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Introduction 

Cancer describes a vast set of diseases in which multiple alterations occur to normal 

healthy cells in order to transform them towards malignant derivatives.1 These 

aberrations can have numerous and variable origins, occur in different types of cells 

as well as various genetic and metabolic pathways.2 As a result, the presentation of 

the cancer phenotype can be diverse and, due to this complexity, the same clinical 

intervention may not work equally for different patients who seemingly suffer from the 

same condition.3 As a result, a personalized approach to medicine may lead to 

improved outcomes for patients. In this sense, personalized medicine aims to use our 

understanding of the molecular pathways4 manipulated by cancer in order to prescribe 

the right intervention at the right time to the right patient.5 

Biomarker Discovery 

Disease complexity may be resolved by following a set of biological signatures or 

“biomarkers” that are correlated with the disease and thus provide an individual 

perspective of the disease for each patient. A biomarker may be described as a 

biological parameter that is objectively measured to give information regarding 

biological, pathological or therapeutic processes.6 To provide insights into these 

complex biological processes and interactions, the presence, absence, increase, or 

decrease of a specific biomarker, can be monitored. As a result, biomarkers may be 

used for clinical applications such as screening, diagnosis, prognosis, as well as the 

prediction of response to treatment and monitoring disease progression.7 Thus, 

biomarkers have great importance and huge potential for improving patient health by 

means of developing non-invasive testing, greater clinical accuracy, and personalized 

medicine. 

The discovery and development of biomarkers for clinical use is not limited to a single 

field and, as shown is Scheme 1, encompasses research into the expression of genes 

(genome), RNAs (transcriptome), proteins (proteome), and metabolites 

(metabolome)8 as well as lipids (lipidome) and glycans (glycome). Although integrating 

multiple fields would provide a comprehensive overview of the biological system of 

interest,8,9 the availability of resources, time and expertise pertains that researchers 

must often focus on a specific area. As physiological changes caused by disease are 
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often reflected in the proteome, this field represents an attractive opportunity for 

biomarker discovery and development.10 In relation to this, proteins demonstrate great 

versatility and flexibility to carry out the functions of the cell, in contrast to the genome 

which is generally constant.  

 

Scheme 1. Overview of the ‘omics’ fields. Created with BioRender.com. 
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Challenges for Biomarker Research 

The chief requirement of a clinical biomarker is that it must “improve patient 

outcomes”.11 Moreover, it must be objectively measured using a suitable and 

analytically validated assay, which must also demonstrate sufficient performance in 

important areas such as clinical sensitivity and specificity, as well as positive and 

negative predictive value.12,13 Thus, failure to meet these key performance metrics 

leads to challenges for biomarker testing whereby it is questionable whether patient 

outcomes are improved or not. A well-known example in this regard is the case of the 

prostate-specific antigen (PSA) test, an Food and Drug Administration (FDA)-

approved test for early detection of prostate cancer (PCa).14 The test is based primarily 

on the premise that the development of PCa is associated with the disruption of the 

basement membrane and basal cells of the prostate. As a result, an elevated PSA 

concentration is observed in serum after the protein “leaks” into the circulatory 

system.15 However, it has been reported that the PSA test has a sensitivity of 21% 

and a specificity of 91% for detection of any PCa when a cut-off of 4.0 ng/mL is 

applied.16 Although the sensitivity for high-grade cancer (Gleason score ≥ 8) was 

reported as 51% at this cut-off value.16 As a result, most PCa will not be detected in 

patients (false-negative) using a PSA test alone. In addition, it has been shown that 

high-grade cancers are found amongst men with PSA levels < 4.0 ng/mL.17 Thus, the 

test is unable to differentiate malignant and benign forms of the disease. Furthermore, 

an elevated PSA concentration in serum may also be the result of other factors and 

conditions, such as benign prostate hyperplasia (BPH).18 Thus, when the cut-off is 

lowered to 3.0 ng/mL (32% sensitivity and 85% specificity for detection of any PCa), 

the likelihood of a false-positive diagnosis as well as overdiagnosis increases.16 

Overall, the poor performance of this biomarker in these important areas leads to 

underdiagnosis (false-negatives),16 whereby the malignant disease is not detected 

early enough in order to trigger an effective clinical intervention, and overdiagnosis 

(false-positives).19 As a result, patients with a benign or non-cancerous condition 

undergo an invasive and unnecessary biopsy procedure.  

A single biomarker approach such as the PSA test is an appealing strategy as 

concentration cut-off values are straightforward to implement.20 Evidently, however, 

there are pitfalls associated with this method which may arise due to a failure to take 

protein complexity into account. Proteome complexity mainly arises due to post-
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transcriptional and post-translational events such as alternative splicing21 as well as 

post-translational modifications (PTMs)22 which may generate multiple proteoforms of 

the same protein that is transcribed from a single gene.23,24 Thus, single biomarker 

assays, including many assays using antibody-based detection, generally do not 

distinguish between various proteoforms which may lead to inaccurate results.25  

Opportunities for Discovery 

The challenges posed by proteoforms for clinical testing also present future 

opportunities for biomarker discovery and development. It has been postulated that 

improvements in clinical test performance will be achieved when proteoforms are 

incorporated into clinical assays.23,26 For example, pathophysiological changes 

associated with cancer cell development result in changes to various proteoforms, 

including PTMs such as glycosylation, in addition to differences in protein expression 

levels. Glycosylation is a critical PTM as correct glycosylation is required for protein 

folding, interactions between receptors and ligands, cellular signaling and recognition, 

and immune response.27 Thus, oncogenesis is associated with aberrant glycosylation 

as the expression of regulatory enzymes such as glycosyltransferases as well as the 

availability of monosaccharide residues is impacted.28–33 As a result, the interaction 

between the onset of cancer and glycosylation also represents potential opportunities 

for biomarker discovery and development.30,31 In fact, the majority of FDA-approved 

cancer biomarkers currently implemented in clinical practice are glycoproteins,34 

although the glycosylation-specific features are often not taken into account during 

clinical testing.35 In any case, this has given rise to the development of glycosylation-

focused “omics” fields, namely the glycoproteome and glycome,36 that may be 

explored in their own right as biomarkers of disease. 

Glycosylation 

Glycosylation refers to the process of modifying a carrier protein or lipid with 

carbohydrate molecules. In this process, sugar building blocks, also known as 

monosaccharides, are used to form larger and more complex carbohydrate structures, 

better known as oligosaccharides or glycans. These structures consist of a series of 

monosaccharides covalently linked together via glycosidic bonds. As shown in Figure 
1A, there are seven monosaccharides that are commonly found throughout the human 
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body as part of different glycoconjugates whereby the term “conjugate” refers to 

another compound, often a protein or a lipid, that is decorated with glycan structures. 

In the case of proteins, the glycans may be N- or O-linked. The former refers to the 

attachment of the glycan to the nitrogen atom of an asparagine (Asn) when the motif 

Asn-X-serine (Ser)/threonine (Thr) is found in the amino acid sequence whereby “X” 

Figure 1. Most common monosaccharides found in humans. (A) Monosaccharides are 
shown in the alpha (α) conformation. Abbreviations for each group of sugars that share the 
same monoisotopic mass (M) as well as each individual sugar residue are shown. In this case, 
fucose (F) and sialic acid (S) are the primary deoxyhexose and N-acetylneuraminic acid found 
in humans, respectively. (B) The three glycans types, high mannose, hybrid and complex are 
shown. The symbol “±” denotes that monosaccharides may be further added or subtracted from 
the structure. The colored symbol for each monosaccharide is depicted according to the 
Consortium of Functional Glycomics.102 
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is any amino acid except proline (Pro). An O-linked glycan refers to glycans that are 

bound to the protein via the oxygen atom of Ser or Thr. The sequences of Asn-X-

Ser/Thr and Ser/Thr are referred to as the glycosylation sites of the protein and there 

may be multiple N- and O-linked glycosylation sites present on a single protein. 

Furthermore, different glycosylation sites may also have different occupation levels. 

Thus, therein lies the complexity that is found on glycoproteins as macroheterogeneity 

(multiple glycosylation sites) and microheterogeneity (different glycans found on the 

same glycosylation site) contribute to the formation of different glycoforms of the same 

protein.37 

In eukaryotes, glycosylation begins in the endoplasmic reticulum (ER). In order to 

produce N-linked glycoproteins, first a lipid-linked oligosaccharide is built by linking 

multiple mannoses and glucoses to a GlcNAc that is priorly attached to the lipid. 

Following this, the glycan portion is transferred to a polypeptide chain whereby it 

ensures proper folding during post-translation modification of the protein before the 

entire glycoconjugate is translocated to the Golgi apparatus. Depending on the 

location of the glycoprotein in the Golgi apparatus (cis-, medial-, or trans-) as well as 

the presence of different glycosyltransferases, exoglycosidases, and 

endoglycosidases, Figure 1B shows that different glycan structures may be produced 

(high mannose, hybrid, and complex) before the glycoprotein is secreted by the cell.37 

Glycans are structurally more complex than other macromolecules such as proteins 

owing to their non-linear production and branching nature. For example, 

polysaccharides are built by linking a monosaccharide to any available hydroxyl 

oxygen of another sugar via its anomeric carbon. Furthermore, glycosidic linkages 

may be present in an alpha (α) or beta (β) configuration. As a result, this gives rise to 

structures that may contain different compositions (monosaccharides), linkages, 

configurations (α- or β-), and branching. Thus, the structural diversity found within 

glycans gives rise to their numerous functions and roles in biological systems, 

including molecular structure and organization, as well as intrinsic and extrinsic 

signaling and recognition.37 For instance, glycans with the same composition may 

have different linkages or structures (isomers) that affect their function. Sialic acids 

may mask or allow access to an underlying galactose for binding depending on 

whether they are α2,6- or α2,3-linked.38 For example, α2,6-linked sialylation allows 

interaction with the asialoglycoprotein receptor whereas the α2,3-linked variant blocks 
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this interaction.39 In addition, a galactosylated α6-antenna, rather than the α3-antenna, 

increases monoclonal antibody FcγRIIIA binding affinity.40 Finally, it has been shown 

that core-fucosylation plays a role in regulating the immune system41–43 whereas 

antennary fucosylation may function more in mediating host–microbe interactions.44,45 

Glycoproteins as Cancer Biomarkers 

The importance of glycosylation is evident in the malignant and physiological changes 

that result in aberrant glycosylation profiles during cancer progression. It has been 

shown that not only abnormal glycosylation patterns are generated, but that 

glycosylation actively contributes to tumor proliferation, metastasis and 

angiogenesis.46,47 As a result, aberrant glycosylation is continually being recognized 

as a hallmark of cancer. Undoubtedly there are a plethora of cancer-associated 

physiological alterations that affect cellular glycosyltransferases and glycosylation 

profiles, and vice versa. However, although glycosylation shows strong disease 

indications and greater promise for biomarker development, the glycosylation of 

human proteins and their clinical validity have not yet been thoroughly defined.35 As a 

result, characteristic glycosylation signatures in cancer still require further 

investigation and, importantly, suitable methodology to measure these changes must 

be developed. 

