002/(SICI)1098-2787(1999)18:6<349::AID-MAS1>3.0.CO;2-H.

(93) 	 Tsaprailis, G.; Nair, H.; Somogyi, Á.; Wysocki, V. H.; Zhong, W.; Futrell, J. H.; Summerfield, S. G.; Gaskell, S. J. 
Influence of Secondary Structure on the Fragmentation of Protonated Peptides. J. Am. Chem. Soc. 1999, 121 (22), 
5142–5154. https://doi.org/10.1021/ja982980h.

(94) 	 Wysocki, V. H.; Tsaprailis, G.; Smith, L. L.; Breci, L. a. Mobile and Localized Protons: A Framework for 

22

Chapter 1



Understanding Peptide Dissociation. J. Mass Spectrom. 2000, 35 (12), 1399–1406. https://doi.org/10.1002/1096-
9888(200012)35:12<1399::AID-JMS86>3.0.CO;2-R.

(95) 	 Wheeler, S. F.; Domann, P.; Harvey, D. J. Derivatization of Sialic Acids for Stabilization in Matrix-Assisted Laser 
Desorption/Ionization Mass Spectrometry and Concomitant Differentiation of α (2 → 3)- and α (2 → 6)-Isomers. 
Rapid Commun. Mass Spectrom. 2009, 23 (2), 303–312. https://doi.org/10.1002/rcm.3867.

(96) 	 Bladergroen, M. R.; Reiding, K. R.; Hipgrave Ederveen, A. L.; Vreeker, G. C. M.; Clerc, F.; Holst, S.; Bondt, A.; 
Wuhrer, M.; van der Burgt, Y. E. M. Automation of High-Throughput Mass Spectrometry-Based Plasma N 
-Glycome Analysis with Linkage-Specific Sialic Acid Esterification. J. Proteome Res. 2015, 14 (9), 4080–4086. 
https://doi.org/10.1021/acs.jproteome.5b00538.

(97) 	 Alley, W. R.; Novotny, M. V. Glycomic Analysis of Sialic Acid Linkages in Glycans Derived from Blood Serum 
Glycoproteins. J. Proteome Res. 2010, 9 (6), 3062–3072. https://doi.org/10.1021/pr901210r.

(98) 	 Toyoda, M.; Ito, H.; Matsuno, Y. K.; Narimatsu, H.; Kameyama, A. Quantitative Derivatization of Sialic Acids 
for the Detection of Sialoglycans by MALDI MS. Anal. Chem. 2008, 80 (13), 5211–5218. https://doi.org/10.1021/
ac800457a.

(99) 	 Alley, W. R.; Madera, M.; Mechref, Y.; Novotny, M. V. Chip-Based Reversed-Phase Liquid Chromatography-Mass 
Spectrometry of Permethylated N-Linked Glycans: A Potential Methodology for Cancer-Biomarker Discovery. 
Anal. Chem. 2010, 82 (12), 5095–5106. https://doi.org/10.1021/ac100131e.

(100) 	 Delaney, J.; Vouros, P. Liquid Chromatography Ion Trap Mass Spectrometric Analysis of Oligosaccharides 
Using Permethylated Derivatives. Rapid Commun. Mass Spectrom. 2001, 15 (5), 325–334. https://doi.org/10.1002/
rcm.230.

(101) 	 Ng, E. W. Y.; Wong, M. Y. M.; Poon, T. C. W. Advances in MALDI Mass Spectrometry in Clinical Diagnostic 
Applications. In Chemical Diagnostics From Bench to Bedside; Tang, N. L. S., Poon, T., Eds.; Springer, 2013; pp 
139–175. https://doi.org/10.1007/128_2012_413.

(102) 	 Reiding, K. R.; Lonardi, E.; Hipgrave Ederveen, A. L.; Wuhrer, M. Ethyl Esterification for MALDI-MS Analysis of 
Protein Glycosylation. Methods Mol. Biol. 2016, 1394, 151–162. https://doi.org/10.1007/978-1-4939-3341-9_11.

(103) 	 de Hoffmann, E.; Stroobant, V. Mass Spectrometry: Principles and Applications, Third.; John Wiley & Sons, 2007.
(104) 	 Zenobi, R.; Zenobi, R.; Knochenmuss, R.; Knochenmuss, R. Ion Formation in MALDI Mass Spectrometry. 

Mass Spectrom. Rev. 1998, 17 (5), 337–366. https://doi.org/10.1002/(SICI)1098-2787(1998)17:5<337::AID-
MAS2>3.0.CO;2-S.

(105) 	 Albrethsen, J. Reproducibility in Protein Profiling by MALDI-TOF Mass Spectrometry. Clin. Chem. 2007, 53 (5), 
852–858. https://doi.org/10.1373/clinchem.2006.082644.

(106) 	 Krutchinsky, A. N.; Chait, B. T. On the Nature of the Chemical Noise in MALDI Mass Spectra. J. Am. Soc. Mass 
Spectrom. 2002, 13 (2), 129–134. https://doi.org/10.1016/S1044-0305(01)00336-1.

 

23

General Introduction