PSA Proteoforms as PCa Biomarkers 

PSA is a glycoprotein with a single N-glycosylation (Asn69) and, although the PSA test 

underperforms in relation to PCa screening and diagnosis, its various glycoforms have 

been associated with differentiating specific groups of PCa patients. In relation to this, 

specific PSA glycosylation signatures such as an increase in both α2,3-sialylation48 

and fucosylation49 were correlated with the distinction between PCa and non-PCa 

groups, as well as normal and tumor-derived cells, respectively. Furthermore, other 

possibilities for biomarker development may be found by examining the disruption of 

the biological processing of PSA into its various proteoforms during prostate disease. 

Figure 2 summarizes the PSA proteoforms that are found in serum during normal 

bioprocessing of the protein in healthy cells. The prepropeptide form of PSA is 

produced in epithelial cells where it is co-translationally cleaved at Ala17 into [-

7]proPSA PSA,50,51 an inactive precursor form that contains a 7-amino acid long 
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propeptide, proPSA ([-7]proPSA).52 Cleavage of [-7]proPSA at Arg24 in the lumen 

results in the active form of the protein (PSA), which is normally secreted by the 

epithelial cells into semen. However, in cases of PCa, the epithelial lining of the 

prostate becomes disrupted, resulting in the entry of active PSA and inactive [-

7]proPSA, as well as its constituent degradation products ([-5]proPSA, [-4]proPSA, [-

Figure 2. Normal bioprocessing of PSA. (A) The prepropeptide form of PSA is co-
translationally cleaved into [-7]proPSA.50,51 [-7]proPSA may also undergo further degradation 
which results in truncated proPSA forms, including [-5]proPSA. In the lumen.50–52 [-7]proPSA 
undergoes proteolysis by hK2 and hK4 to obtain PSA. This active form of the protein is secreted 
by the prostate gland into seminal fluid, however it may also undergo further processing in the 
lumen to inactivate the protein, yielding internally cleaved PSA (bPSA) and inactive PSA 
(iPSA).50,51 A small portion of each proteoform also enters into blood circulation whereby active 
PSA forms complexes with protease inhibitors which produces complexed PSA (cPSA).50,51 
Asterisk (*) refers to other proPSA forms such as [-4], [-3], [-2], and [-1]proPSA. (B) PSA 
proteoforms include preproPSA with signal peptide, [-7]proPSA, active PSA, and cleaved 
bPSA.50 Amino acid positions are highlighted along the top. The N-glycosylation site is 
highlighted in red and the most abundant glycan (H5N4F1S2) is shown. The most prominent 
cleavage sites and associated amino acids are shown for bPSA.50,51 Created with 
BioRender.com. 
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2]proPSA, [-1]proPSA) into the bloodstream.50–52 Conversely, active PSA may also be 

inactivated by undergoing internal cleavage at specific amino acid positions (R109 – 

F110, K169 – K170, K206 –S207)53–55 to produce inactive cleaved PSA54, also known as 

benign PSA (bPSA)56. Interestingly, bPSA appears to be enriched in the transition 

zone of the prostate in hyperplastic BPH tissue which is thought to be a highly 

proteolytic environment.56 Thus, the impact that disease has on the biological 

processing of PSA gives a clear example of how specific proteoforms may be 

investigated in order to improve the clinical performance of a diagnostic test when 

testing for PCa (proPSA) or BPH (bPSA). Despite these developments, 

comprehensive studies of PSA proteoforms, especially in body fluids other than 

serum, are lacking. Although PSA variants have been examined with some beneficial 

outcomes,51 these tests are still dependent on protein concentration, rather than a 

proteoform profile. As a result, further studies into the clinical relevance of PSA 

proteoforms must still be carried out.  

CRC N-Glycosylation Signatures 

In relation to colorectal cancer (CRC), aberrant N-glycosylation signatures may be 

found during CRC progression. For example, a study that used CRC stem cells 

showed an increase in lectin binding for branched tri- and tetra-antennary structures, 

which was accompanied by an increase in the expression of N-

acetylglucosaminyltransferase V (MGAT5),57 the enzyme responsible for β1,6-

branching.58 Interestingly, MGAT5 overexpression is associated with an increase in 

malignancy and tumor growth rate in human colon carcinoma cells.59 In addition, 

upregulation of ST6 beta-galactoside α-2,6-sialyltransferase 1 (ST6GAL1)60,61 and a 

concurrent increase in expression of α2,6-sialylation is reported in CRC.62 Here, 

sialylation modifies β1 integrin conformation, resulting in a protective effect against 

apoptosis in CRC cells.63 Additionally, the aforementioned glycosylation signatures 

may also be investigated as biomarkers of the disease. For example, Vroome et al. 

showed an increase in tri- and tetra-antennary N-glycan structures as well as an 

overall elevation in α2,6-sialylation when comparing the total serum N-glycome of 

CRC patients with healthy controls.64 Furthermore, the authors illustrated the 

discrimination of cases from controls and CRC survival was also predicted.64 Another 

study focused more specifically on the glycosylation patterns of the current CRC 

biomarker, carcinoembryonic antigen (CEA).65 CEA is a highly glycosylated protein 
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and it is expected that the assessment of its heterogeneous and abundant 

glycosylation could result in biomarkers that better reflect cancer progression.66 In this 

case, Zhao et al. examined CEA from tumor tissues in comparison with paired tumor-

adjacent normal tissues using a lectin microarray.65 Greater levels of fucose and 

mannose were observed whilst there was a decrease in N-acetylglucosamine 

(GlcNAc), N-acetylgalactosamine (GalNAc), galactose as well as branched and 

bisecting N-glycans on CEA.65 Evidently, glycosylation is involved throughout 

numerous cancer processes in CRC, however further investigations are required in 

order to determine the most suitable approach (total serum versus specific 

glycoprotein), glycosylation signature, as well as analytical methodology that will 

enable translation of the results into the clinics. 

The discovery and development of glycoproteins as biomarkers for clinical use 

requires suitable analytical methodology for this purpose. In this case, the technique 

must demonstrate sufficient sensitivity in order to detect low abundant analytes as well 

as specificity so that associations of specific analytes with the disease may be 

determined. In relation to the latter, antigen-binding approaches using antibody or 

lectin arrays are fraught with the potential for non-specific binding.25,35 For example, 

Zhao et al. reported that Aleuria aurantia lectin (AAL) shows specificity for α1-2 

(antennary) fucose65 whereas other studies describe specificity towards α1-6 (core) 

fucose,67 highlighting the ambiguity that may arise from such approaches. In contrast, 

measurands used in clinical tests must be clearly defined.68 Furthermore, it is 

important to develop a proper understanding of the disease biology in order to develop 

biomarkers that can accurately monitor disease processes. Thus, it is important to 

build the required specificity into the biomarker test throughout the discovery and 

development period. In this sense, mass spectrometry (MS) is a technique that is 

ideally suited for this purpose as it allows specific identification via unique precursor 

mass and fragmentation patterns as well as direct quantification of proteins.35,69 
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Glyco(proteo)mics 

Mass Spectrometry 

MS describes a range of techniques wherein gas-phase ions of compounds are 

produced followed by the measurement of these ions as mass-to-charge ratios (m/z). 

The process of ionization produces gas-phase ions in the source, often via matrix-

assisted laser desorption ionization (MALDI) or electrospray ionization (ESI). This is 

followed by mass separation of the ions in the mass analyzer under a vacuum. This is 

a critical function of MS as the ions are directly related to the nature, structure, and 

composition of the precursor molecule. Several types of mass analyzers have been 

developed for this purpose and, in many cases, they are combined in order to enhance 

the selectivity of the measurement. For example, quadrupole time-of-flight (QTOF) 

instruments implement a mass range pre-selection via the quadrupole which is 

followed by the separation of the ions inside a flight tube. The m/z of the ion is 

determined by the time taken to reach the detector, which is directly related to its mass. 

Finally, the data output from the detector is given as a mass spectrum, which may then 

be interpreted manually or using appropriate software in order to yield important 

information regarding the molecule of interest.70 

The power of MS can be further enhanced by adding an extra separation dimension 

prior to mass detection. This may be achieved via the coupling of an online separation 

technique before the introduction of the sample into the mass spectrometer. With 

regard to the analysis of glycoproteins, two separation techniques have demonstrated 

a wide range of applications when hyphenated with MS: capillary electrophoresis 

(CE)–ESI–MS66,71–77 and liquid chromatography (LC)–ESI–MS.78–84  

Capillary Electrophoresis–Electrospray Ionization–Mass Spectrometry 

Electrophoresis refers to the separation of compounds in solution following the 

application of voltage in order to generate an electric field.85 Thus, analytes will migrate 

towards the cathode or anode depending on whether they are positively or negatively 

charged, respectively. In the case of capillary zone electrophoresis (CZE), the capillary 

is filled with a buffer known as the background electrolyte (BGE) in order to facilitate 

separation.86 Depending on the charge of the analytes and their hydrodynamic size, 

each analyte displays its own electrophoretic mobility. In this case, an analytes charge 
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is determined based on its pKa as well as the pH, ionic strength, and concentration of 

the BGE.87 However, the migration of each analyte within the capillary depends on the 

combined influence of its electrophoretic mobility as well as the electroosmotic flow 

(EOF) of the system. The EOF is generated by applying a voltage to the capillary and 

an interaction between cations, anions, and the capillary wall will occur, resulting in a 

bulk flow of the solution. In relation to this, the strength of the EOF may be influenced 

by controlling parameters such as the properties of the BGE, the coating present on 

the capillary internal wall, and the applied voltage.87 Moreover, the resulting charge of 

the compound of interest and direction of the EOF must also be carefully considered 

to ensure that the analyte migrates efficiently towards the detector.  

CE is regarded as an analytical technique which generates excellent peak resolution 

and high peak capacity, mainly because of the sharp peaks that are produced due to 

the flow profile that is EOF driven.87 As a result, the hyphenation of CE with MS via 

ESI is a powerful approach which achieves high sensitivity and selectivity by the online 

separation of analytes based on their properties inside the capillary and used BGE. In 

the context of glycoproteomics, CE-ESI-MS has demonstrated efficient separation of 

sialylated glycans due to the negative charge that sialic acids carry.88 Furthermore, 

isomeric separation can also be achieved as it was shown that sialic acids with 

different linkages are resolved as they have different pKas,88 and likely also different 

hydrodynamic volumes, although the latter observation was not investigated. In 

addition, co-migrating compounds with different masses may be determined when 

coupled with MS detection. Overall, CE-ESI-MS has been applied across multiple 

areas in the glycomics and glycoproteomics fields, including the analysis of released 

glycans,71–73 glycopeptides,74,75 and intact glycoproteins.76,77 

Liquid Chromatography–Electrospray Ionization–Mass Spectrometry 

Chromatography achieves separation based on the interaction of compounds with the 

stationary and mobile phases. In this regard, the chemistry that is observed is largely 

dependent on the chromatographic system and the properties of the analyte inside 

that system. In relation to this, there are several chromatographic principles that are 

mainly applied in glycomic and glycoproteomics research, including high-

pH/performance anion-exchange chromatography (HPAEC),89 porous graphitized 

carbon (PGC)-LC,78,83 reversed-phase (RP)-LC,79,80 and hydrophilic interaction-LC 
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(HILIC).81,90 In regard to HPAEC, glycans are separated following the application of a 

high pH which results in the deprotonation of monosaccharide hydroxyl groups.91 In 

particular, this technique has been employed with pulsed-anomeric detection (PAD) 

for the analysis of individual monosaccharides following glycan hydrolysis.89 Typically, 

this separation approach is difficult to couple with MS due to the incompatibility of the 

solvents, however hyphenation has been achieved via implementing an online 

desalting step prior to MS detection.82 In general, the latter LC approaches (PGC, RP, 

HILIC) are more easily coupled with MS than HPAEC and have demonstrated 

numerous applications within the field of glycomics and glycoproteomics.78–81,83,84,92 

For example, hydrophobic and polar interactions influence PGC separation, as a result 

this technique demonstrates excellent separation of glycan isomers.92,93 In the context 

of RPLC, a nonpolar stationary phase is employed and a noncovalent interaction is 

formed between the stationary phase and the analytes’ nonpolar residues. Analytes 

elute in order of increasing hydrophobicity as their retention is dependent on the 

competitive solubilization between the stationary and mobile phases.91 In the context 

of N-glycan analysis, elution is largely dominated by non-carbohydrate moieties at the 

reducing-end of the glycan.91 Finally, HILIC is also a popular technique for separating 

glycoconjugates due to their hydrophilic nature and, as a result, separation is mainly 

determined by the glycans themselves. In this case, it has been reported that an 

analyte partitioning effect is created due to the presence of organic solvent in the 

mobile phase and the water-enriched layer at the polar stationary phase.94,95 Thus, 

analyte elution is strongly influenced by the polar associations of the carbohydrate 

residues with the stationary phase, as well as other interactions which include 

hydrogen bonding, ion exchange and dipole-dipole interactions.94 Therefore, HILIC-

MS has been an important technique for the efficient separation and analysis of 

various types of glycoconjugates. 

Top to Bottom MS Approaches 

There are several approaches for analyzing glycoproteins by MS which range from 

top-down to bottom-up techniques (Figure 3). The approach for analyzing 

glycoproteins depends on the research question and level of detail that is required. 

For example, intact glycoprotein analysis involves the analysis of the entire 

glycoconjugate, with little sample preparation and, as a result, fewer modifications are 

introduced to the molecule during sample processing.96 The separation may be 
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performed under denaturing or native conditions with the aim of assessing the intact 

mass of different proteoforms as well as protein integrity and complexes when native 

conditions are employed.97 Importantly, it should be noted that top-down analysis 

includes the performance of MS/MS fragmentation on the protein in order to gain 

sequence information.97 However, intact protein or top-down analysis requires mainly 

isolated proteins and these techniques does not allow site-specific information to be 

gained. Furthermore, sensitivity is a challenge due to the dispersion of the signal over 

the charge envelope of the protein. Native top-down MS generates proteins with lower 

charge states,98 however the aqueous solvent lacks the organic solvent and low pH 

that is often favorable for protein solubility and ion desolvation.98 

Subunit analysis may also be carried out by following a middle-up or middle-down 

approach. Protein subunits may be generated by reducing protein disulfide bonds or 

enzymatic digestion, such as IdeS digestion of antibodies.81 Similarly to the top-down 

approach mentioned above, the term “middle-down” is used when MS/MS 

Figure 3. Top to bottom glyco(proteo)mic approaches. An ordinal scale is used to compare 
the four approaches across five categories, ranging from none to high. Analysis time refers to total 
time to perform sample preparation, measurement and data analysis. Created with 
BioRender.com. 
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experiments are carried out during the measurement.97 Several benefits are gained 

from following a protein subunit approach. For instance, the molecular weight of the 

analyte is lowered and, therefore, isotopic resolution may be achieved which allows 

the accurate mass to be determined. In addition, modifications may be assigned to 

specific subunits of the protein.99 Despite these advantages, enzymes that cleave the 

protein into large polypeptides are generally not available for most proteins.98  

Bottom-up analysis involves the enzymatic digestion of the protein and, unlike middle-

up/down analysis, the protein is digested into peptides rather than subunits. Moreover, 

there is a large number of enzymes to choose from in order to generate smaller 

peptides, although trypsin is the most commonly applied.100 This approach generates 

great detail about the glycoprotein of interest, including the identification of N-

glycosylation sites and glycosylation site-occupancy, provided the peptide backbone 

is unique. Although glycopeptide analysis provides information regarding both the 

peptide and the glycan, the technique generates highly complex spectra. In addition, 

little information regarding the peptide sequence is gained from applying collisional- 

induced dissociation (CID), a commonly used technique for glycosidic bond 

fragmentation, and other fragmentation techniques should be utilized in this case.100  

Finally, N-glycans may also be released entirely from the glycoprotein via enzymes 

such as an endoglycosidases. In this case, the complete range of glycan 

microheterogeneity may be assessed. This approach has several advantages, 

including the absence of any protein interference which produces spectra with less 

complexity. However, as a result, information regarding the carrier protein is lost. 

Furthermore, glycans possess poor ionization efficiency and do not contain a natural 

chromophore. In this case, sample preparation of glycans often involves reducing-end 

labeling with a fluorophore-containing compound in order to enable fluorescence 

detection.101  

As demonstrated in Figure 3, each approach shows that there are several factors that 

should be considered when determining which tactic to follow, including the sample 

purity, time required for performing sample preparation and measurements, the 

modification of interest, and the complexity of the generated data. Alternatively, to gain 

a comprehensive picture, multiple approaches can be applied. For example, in cases 

where the assessment of different glycoprotein proteoforms via a top-down approach 
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may be the primary objective, bottom-up analysis would provide the necessary 

complimentary information regarding glycosylation site identification and occupancy 

determination. In addition, released glycan analysis can provide the full overview of 

glycan microheterogeneity and abundance. Moreover, subunit analysis provides 

further support regarding modifications to the protein sequence. Thus, a multilevel 

approach generates the most complete overview of the glycoprotein.  
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Scope 

The aim of this thesis is to explore and develop MS workflows coupled with online 

separation for the discovery of glyco(proteo)mic signatures in cancer. In this case, two 

different approaches are taken in order to explore PCa and CRC, both in terms of 

sample processing and separation mode. 

In the first part of this thesis, we focus on a specific glycoprotein, namely PSA, and 

perform intact protein analysis in order to assess the potential of its proteoforms for 

stratifying PCa patients. Chapter 2 describes the development of a CE method in 

combination with MS detection in order to profile urinary intact PSA. In addition, the 

performance and application of the method is validated via intermediate and 

repeatability measurements as well as a small patient study. In Chapter 3, the data 

processing workflow is further developed, overcoming one of the main challenges that 

was identified in Chapter 2. Importantly, this chapter focuses on the same data set as 

Chapter 2 in order to validate the findings by comparing extracted ion and 

deconvolution quantification approaches. New insights are also obtained as the 

profiles of urinary and seminal PSA are compared, and further support for proteoform 

assignment is achieved via middle-up and bottom-up analyses. 

In the second part of this thesis, the potential of total serum N-glycosylation as a 

biomarker for CRC is evaluated. Chapter 4 describes the development and validation 

of a RPLC method in order to separate fluorescently labeled and sialic acid linkage 

derivatized N-glycans. Importantly, specific isomeric structures are differentiated by 

retention time and mass differences. Following this, the application of the method is 

demonstrated using a cohort of pre- and post-operative samples from CRC patient 

sera in Chapter 5. The clinical results are corroborated by comparison of the results 

with previous MALDI-MS measurements of the same cohort. Additional information is 

also gained by the separation of isomeric structures that was previously not observed.  

Finally, a general discussion is provided in Chapter 6. Here, the analysis of isomeric 

N-glycans by RPLC is further examined. In addition, the technical challenges 

encountered during this thesis and potential improvements to the methodology are 

discussed. Finally, future perspectives regarding biomarker and method translation 

are described.  
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Abstract 

Early detection of prostate cancer may lead to the overdiagnosis and overtreatment of 

patients as well as missing significant cancers. The current diagnostic approach uses 

elevated serum concentrations of prostate-specific antigen (PSA) as an indicator of 

risk. However, this test has been widely criticized as it shows poor specificity and 

sensitivity. In order to improve early detection and diagnosis, several studies have 

investigated whether different PSA proteoforms are correlated to prostate cancer. Until 

now, studies and methodologies for the comprehensive characterization of PSA 

proteoforms from biofluids are scarce. For this purpose, we developed an intact protein 

assay to analyse PSA by capillary electrophoresis-electrospray ionization-mass 

spectrometry after affinity purification from patients’ urine. Here, we determined six 

proteolytic cleavage variants. In regard to glycosylation, tri-, di-, mono- and non-

sialylated complex-type N-glycans were found on non-cleaved PSA, as well as the 

non-glycosylated variant. The performance of the intact protein assay was assessed 

using a pooled sample, obtaining an inter-day variability of 15%. Furthermore, urinary 

patient samples were analysed by intact protein analysis and a bottom-up approach 

(glycopeptide analysis). This combined approach revealed complimentary information 

on both levels, demonstrating the benefit of using two orthogonal techniques to provide 

a thorough profile of urinary PSA.  
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Introduction 

An elevated serum level of prostate-specific antigen (PSA) was the first FDA approved 

tumour marker for the early detection of prostate cancer (PCa).1,2 However, since its 

approval, this serum-based test has come under increased scrutiny due to its lack of 

specificity and sensitivity.3 For example, the test is unable to distinguish PCa from 

other prostate-related diseases, such as benign prostate hyperplasia (BPH),1 as well 

as showing poor performance when differentiating aggressive from insignificant PCa. 

These issues are caused, in part, when the PSA concentration in serum is between 3 

– 10 ng/mL (Netherlands)4 or 4 – 10 ng/mL (United States)5, the so-called diagnostic 

‘grey zone’. Patients with elevated serum PSA concentrations may undergo biopsy for 

further confirmation, however, only 26% of cases with PSA levels in the diagnostic 

grey zone have PCa.5 Furthermore, the biopsy procedure is accompanied by risk 

factors such as infection and hematuria.5 In general, patients risk being over- or under-

treated and, therefore, would benefit greatly from more specific and sensitive 

biomarkers. 

Several studies have investigated whether different PSA proteoforms might improve 

or aid the current PSA test.6,7 In serum and seminal plasma, several naturally occurring 

PSA proteoforms are cleaved at specific internal cleavage sites (Figure 1), resulting 

in enzymatically inactive variants.8–10 A cleaved PSA form, containing a cleavage at 

Lys169 and Lys206, is described as benign PSA (bPSA) due to its association with BPH.7 

Importantly, a feature of BPH is the overgrowth of cells located in the transition zone 

of the prostate,11 precisely the location where this cleavage is hypothesised to occur.7 

Conversely, in PCa, PSA circumvents this process when the epithelial lining becomes 

disrupted, resulting in the protein entering the bloodstream.12 

Investigations into PSA proteolytic cleavage variants have mainly been described in 

serum and seminal plasma; the proportion of cleaved PSA may account for 10 to 30% 

of total PSA in serum13–15 whereas these proteoforms comprise 30% of PSA in seminal 

plasma.13,16 However, another promising biofluid, urine, is relatively unexplored in this 

regard.17,18 This is unfortunate since urine is likely to reflect the biological status of the 

prostate as there is evidence that PSA is directly secreted into urine via the periurethral 

glands.19,20 Moreover, urine is relatively easy to obtain in high volumes with high 
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concentrations of PSA.21,22 In this case, an investigation into urinary PSA is warranted 

in order to define the specific proteoforms that are present there.  

PSA glycosylation has been 

extensively studied as it has been 

reported to have potential diagnostic 

and prognostic value.18,23–25 This 

protein contains a single N-

glycosylation site present at Asn69, 

normally containing complex-type di-

sialylated and core-fucosylated 

glycans. A second N-glycosylation site 

might be present when Asp102 is 

replaced by Asn102 due to a mutation in 

the gene encoding PSA, kallikrein 3 

(KLK3),26 yet this has only been observed in a single study.27 In general, PSA 

glycosylation in urine, seminal plasma and serum has been well examined.9,27–29 

Sarrats et al. demonstrated a similar glycosylation pattern between cleaved and non-

cleaved PSA variants in seminal plasma and serum, respectively.29 In contrast, small 

discrepancies were found when non-cleaved PSA glycopeptides were compared to 

the total PSA glycosylation profile.28 Undoubtedly, the relative contribution of cleaved 

PSA forms to its total glycosylation is not well understood and requires further 

investigation. 

Charge-based separation of PSA has previously been employed on the basis of the 

different isoelectric points (pIs) of its proteoforms.17,29 For example, five distinct 

proteoforms were reliably separated using two-dimensional electrophoresis (2-DE).29 

Here, however, only an estimated protein mass was determined using a molecular 

weight marker. Investigations that have applied mass spectrometry (MS) have 

provided a more accurate determination of the mass of PSA proteoforms.9 In this case, 

separation was achieved using anion-exchange chromatography, although the 

proteoforms were analyzed offline by MS. Interestingly, capillary electrophoresis (CE) 

has been shown to be a suitable technique when hyphenated with electrospray 

ionization-MS (CE-ESI-MS) for online separation and identification of PSA 

proteoforms.30 

Figure 1: N-glycosylation site and internal 
cleavage sites present in PSA. Amino acids 
are represented along the top whereas the 
sequence positions are represented along the 
bottom. Most abundant N-glycan (H5N4F1S2) is 
depicted on the N-glycosylation site (Asn69). 
Figure 1 adapted with permission13 © (2003) 
American Society of Clinical Oncology. All rights 
reserved. 



2

Profiling the Proteoforms of Urinary Prostate-Specific Antigen by Capillary 
Electrophoresis – Mass Spectrometry 

41 
 

The main aim of this study was to investigate the profile of PSA proteoforms present 

in urine. For this purpose, PSA was captured from a patient urine pool and analysed 

by CE-ESI-MS. In order to demonstrate the applicability of the protocol, the method 

was validated and further assessed using individual patient urine samples. Finally, an 

in-depth glycopeptide analysis was carried out to complement the glycosylation profile 

obtained at the intact protein level. 

Materials and Methods 

Chemicals and Reagents 

Deionized water (MQ) was obtained with a Q-Gard 2 system (Millipore, Amsterdam, 

The Netherlands). Ammonium bicarbonate, potassium dihydrogen phosphate 

(KH2PO4), sodium bicarbonate (NaHCO3), sodium chloride (NaCl), sodium hydroxide 

(NaOH), and sodium phosphate dibasic dihydrate (Na2HPO4·2H2O) were purchased 

from Merck (Darmstadt, Germany). Ammonium acetate, formic acid (FA), and water 

(LC-MS grade) were acquired from Fluka (Steinheim, Germany). Acetonitrile (LC-MS 

grade) was purchased from Biosolve (Valkenswaard, The Netherlands). Phosphate-

buffered saline (PBS), five times concentrated (5x), was prepared from 0.16 M 

Na2HPO4, 0.02 M KH2PO4, 0.73 M NaCl at pH 7.2. 5x PBS was diluted with MQ to 

obtain 1x PBS, pH 7.6. DL-dithiothreitol (DTT), glacial acetic acid (HAc), hydrochloric 

acid (HCl), and iodoacetamide (IAA) were obtained from Sigma-Aldrich (Steinheim, 

Germany). Polyethylenimine (PEI) was obtained from Gelest (Morrisville, NC). 

Seminal PSA standard was acquired from Lee BioSolutions (St. Louis, MO). The 

protein test mixture, containing cytochrome C, lysozyme and ribonuclease A, was 

purchased from SCIEX (Brea, CA). Mass spectrometry-grade trypsin derived from 

bovine pancreas was purchased from Promega (Madison, WI). A synthetic peptide 

(LSEPAELTEAVK) was prepared in-house by FMoc solid phase peptide synthesis. 

Sample Collection  

A waiver was obtained from the medical ethical committee (W16_010#16.020) of the 

Amsterdam University Medical Center (AMC) and clinical samples were collected over 

a two year period. Patients who were suspected of PCa and presented with an 

elevated PSA serum concentration (> 3 ng/mL) donated urine prior to digital rectal 

examination (DRE) and prostate biopsy. Urinary samples were homogenised and 
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portioned into BD Vacutainer™ Plastic Urinalysis Tubes (Fisher Scientific, 

Loughborough, UK). The samples were stored at -80°C for a maximum of three 

months at the AMC before they were transferred to Leiden University Medical Center 

and stored at -80°C. Sample processing was carried out at the end of the collection 

period.  

Experimental Design 

Repeatability and Intermediate Precision Assessment 

In order to assess the repeatability and intermediate precision of the assay, an intra- 

and inter-day analysis was performed using a patient urine pool consisting of 27 

randomly selected patients (> 180 mL), hereby referred to as the validation pool. This 

was divided into 20 mL portions and stored at -20°C. Three full technical replicates 

were processed and measured each day (n = 3) over three days (n = 9). Urine was 

prepared as detailed in the following sections. 

Method Application 

The applicability of the protocol on individual patients was assessed using a separate 

cohort of patient samples (n = 10). Patient samples were randomized prior to sample 

treatment and 20 mL from each patient was processed over two batches. In addition, 

a positive control was created by pooling 5 mL from each of the 10 urine samples (50 

mL) that was processed and measured in each batch. Urine was prepared according 

to the following sections. 

Sample Processing 

Urine was processed as previously described by Kammeijer et al.28 Briefly, samples 

were removed from storage, thawed at room temperature (RT) and vortexed to ensure 

a homogeneous mixture. Following this, the samples were centrifuged (500g, 5 min) 

and 20 mL of urine supernatant was removed. The protocol has been validated to 

process 20 mL of urine and, therefore, in cases whereby urine was available below 20 

mL, these samples were added up with 1x PBS to reach a total volume of 20 mL. 

Following this, 5 mL 5x PBS was added to all samples (final volume of 25 mL). 

PSA Capturing   

PSA was isolated and immunopurified from urine as previously described.28 Briefly, 

anti-PSA nanobodies (QVQ, Utrecht, The Netherlands) were coupled in-house with 
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Sepharose beads (GE healthcare, Little Chalfont, UK). An overnight incubation at 4°C 

was performed with the addition of 60 µL of a 50% anti-PSA beads solution to the 

samples. Next, the samples were centrifuged (100g, 1 min), and the supernatant was 

removed to leave 500 µL of anti-PSA beads solution. This was followed by re-

suspension and transfer to a 96-well polypropylene filter plate (Orochem, Naperville, 

IL), which was placed inside a vacuum manifold (Merck Millipore, Darmstadt, 

Germany). A vacuum was applied until there was no liquid remaining. Subsequently, 

the beads were washed with 600 µL 1x PBS followed by two washes using 600 µL of 

50 mM ammonium bicarbonate. Following this, PSA was eluted using 200 µL of 100 

mM FA containing a synthetic peptide (LSEPAELTEAVK; 45 fmol/µL). The plate was 

covered using an adhesive seal and placed on a plate shaker (max. rpm, 5 min). 

Finally, the plate was centrifuged (100g, 2 min) and the eluent was split into two 

portions for intact protein analysis (80%) or enzymatic digestion with trypsin (20%) for 

glycopeptide analysis. Each portion was concentrated to dryness using a vacuum 

centrifuge operating at 45°C (Eppendorf Concentrator 5301, Eppendorf). Samples 

were reconstituted in 3 µL of MQ (intact protein analysis) or 5 µL of 25 mM NaHCO3 

(glycopeptide analysis), and stored at -20°C until further processing. 

In-solution Tryptic Digestion  

The portions set for glycopeptide analysis underwent reduction and alkylation prior to 

digestion with trypsin, as previously described.28 Shortly, 1 µL of 12 mM DTT was 

added prior to incubation at 60°C for 30 min. Further incubation was performed with 1 

µL of 42 mM IAA for 30 min in darkness at RT. Finally, 1 µL of 48 mM DTT was added 

to the samples which remained in brightness for 20 min. Following this, 1 µL of 0.15 

mg/mL trypsin was added in 25 mM NaHCO3 and overnight digestion was performed 

at 37°C. 

Capillary Electrophoresis  

All experiments were performed on a CESI 8000 instrument (SCIEX) using bare-fused 

silica capillaries (91 cm x 30 µm i.d. x 150 µm o.d.) containing a porous tip. For intact 

protein analysis, capillaries were coated in-house using PEI and in accordance with a 

previously published protocol.31 The temperature was set to 5°C and 15°C for the 

sample tray and capillary, respectively. The performance of the capillary was 

determined prior to performing measurements by assessing the migration time and 
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signal intensity of a protein test mixture (SCIEX), as described previously.31 When 

deemed necessary, the capillary coating was removed using 1 M NaOH (100 psi for 

60 min) and re-coated according to the same procedure as mentioned above. In this 

case, however, no re-coating was required. Prior to analysis, the separation capillary 

was rinsed (100 psi for 5 min) with the background electrolyte (BGE) consisting of 20% 

HAc (v/v, 3.49 M, pH 2.3). Following this, the conductive line was filled with BGE (100 

psi for 4 min) and hydrodynamic injection of the sample (8.8 psi for 35 sec) was 

applied. Assuming a viscosity of aqueous BGE of 1.14 cP, 6.3% of the total capillary 

volume was filled which equals an injection of 41 nL. The instrument was operated in 

reverse polarity mode and a separation voltage of 20 kV was applied for 45 min. The 

capillary was prevented from drying out between measurements by maintaining a 

constant low flow with the continuous application of 10 psi to the BGE vial.  

Electrophoretic separation of glycopeptides was carried out in line with the protocol 

from literature.28 Briefly, a bare-fused silica (BFS) capillary was flushed with 0.1 M 

NaOH (2.5 min), LC-MS grade H2O (3 min), 0.1 M HCl (2.5 min), H2O (3 min), followed 

by 3 min with the BGE of 20% HAc (v/v, 3.49 M, pH 2.3). Here, the sampling tray was 

set to 10°C and the capillary temperature was maintained at 15°C. The sample (4 µL) 

was mixed with 2 µL of leading electrolyte (1.2 M ammonium acetate, pH 3.17) in a 

PCR tube and subsequently transferred to nanovials (SCIEX, Brea, CA). 

Hydrodynamic injection of the sample was performed at 25 psi for 24 sec (12.3% 

capillary volume / 79 nL). Following this, a BGE post plug was injected (0.5 psi for 25 

sec).  

Mass Spectrometry  

On-line coupling of the CE system was achieved with a maXis Impact UHR-QqTOF 

(Ultra-High Resolution Qq-Time-Of-Flight) MS (Bruker Daltonics GmbH, Bremen, 

Germany) via a sheathless CE-ESI-MS interface and a nano-electrospray source. All 

MS experiments were performed in positive ionization mode and specific parameters 

were used for intact protein and glycopeptide analysis. For intact protein analysis, the 

following settings were used: electrospray voltage, 1350 V; nitrogen drying gas, 1.2 

L/min at 100°C; quadrupole ion energy, 5 eV; collision cell energy, 5 eV; transfer time, 

120 µs; pre-pulse storage time, 20 µs. For glycopeptide analysis, the following 

parameters were implemented: electrospray voltage, 1100 V; nitrogen drying gas, 1.2 
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L/min at 150°C; quadrupole ion energy, 3 eV; collision cell energy, 7 eV; transfer time, 

130 µs; pre-pulse storage time, 15 µs. Furthermore, dopant enriched (ca. 4% mole 

percent acetonitrile) nitrogen (DEN)-gas was employed during glycopeptide analysis 

as previously described.32 Briefly, the DEN-gas was introduced by allowing dry gas 

into a nano-Booster (OT3118G002, Bruker Daltonics); the coaxial sheath flow of the 

DEN-gas around the ESI emitter was introduced via an in-house made polymer cone, 

surrounding the housing of the porous tip. The MS data was acquired with a spectral 

acquisition frequency of 1 Hz within the range m/z 600 – 3000 or m/z 200 – 2200 for 

intact protein and glycopeptide analysis, respectively.  

Data Analysis  

Bruker DataAnalysis version 5.0 was used to perform data analysis. For assignments 

of intact proteoforms, internal calibration was carried out using the top 10 charge 

states ([M+13H]13+ – [M+22H]22+) of the most abundant peak in combination with 

[M+1H]1+ and [M+2H]2+ of a synthetic peptide (LSEPAELTEAVK) as calibration points. 

Then, the spectra of interest were averaged, smoothed (Gaussian, 0.05 Da) and 

deconvoluted. Mass spectra deconvolution was performed using the maximum 

entropy algorithm. Data point spacing and instrument resolving power were set to m/z 

0.5 and 104 FWHM, respectively. Assignments of the peaks were made by employing 

a tolerance of ≤ 25 ppm. Theoretical m/z values were generated for assigned peaks 

using an in-house developed software (LaCyTools, version 1.1).33 Extracted ion 

electropherograms (EIEs) were generated using the three most abundant charge 

states of assigned peaks with an extraction window of ± m/z 0.1. Electropherogram 

smoothing was applied to all EIEs (Gaussian, 2.0 points). Following this, peak areas 

were obtained via manual integration.  

For glycopeptides, EIEs were created using the first three isotopes across three 

charge states ([M+H]+ – [M+3H]3+) with an extraction window of ± m/z 0.05. 

Glycopeptide structures, including differently linked sialic acid isomers, were assigned 

based on a mass tolerance of ≤ 10 ppm and previously published research.28 

Glycoforms were labeled as glycan net compositions that specifies number of hexoses 

(H), N-acetylglucosamines (N), fucoses (F) and N-acetyl neuraminic acids (S); these 

monosaccharide abbreviations will be further used throughout this manuscript. EIE 
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areas were obtained via manual integration and adjusted to represent the entire 

isotopic envelope. 

Results 

Intact Urinary PSA 

PSA Proteoform Analysis by CE-ESI-MS 

Separation for intact protein analysis with CE-ESI-MS was optimised using a seminal 

PSA standard, as summarised in Supporting Information, Table S-1. Briefly, the 

capillary was positively coated using PEI, a polymer which has been reported to 

Figure 2: Intact protein analysis using CE-ESI-MS of PSA captured from a patient urinary 
pool. (A) Base peak electropherogram (BPE) of intact urinary PSA. A variation in PSA 
proteoforms can be observed with and without internal cleavages. (B) The EIEs illustrate the 
most abundant glycoprotein present per proteoform. Proteoforms with different numbers of 
internal cleavages can be observed with the number of internal cleavages indicated in the 
square brackets: PSA[2] -E145, double cleaved PSA at E145 and one other unidentified position; 
PSA[1] -R109, cleaved PSA at R109; PSA[1] -Cleaved, cleaved PSA at a unidentified position; 
PSA[1] -K169/206, cleaved PSA at either K169 or K206; PSA[1] -GK206, cleaved PSA at GK206 (C) 
For non-cleaved PSA the most abundant tri-, di- and mono-sialyated form is illustrated as well 
as the most abundant high mannose type and the non-glycosylated form of the protein. Asterisk 
(*) indicates overlapping m/z values in different electrophoretic peaks. Blue square: N-
acetylglucosamine, green circle: mannose, yellow circle: galactose, red triangle: fucose, pink 
diamond: N-acetylneuraminic acid. 
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reduce protein-capillary inner surface interactions.31 The capillary was operated at 20 

kV in reverse polarity mode in order for the electroosmotic flow to migrate towards the 

capillary outlet and the MS inlet. Separation of proteoforms was achieved by using 

20% HAc as the BGE and the separation between the sialylated and non-sialylated 

glycoforms was increased by lowering the capillary temperature to 15°C. Capturing 

and purification was performed as previously described with no amendments to the 

original procedure28 and PSA from urine was directly analysed by CE-ESI-MS. 

The analysis of intact PSA from the 

validation pool revealed a number of 

different proteoforms; six proteolytic 

cleavage variants, which included 

cleaved and non-cleaved forms, as 

well as a variation in the composition 

of glycan structures attached to the 

protein (Figure 2). The tentative 

assignment of cleavage sites is 

demonstrated in Figure 3. A single 

cleavage, due to hydrolysis of the 

peptide bond between two amino 

acids at a cleavage site, is indicated by 

an 18 Da increase of the intact protein 

mass caused by the incorporation of a 

water molecule. Despite this cleavage, 

disulfide bridges keep the protein 

chains covalently connected. In the 

instance of a protein with a double 

cleavage, two peptide bonds undergo 

hydrolysis at two cleavage sites, 

respectively. This is indicated by a 36 

Da increment of the protein mass due 

to the addition of a water molecule at 

each cleavage site. Importantly, specific cleavage sites could be indicated when 

Figure 3: Assignment of proteolytic cleavage 
variants based on amino acid loss at the 
cleavage site. (A) Deconvoluted mass spectrum 
of non-cleaved PSA accompanied by a graphical 
representation (right) of the protein and the most 
abundant N-glycan. (B) Hydrolysis of the peptide 
bond at an unidentified cleavage site increases 
the mass (18 Da) of the protein. The protein is 
inactivated due to this internal cleavage, however 
the structure remains intact as a result of disulfide 
bridges at the cysteine residues. (C) The internal 
cleavage site may be determined, in accordance 
with literature,9 whereby hydrolysis of the peptide 
bond and loss of an amino acid at the cleavage 
site occurs. Blue square: N-acetylglucosamine, 
green circle: mannose, yellow circle: galactose, 
red triangle: fucose, pink diamond: N-
acetylneuraminic acid. 
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apparent losses of adjacent amino acids were observed at the well-known cleavage 

sites (Arg109Phe, Glu145Pro, Lys169Lys, Gly205Lys206Ser).9 

As illustrated in Figure 2, the double cleaved variant migrated first followed by the 

single cleaved and eventually the non-cleaved variants. Here, the most abundant 

glycoprotein present per proteoform is shown. The main form of PSA with two 

cleavages was assigned to a cleavage at position Glu145, due to the loss of Glu, 

whereas the second cleavage site remained unidentified, as only a second hydrolysis 

was indicated by an 18 Da increase of the intact protein mass and no amino acid loss 

was observed. The single cleavage sites were determined at Arg109 and Lys206 due to 

a single hydrolysis and loss of the adjacent amino acids there. Another single cleavage 

at Lys169/Lys206 could not be further specified as loss of a lysine residue is possible at 

both sites. One variant migrating at 21.2 mins (Figure 2B) could not be assigned to a 

specific site as only a single hydrolysis was observed and no loss of an amino acid 

was detected. For non-cleaved PSA, the most abundant glycoforms on this proteoform 

are shown in Figure 2C. Here, the glycoforms with the highest number of sialic acids 

migrate first and the non-sialylated glycoforms migrated latest, followed by the non-

glycosylated protein. Interestingly, the di-sialylated N-glycan structure, H5N4F1S2, 

was the dominant glycoform for all cleaved and non-cleaved PSA variants (Figure 2 

and Supporting Information, Table S-2). Overall, intact protein analysis revealed 

that PSA consists of a complex array of proteoforms, including cleaved and non-

cleaved forms, as well as a high variation in glycosylation. 

Repeatability and Intermediate Precision 

In order to validate and assess the applicability of the complete intact protein assay 

for the analysis of biological samples, the repeatability and intermediate precision was 

established via intra- (n = 3) and inter-day (n = 3) measurements (total n = 9). The 

data processing protocol was also optimised by testing a number of data extraction 

parameters as summarised in Supporting Information, Table S-1. Similar results 

were obtained for the quantification via deconvolution or EIEs. Thus, it was decided to 

perform the quantification using EIEs, using the three most abundant charge states, 

as the Bruker Data Analysis software is more suited for this purpose. In addition, an 

extraction window of ± m/z 0.1 was used because it allowed the least overlap with 

other masses while maintaining the highest sensitivity. Various methods of internal 
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calibration were tested, including 

internal calibration based only on the 

charge envelope of H5N4F1S2, or 

internal calibration using a 

combination of H5N4F1S2 and a 

synthetic peptide (LSEPAELTEAVK). 
The former method only covers m/z 1200 

– 2200, whereas the latter method 

covers a larger range of m/z ratios 

(m/z 650 – 2200) and was eventually 

selected for further processing. In 

total, 32 proteoforms (≤ 25 ppm) were 

identified in the validation pool, 

including six proteolytic cleavage 

variants and 21 N-glycan structures 

(Figure 4 and Supporting 
Information, Table S-2). In the end, 

an average coefficient of variation 

(CV) of 11% and 15%, including all 32 

proteoforms, was found for the intra-

day and inter-day analysis, 

respectively. The CVs shown here 

represent the full assay performance, demonstrating the entire variation introduced 

from the capture procedure, the CE-ESI-MS measurement up to the manual data 

processing step. 

Assessment of PSA Proteoforms from Patient Urine 

The presence and abundance of PSA proteoforms in biological samples (urine) was 

assessed using a small cohort of patients’ urine samples (n = 10). Eight patients 

provided a detectable signal for the intact protein analysis of urinary PSA; diagnoses 

for these patients was provided after completion of the measurement and data 

processing, resulting in a cohort of five non-PCa and three PCa patients. During the 

intra- and inter-day assessment, 32 proteoforms were identified. From this, 23 out of 

the 32 could be observed in the positive control with ppm errors ≤ 25 (Figure 5 and 

Figure 4: Intermediate precision and 
repeatability of intact PSA assay measured by 
CE-ESI-MS. Inter-day relative areas (%) are 
shown for the most abundant glycoprotein 
present per proteoform (normalized to the sum 
area of all assigned glycoprotein forms). Each bar 
represents the mean and the standard deviation 
(n = 9) is represented by the error bars. 
Background colors denote different internal 
cleavage sites: the square brackets denote the 
number of cleavages present in that proteoform. 
The site of internal cleavage, in accordance with 
the literature9 and observed amino acid loss, is 
illustrated using the position within the amino acid 
sequence. In green, internal cleavage may occur 
at either K169 or K206. Blue square: N-
acetylglucosamine, green circle: mannose, 
yellow circle: galactose, red triangle: fucose, pink 
diamond: N-acetylneuraminic acid. 
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Supporting Information, Figure S-1 and Table S-3). In all samples the relative 

abundance of di-sialylated glycoforms was assessed on cleaved and non-cleaved 

PSA. No major differences were detected in the relative abundances of di-sialylated 

glycoforms present on the most abundant form of cleaved PSA, Lys169/Lys206, in 

comparison with non-cleaved PSA (Figure 6). Additionally, one patient (patient E) 

showed evidence of having an extra N-glycosylation site, as a result of the conversion 

of Asp102 to Asn102, which was populated mainly with high-mannose type glycans 

(Supporting Information, Table S-3). Similar relative abundances were found for the 

positive control (n = 2; Figure 5), which suggests that little bias was introduced into 

the analysis as a result of batch processing. Furthermore, the performance of the 

assay, as indicated by the positive control, is consistent with the performance 

previously validated by the intra- and inter-day study. Finally, an average CV of 48% 

(n = 8) was found for the 10 most abundant proteoforms, which should represent the 

broad biological variation present within the entire cohort. 

Figure 5: Intact protein assay for the analysis of patient urinary PSA with CE-ESI-MS. All 
23 identified proteoforms (ppm error ≤ 25) are represented as a relative (%) area (normalized 
to the sum of all 23 glycoprotein forms). A single bar represents the mean of patients’ urine 
samples measurements (n = 8), whereas both pools are shown, representing the positive 
control of each batch. The error bars represent the biological variation amongst the urine 
samples. Colors denote the different proteolytic cleavage variants of PSA; square brackets 
denote the number of cleavages present in that proteoform. The site of internal cleavage, in 
accordance with literature9 and observed amino acid loss, is illustrated using the position within 
the amino acid sequence. Blue square: N-acetylglucosamine, green circle: mannose, yellow 
circle: galactose, red triangle: fucose, pink diamond: N-acetylneuraminic acid. 
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Intact Protein and Glycopeptide Comparison 

In order to support and expand the glycoform assignment performed at the intact 

protein level, the patient samples were additionally analysed by glycopeptide analysis. 

Importantly, the entire sample preparation was performed within the same protocol. 

Glycopeptide analysis detected glycoforms in all urine samples (n = 10), whereas the 

intact protein approach only detected proteolytic cleavage variants and glycoforms in 

some (n = 8). In total, 12 glycoforms could be identified by both intact protein and 

glycopeptide analysis (Figure 7A and Supporting Information, Table S-4). To test 

the correlation between both approaches, the variation in the most abundant 

glycoform, H5N4F1S2, was examined (normalized to the sum of the six most abundant 

glycoforms; Figure 7B). An association of R² = 0.86 was found. Furthermore, 

glycopeptide analysis identified an additional 63 structures, whilst intact protein 

Figure 6: Relative abundances of di-sialylated glycans on cleaved PSA -K169/206 and non-
cleaved PSA. (A) Representative deconvoluted mass spectra of intact urinary PSA of (A1) 
cleaved PSA -K169/206 that contains the same di-sialylated complex glycans as (A2) non-cleaved 
PSA. Asterisk (*) indicates overlapping proteoforms in different electrophoretic peaks. (B) 
Relative abundance of H5N4S2, H5N4F1S2, and H4N5F1S2 (normalized to all 3 di-sialylated 
structures) in cleaved PSA -K169/206 and non-cleaved PSA in the urine samples (n = 8). Blue 
square: N-acetylglucosamine, green circle: mannose, yellow circle: galactose, red triangle: 
fucose, pink diamond: N-acetylneuraminic acid. 
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analysis detected two structures (H6N2 and H3N2) that were not detected during 

glycopeptide analysis (Supporting Information, Table S-3). The identities of the two 

most abundant glycans present at the extra N-glycosylation site in patient E (H5N2 

and H6N2) were confirmed by glycopeptide analysis. In total, the combined PSA 

analysis was able to identify 77 N-glycans, as well as two extra N-glycans on Asn102, 

and six proteolytic cleavage variants. 

  

Figure 7: Comparison of the intact protein and glycopeptide approaches for 
glycosylation quantification of urinary PSA from patients. (A) All glycoforms detected 
across different cleaved and non-cleaved PSA forms were determined as a single glycoform 
for the purpose of comparing glycosylation profiles between intact and glycopeptide. In both 
cases, only glycoforms detected in both the intact protein and glycopeptide datasets (12) were 
used to calculate the relative abundances (normalized to all 12 glycoforms). Each bar 
represents the mean of patients’ urine samples measurements (n = 8) in both datasets, while 
error bars represent the standard deviation. (B) Relative abundance of H5N4F1S2 (normalized 
to top six most abundant glycoforms: H5N4S2, H5N4F1S2, H4N5F1S2, H6N3S1, H5N4F1S1, 
H4N3F1S1) detected in the glycopeptide patient dataset (x-axis) against the same glycoform 
detected during intact protein analysis of patients (y-axis). Equation of the regression line: y = 
0.8387x, R² = 0.8648. Blue square: N-acetylglucosamine, green circle: mannose, yellow circle: 
galactose, red triangle: fucose, pink diamond: N-acetylneuraminic acid. 
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Discussion 

Many proteoforms of the glycoprotein PSA are related to PCa or other prostate-related 

diseases, including cleaved and precursor forms, as well as aberrant 

glycosylation.6,7,24 PSA proteoforms have been described in serum and seminal 

plasma, yet urinary PSA remains poorly understood in this sense. Thus, in order to 

assess the broad range of PSA proteoforms present in urine, we established and 

validated an intact protein assay for the analysis of urinary PSA. 

Proteoform Analysis by CE-ESI-MS 

As illustrated by Figure 2, PSA proteoforms display a predictable migration pattern 

caused most likely by their different hydrodynamic volume and pI.16 In previous 

studies, the pI of PSA proteoforms, such as non-glycosylated PSA (7.2) and di-

sialylated PSA (6.8), was examined using two-dimensional electrophoresis.29 

However, N-glycan analysis revealed the same glycosylation pattern for di-sialylated 

PSA and proteoforms with lower pIs. Therefore, the difference in pIs cannot be 

attributed to sialylation and is likely due to different proteolytic cleavage variants.29 

Similarly, we observed the separation of these forms mainly due to proteolytic 

cleavages and the resulting loss of polar amino acids (Glu, Arg and Lys).17,34 The 

cleavages at Arg109, Glu145, Lys169/Lys206, and Gly205Lys206, as determined by the loss 

of these amino acids and their corresponding mass, are in line with cleavage sites 

detected on PSA in seminal plasma and serum.9,35 Cleavage at Lys206 is associated 

with the formation of bPSA, although Mikolajczyk et al. originally described bPSA as 

a double cleavage variant with cleavages at Lys169 and Lys206.7 However, we did not 

detect this particular double cleavage variant during this study. 

Despite this, bPSA has generally been characterised by SDS-PAGE following isolation 

using chromatographic based methods, which were unable to separate distinct 

cleaved PSA forms.7,36 In addition, bPSA has been described as several cleaved PSA 

forms in the literature.13,37 Thus, it is apparent that cleaved PSA requires further 

characterization as, for example, it is unclear whether bPSA consistently features 

cleavages at Lys169 and Lys206, or whether other PSA cleavages are likewise 

associated with the development of BPH. While our study already provides more 

confidence for the assignment of the PSA proteolytic cleaved variants, compared to 

assignments based upon SDS-PAGE, further studies are needed to obtain an even 
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more detailed structural characterization (e.g. MS/MS) of the wide range of proteolytic 

cleaved variants. 

PSA is secreted by the prostate and internal cleavage is thought to occur post-

translationally by proteases in hyperplastic prostate tissue.38 In contrast, glycosylation 

occurs intracellularly where it may be disrupted due to cancer-associated changes to 

the cell glycosylation machinery.39 Although it is unclear whether protein glycosylation 

undergoes further matrix-associated modifications, it is unlikely that these processes 

are specifically related to the internal cleavage of PSA. This view is supported by the 

present study as the same di-sialylated species were detected both on cleaved and 

non-cleaved PSA (Figure 4). Furthermore, a similar relative abundance of these 

structures is detected in urine across various patients (Figure 6 and Supporting 
Information, Figure S-2). As a result, it seems that the cleavage of PSA is 

independent of the glycosylation. Similarly, di-sialylated complex-type N-glycans have 

consistently been described as the main glycoform across cleaved PSA variants in 

seminal plasma and serum.9,29,40 Presumably, glycan species that are less abundant 

are also present on cleaved PSA, yet have not been detected thus far and such an in-

depth investigation is warranted in order to fully explore the glycan diversity of cleaved 

PSA.  

Intact Data Processing and Quantification 

This method has demonstrated a similar performance to analyses that are more 

commonly performed with biopharmaceuticals. The intra- (11%) and inter-day (15%) 

CVs reported here are comparable with those described for the intact protein analysis 

of recombinant gonadotropin (≤10%)41 and antibody-derived therapeutics (8-11%).42 

Naturally, the analysis of standardised products represents only the measurement 

variation whereas analysis of clinical samples also includes error prone steps such as 

protein capturing and purification. Furthermore, the relative quantification of intact PSA 

proteoforms applied here is useful in this setting as the relative increase or decrease 

of specific proteoforms is likely to represent biological changes related to prostate 

disease.  

The platform, however, is limited by data processing, which represents an analytical 

bottleneck for the investigation of clinical cohorts. Multiple protocols are presented in 

the literature with little consensus.43 In this study, several data integration techniques 
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were tested (Supporting Information, Table S-1) and our findings revealed that 

integrating the EIE area, generated by the average mass of the three most abundant 

charge states per proteoform, provided reliable results in a reasonably time-efficient 

manner. Similar results and parameters have been reported previously, whereby 

quantification of intact proteins was performed using EIEs.44 However, overlap of m/z 

signals causes broad and sometimes numerous EIE peaks. As a result, manual peak 

integration is required which greatly increases the processing time per sample. 

Additionally, the issue is further compounded by the lack of dedicated software.43 

Therefore, data processing presents the major bottleneck for the application of this 

method to larger clinical cohorts. In the case of PSA, cleaved and non-cleaved variants 

may be reliably separated and it seems that the expression and level of glycosylation 

is similar between these forms. Thus, future investigations could focus solely on 

cleaved PSA by performing N-glycan release prior to performing the intact protein 

measurement. This would reduce the complexity of the analysis whilst maintaining 

important information regarding the proteolytic cleavage variants. 

Glycosylation Quantification 

The glycopeptide approach revealed 40 unique N-glycan compositions, or 75 

structures in total including sialic acid isomers. Linkage determination of sialic acids is 

a crucial aspect as α2,3-sialylated PSA has been shown to differentiate PCa from non-

PCa patients.24 However, the intact protein approach was unable to determine 

differently linked sialylated PSA, and only a limited set of 12 glycoforms was covered 

by both methods, nonetheless, similar relative abundances were observed (Figure 7). 

Accordingly, relative quantification of H5N4F1S2 in the patient urine samples showed 

good correlation for the two approaches. However, some disparity was found in the 

relative quantification of the glycoforms H4N2 and H5N2. Moreover, the glycoforms, 

H6N2 and H3N2 were detected at the intact protein level but were not observed by the 

glycopeptide approach. This disparity in high-mannose form quantification might be 

related to their low abundance as the quantification of minor forms is often inconsistent 

for both approaches. Furthermore, different ionization efficiencies between mannose 

and sialylated species might also contribute to different relative quantification results 

by both techniques. Nonetheless, it remains unclear why specific high-mannose forms 

could not be detected during glycopeptide analysis and further research will be needed 

to determine whether this is a limitation of the method. 
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Complementary Intact Protein and Glycopeptide Analysis 

The glycopeptide approach, as described above, demonstrates advantages in sialic 

acid linkage determination and overall higher sensitivity as illustrated by the number 

of glycoforms detected. This is achieved as the same dipeptide backbone (Asn69Lys) 

is observed for cleaved and non-cleaved PSA after proteolytic digestion by trypsin, 

and represents a summed glycosylation profile of all proteoforms. However, specificity 

in relation to each proteolytic cleavage variant is lost. This is in contrast with the intact 

protein analysis, where six distinct proteolytic cleavage variants were detected, 

including non-glycosylated PSA for which the peptide is too small to be assessed by 

CE-ESI-MS. In addition, the intact protein analysis was able to determine the most 

abundant glycoforms per proteolytic cleavage variant (Figure 6 and Supporting 
Information, Figure S-2). One of the most interesting findings was the presence of 

an extra N-glycosylation site on PSA of patient E which could be confirmed by the 

glycopeptide approach (Supporting Information, Table S-5). The identification in the 

glycopeptide approach had initially been hampered due to the co-migration of more 

intense tryptic peptide peaks (Supporting Information, Figure S-3). As in agreement 

with the intact protein analysis, high-mannose type glycans H5N2 and H6N2 were 

detected as the two most abundant glycans present at this site and the non-

glycosylated variant was also not observed. Interestingly, the second N-glycosylation 

site has only been described in one other study, of which the reports of high-mannose 

structures are consistent.27 Overall, this study demonstrates the complementarity 

between the two different approaches, which together form a highly suitable platform 

to study the proteolytic cleaved PSA variants, non-cleaved PSA and its glycosylation 

as each is required in order to perform full characterization of PSA, and in some cases, 

may be used to crosscheck results. 

Perspectives 

Urine, serum and seminal plasma represent different biological reservoirs of 

PSA,12,21,45 and PSA analysis from each of these biofluids comes with specific 

challenges as well as advantages for clinical use. During this study, the main focus 

was on urinary PSA, yet PSA proteoforms in other biofluids, particularly serum, also 

lack such an in-depth analysis. In order to apply the established assay to serum PSA, 

further development would be required as serum PSA is generally 5 to 50-fold lower 
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in concentration compared to urine.21 For this purpose, it would be necessary to 

improve the sensitivity, capturing efficiency and detection of the assay. Furthermore, 

during this study, some patients revealed urinary PSA concentrations that were too 

low for intact protein analysis, therefore the analysis of urine following DRE might be 

more suitable as it would be expected to have a higher concentration of PSA.46 Finally, 

improvements to intact protein sample and data throughput would be needed in order 

obtain statistically significant results from a larger clinical cohort. Nevertheless, further 

exploration of PSA from urine, serum and seminal plasma should be continued as it 

represents a rich source of potential informative and non-invasive biomarkers for 

prostate cancer. 

Conclusions  

In this study, we validated an intact protein assay for the determination of PSA 

proteoforms. The assay was applied to a small cohort of patients, in which six different 

proteolytic cleavage variants were detected. The proteolytic cleavage variants 

included double and single cleaved forms and non-cleaved forms of PSA that have 

also been described in seminal plasma and serum. Additionally, cleaved PSA showed 

a similar relative abundance of glycoforms as non-cleaved PSA. Glycosylation profiles 

obtained at the intact protein level were confirmed using the more in-depth 

glycopeptide approach, and both approaches in combination determined a second N-

linked glycosylation site of PSA in one patient. Finally, it was illustrated that the 

developed protocol is able to assess cleaved PSA (intact protein analysis) and 

glycosylation (glycopeptide analysis) of individual patients in the same procedure, 

revealing the benefit of adding the intact protein level to the bottom-up approach. 

Data Availability 

The raw mass spectrometric data files that support the findings of this study are 

available in the MassIVE repository and may be found with the data set identifier 

MSV000086699 https://doi.org/10.25345/C5HF79. 
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Abstract 
Intact protein analysis by mass spectrometry is important for several applications such 

as assessing post-translational modifications and biotransformation. In particular, 

intact protein analysis allows the detection of proteoforms that are commonly missed 

by other approaches such as proteolytic digestion followed by bottom-up analysis. Two 

quantification methods are mainly used for intact protein data quantification, namely 

the extracted ion and deconvolution approaches. However, a consensus with regard 

to a single best practice for intact protein data processing is lacking. Furthermore, 

many data processing tools are not fit-for-purpose and, as a result, the analysis of 

intact proteins is laborious and lacks the throughput required to be implemented for 

the analysis of clinical cohorts. Therefore, in this study, we investigated the application 

of a software-assisted data analysis and processing workflow in order to streamline 

intact protein integration, annotation and quantification via deconvolution. In addition, 

the assessment of orthogonal datasets generated via middle-up and bottom-up 

analysis enabled the cross-validation of cleavage proteoform assignments present in 

seminal prostate-specific antigen (PSA). Furthermore, deconvolution quantification of 

PSA from patients’ urine revealed results that were comparable with manually-

performed quantification based on extracted ion electropherograms. Overall, the 

presented workflow allows fast and efficient processing of intact protein data. The raw 

data is available on MassIVE using the identifier MSV000086699. 
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Introduction  

The analysis of intact proteins by mass spectrometry (MS) involves the examination 

of the complete protein, including various post- and co-translational modifications.1 

During electrospray ionization (ESI)-MS, a protein may be analyzed under native or 

denaturing conditions.2 The latter is referred to here as intact protein analysis, and 

involves the application of volatile MS-compatible solvents with a low pH in order to 

improve the solubility and ionization of the protein.2 Furthermore, an online separation 

technique is often employed prior to the introduction of the protein into the MS. For 

example, reversed-phase liquid chromatography (RPLC)-MS is commonly employed 

to analyze biotherapeutics3,4, yet this approach has been reported to show poor peak 

resolution of proteoforms during intact protein analysis.1 In contrast, hydrophilic 

interaction LC (HILIC)-MS has demonstrated efficient separation of protein 

glycoforms.5,6 In addition, capillary electrophoresis (CE)-ESI-MS has been recognized 

as an excellent technique to investigate intact proteins as proteoforms may be 

separated based on their intrinsic properties, including also post-translational 

modifications.7,8 

Intact protein analysis offers multiple advantages over solely performing a protease 

digestion and bottom-up investigation. For example, minimal sample preparation is 

required, thus there is a smaller likelihood that modifications may be introduced to the 

protein and less time is needed for sample processing. In addition, different 

proteoforms of the protein may also be observed during the analysis.9 Despite this, a 

global approach that incorporates information from different levels, from top-down to 

bottom-up, is often required during protein analysis2 and enables the analysis of the 

entire protein as well as cross-validation between the results.10 

When MS is hyphenated with a separation technique, there are two predominant 

methods of performing data processing and quantification of intact protein spectra, 

namely either via extracted ion chromatogram (XIC) or mass deconvolution 

approaches. Both techniques have been well covered in recent reviews.1,11,12 Briefly, 

the XIC method involves the determination of the area under the peak via selection of 

one or several m/z that generally cover the most abundant charge states of the protein. 

In order to maximize sensitivity and specificity, the selection of the charge states as 
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well as the width of the mass window are important parameters for this method, 

respectively.13 In comparison, deconvolution employs an algorithm to convert the 

multiple charge states observed in an intact protein mass spectrum into a neutral 

spectrum that demonstrates the masses of the observed proteoforms. There are 

several algorithms available to perform this function with maximum entropy14 being 

the most commonly employed by most data processing softwares,15 although there is 

the emergence of more recently developed approaches such as parsimonious charge 

deconvolution.15 Importantly, the input m/z range as well as the output range require 

optimization by the user to ensure a suitable number of charge states of the protein 

are included in the formula, while also aiming to reduce the production of any artifacts 

due to the data processing algorithm.1,11,15–17 Overall, there is still no clear consensus 

in the field as to which is the most suitable technique to apply when performing intact 

protein data processing.1,17 Undoubtedly, in order to develop a set of best data 

processing practices, there is a need for comparisons between the two approaches to 

be made within the same software, as well as software offered by different 

vendors.13,17 

In general, several intact protein studies are mainly concerned with the absolute 

quantitation of biotherapeutics,13,16–19 although the determination of proteoform 

relative abundance has also been applied for the quantification of drug-antibody 

ratios.20,21 Despite this, the determination of best practices for intact protein data 

processing, based on these studies, does not encompass challenges faced in a 

biomarker discovery setting. For example, relative quantification is a suitable approach 

for the quantification of intact proteoforms in the clinical setting as differences between 

patient groups may be readily observed.1 Furthermore, the approaches applied for 

assessing biotherapeutics16–19,22,23 may not account for patient to patient variation that 

is observed in clinical assays.7 Finally, it has been recognized that the throughput of 

data processing is one of the main challenges facing the intact protein analysis of 

clinical cohorts whereby large numbers of samples are required to derive statistically 

significant data.7 

In this study, we sought to improve the throughput and efficiency of intact protein data 

processing by developing a software-assisted workflow. This approach was 

demonstrated using urinary PSA to compare the deconvolution (software-assisted) 

quantification results with the previously published extracted ion electropherogram 
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(XIE) data (manual),7 both of which were generated by using two different software 

tools. In addition, we also further examined the proteoform profile of prostate-specific 

antigen (PSA) by performing orthogonal analyses of seminal PSA via intact protein, 

middle-up and bottom-up approaches, and compared this with the previously 

established profile of urinary PSA.7  

Experimental Section  

Sample Preparation 

The sample preparation of urinary PSA, including sample collection, 

immunocapturing, and in-solution tryptic digestion, has previously been described.7,24 

Seminal PSA standard (Lee BioSolutions, St. Louis, MO) was prepared for intact 

protein analysis as follows: PSA was reconstituted (2.2 µg/µL) in LC-MS grade H2O 

(Fluka, Steinheim, Germany) and buffer-exchange was carried out using centrifugal 

filters with a 10 kDa MWCO (Merck Life Science, Amsterdam, The Netherlands). This 

was performed by conditioning the filter with 500 µL H2O followed by centrifugation 

(14,000 g x 5 min). The filtrate was discarded and the sample (26 µg) was added to 

the filter. The volume was made up to 500 µL in total with H2O. Another centrifugation 

step was performed and the filtrate was discarded. Then, 250 µL H2O was added, 

centrifugation was carried out (14,000 g x 5 min), and the filtrate was removed. This 

was repeated three times in total. Finally, the sample was retrieved by inverting the 

filter into a fresh tube and centrifuging (4000 g x 5 min). 

The reduction (and alkylation) of seminal PSA for middle-up analysis was carried out 

with PSA prepared at a concentration of 2.2 µg/µL. The sample (100 µg ) was added 

up to 100 µL with H2O in an Eppendorf tube (1.5 mL). Then, 1 µL of 200 mM DL-

dithiothreitol (DTT, Sigma-Aldrich, Steinheim, Germany) was added at a final 

concentration of 2 mM. The sample was vortexed for one min and heated at 60°C for 

30 min. Following this, 1.5 µL of 400 mM iodoacetamide (IAA, Sigma-Aldrich) was 

added (final concentration of 6 mM). For the preparation of reduced samples without 

alkylation, the same volume of H2O was added instead of IAA. The samples were 

incubated at room temperature (RT) in the dark for 60 min. DTT (200 mM) was added 

(3 µL) at a final concentration of 6 mM. This was followed by an incubation at RT in 
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brightness for 20 min. Finally, the samples were desalted by performing the buffer-

exchange procedure as described above. 

CE-ESI-MS 

The CE experiments were carried out using a CESI 8000 (Sciex, Brea, CA). All 

capillaries were sheathless bare-fused silica (BFS) with a porous tip (91 cm, 30 μm 

i.d. × 150 μm o.d.) and in the case of intact protein and middle-up analysis, capillaries 

were coated in-house with polyethylenimine (Gelest, Morrisville, NC)25 as previously 

published.7 Prior to the separation, background electrolyte (BGE) consisting of 20% 

glacial acetic acid (HAc, Sigma-Aldrich) was prepared (v/v, 3.49 M, pH 2.3) and was 

used to rinse (100 psi x 5 min) the separation line. Then, the conductive capillary was 

filled (100 psi x 4 min) with BGE and the sample was hydrodynamically injected. In the 

case of seminal PSA, an injection of 2.5 psi x 15 sec was applied (approximately 5 nL, 

0.8% of the total capillary volume). Finally, separation was achieved by applying - 20 

kV over 45 min with the capillary temperature set to 15°C.  

As previously published,7,24 the CE separation of PSA tryptic peptides for bottom-up 

was performed on non-coated BFS capillaries which were conditioned by applying 0.1 

M NaOH x 2.5 min, then H2O x 3 min, 0.1 M HCl x 2.5 min and H2O x 3 min. Following 

this, the BGE was applied for 3 min. Digested seminal PSA standard was prepared at 

a concentration of 100 ng/µL and 6.7 μL was mixed with 3.4 μL of leading electrolyte, 

1.2 M ammonium acetate, pH 3.39 (Fluka). Hydrodynamic injection was performed (1 

psi x 60 s), corresponding to a volume of 8 nL (1.3% capillary volume). Then, an 

injection (0.5 psi x 25 s) of a BGE post plug was carried out. Following this, a 

separation voltage of 20 kV was performed for 80 min at 15°C. 

The CESI 8000 was coupled with a maXis Impact Ultra-High Resolution QqTOF MS 

(Bruker Daltonics GmbH, Bremen, Germany) equipped with a nano-electrospray 

source. The MS acquisition parameters were previously published for the intact protein 

and middle-up approaches7 as well as bottom-up analysis 24,26. Importantly, in order 

to perform fragmentation of small peptides generated via internal cleavage of the 

protein followed by tryptic digestion, the following parameters were applied for a 

bottom-up approach using a concentrated sample of digested seminal PSA standard 

(100 ng/µL): electrospray voltage, 1250 V; nitrogen drying gas, 1.2 L/min at 150°C; 
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quadrupole ion energy, 3 eV; collision cell energy, 7 eV; transfer time, 130 μs; pre-

pulse storage time, 15 μs; m/z range, m/z 150–3500. 

Data Processing 

Seminal PSA data, generated by intact protein, middle-up and bottom-up analysis, 

was directly analyzed using Byos (v4.4, Protein Metrics, Cupertino, CA) in the Bruker 

DataAnalysis file format (.d). In addition, a software-assisted data processing workflow 

was applied to the urinary PSA intra- and interday (n = 9), and patient (n = 8) datasets. 

The workflow consisted mainly of three stages, firstly a 12-point internal mass 

calibration was performed in Bruker DataAnalysis (v5.0) using the m/z of the most 

abundant nine charge states from the most abundant PSA proteoform, active PSA 

containing H5N4F1S2 (28430.91 Da; 2187.991313+, 2031.778214+, 1896.393415+, 

1777.931816+, 1673.406817+, 1580.495818+, 1497.364819+, 1422.546920+, 

1354.854521+. In addition, the m/z of internally spiked PSA (LSEPAELTEAVK; 

1286.68371+, 643.84542+) and IgG (GPSVFPVAPSSK; 1172.63091+) peptides 

(developed in-house by FMoc solid phase peptide synthesis) were also used in the 

mass calibration. Secondly, the data was converted to .mzXML format and migration 

time alignment was performed in LaCyTools (v2.01)27 using abundant m/z values 

found in each sample (Supporting Information, Table S1). Finally, the aligned 

.mzXML datafiles were imported into Byos (v4.4) by Protein Metrics and the base peak 

electropherogram trace was used for automatic integration, annotation and 

quantification via deconvolution. The version of Byos in this work included a beta-

release feature of the mass XIC function for visualization of XIC data. This feature has 

subsequently been officially released in Byos v4.5.  

The parameters for manually generating and integrating XIEs using Bruker 

DataAnalysis (v5.0) were reported previously whereby the three most abundant 

charge states with an extraction window of ± m/z 0.1 were combined to generate an 

XIE (Gaussian smoothing, 2 points) for each proteoform.7 In the current study, the 

following deconvolution settings were applied to intact protein and middle-up data: 

charge vector spacing, 0.6; smoothing sigma m/z, 0.02; spacing m/z, 0.04; mass 

smoothing sigma, 3; mass spacing, 0.5; minimum charge, 5; iteration maximum, 10. 

In the case of spectra with isotopic resolution, such as some of the fragments observed 

in the middle-up data, the following deconvolution parameters were used instead: 
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charge vector spacing, 0.5; smoothing sigma m/z, 0.01; spacing m/z, 0.01; mass 

smoothing sigma, 0.1; mass spacing, 0.1; minimum charge, 3; iteration maximum, 10. 

In addition, a m/z input range / mass output range of m/z 1000 – 3000 / 26000 – 30000 

Da and m/z 600 – 3000 / 1000 – 30000 Da was applied for the intact protein and 

middle-up data, respectfully. However, the input and output ranges for the middle-up 

deconvolution settings were also further modified per peak to enable the search for 

fragments of different sizes and abundances. Furthermore, the integration windows 

used for the generation of deconvoluted spectra in urinary PSA may be found in 

Supporting Information, Table S2. In addition, bottom-up data was examined using 

the following processing parameters: minimum MS2 score, 15; maximum precursor 

m/z error, ± 20 ppm; maximum fragment m/z error, ± 20 ppm; missed cleavages, 2; 

fixed modification, carbamidomethyl. Importantly, fully specific and N- and C-term 

ragged searches were applied in order to search for peptides that have amino acid 

loss due to naturally occurring internal cleavage of the protein. 

Intact Proteoform Assignments 

In order to automatically annotate the observed masses in the deconvoluted spectra, 

a delta mass list including glycan masses previously determined by MS/MS using a 

bottom-up approach24 as well as expected cleavage variants and internal amino acid 

loss,7 was generated (Supporting Information, Table S3). In the case of mass 

calibrated data a mass error cut-off was applied (± 25 ppm). Furthermore, annotations 

were only considered if they followed the expected order of migration as shown in 

Supporting Information, Table S2. In addition, cleavage sites were specified if 

corresponding fragments and peptides were found in the middle-up and bottom-up 

datasets, respectively (Supporting Information, Table S4). Notably, the annotation 

of fragments in the middle-up results was further supported by the comparison of the 

reduced versus reduced and alkylated masses. Importantly, the mass was expected 

to increase by the corresponding number of cysteines (+ 57.05 Da per cysteine) that 

were present in each fragment due to the alkylation step. 

Results & Discussion  

The current study further characterizes cleaved proteoforms and glycoforms in 

seminal PSA via CE-ESI-MS by assessing orthogonal data generated by intact 
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protein, middle-up and bottom-up approaches. These assignments were then 

compared with the previously established profile of urinary PSA.7 Furthermore, the 

software-assisted workflow for intact protein data processing was developed by 

implementing three software tools to perform mass calibration (DataAnalysis), 

migration time alignment (LaCyTools), and deconvolution quantification (Byos). 

Finally, the developed workflow was applied in order to analyze intact urinary PSA 

proteoforms, incorporating new assignment information from the aforementioned 

orthogonal datasets, and performing a comparison with previously published 

quantification results.7 

Orthogonal Data Analysis of Seminal PSA 

In Figure 1.A1, seminal PSA proteoforms with cleavages at various cleavage sites 

migrate first, as shown by peaks 1 – 6. Notably, the cleaved proteoforms with the most 

abundant glycoform, H5N4F1S2, are shown in Figure 1.A1. This is then followed by 

non-cleaved PSA whereby these proteoforms migrate in order of decreasing sialic acid 

content, from tri- to non-sialylated (Supporting Information, Figure S1). The 

electrophoretic profile of intact seminal PSA was similar to the urinary PSA profile as 

previously demonstrated.7 The cleavage site and number of cleavages of PSA 

proteoforms are determined based on the amino acid loss from the internal sequence 

and the total number of water molecule (+18 Da) additions, respectively.7 The intact 

mass gives the sum of all modifications to the protein and, therefore, it is useful to 

further dissect the nature and site of modifications via orthogonal approaches to 

support intact protein assignments.  

PSA with double-cleavage was observed migrating in peak 1 (22.0 min) in Figure 
1.A1. The mass 28338.8 Da was tentatively assigned as having cleavages at K169 and 

K206, and the loss of one K residue. In the previous study with urinary PSA, the 

proteoform with the mass 28338.8 Da was assigned as double-cleavage variant at the 

site E145.7 However, this assignment is revised in the current study based on new 

evidence. For example, cleavage at K169 and K206 is supported by the fragments B1 – 
3 in Figure 1 and, importantly, fragment B2 (3982.7 Da) is the result of a double 

cleavage at K169 and K206, and the loss of K206. In addition, the peptide V138 – F165 with 

amino acid loss of LTPK169 was observed in the bottom-up analysis (Supporting 
Information, Table S4). Finally, the loss of a positively charged K decreases the net  
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Figure 1. Analysis of seminal PSA via orthogonal approaches; (A) intact protein, (B) 
middle-up, and (C) bottom-up. (A1) Electrophoretic profile of seminal PSA with XIE peaks 1 
– 7. Only proteoforms with the most abundant glycoform H5N4F1S2 are shown. Asterisk (*) 
denotes XIEs from overlapping m/z that are present in the charge envelopes of several different 
proteoforms. The table in (A2) shows the underlying proteoforms including the peak number 
(#), intact mass (Da), number of cleavages (#C), cleavage site (C), amino acid loss (-AA), and 
masses (Fragments) that support the assignment from the middle- and bottom-up approaches. 
PSA fragments found during middle-up analysis are shown in (B1 – B6) whereby the first and 
last residue of the fragment as well as the glycoform are represented above the deconvoluted 
spectra. The average mass is illustrated except when isotopic resolution is achieved, in which 
case the mass of the most abundant isotope is demonstrated. In B4, two fragments are shown, 
I25 – N108, containing H5N4F1S2 (11759.1 Da) as illustrated by the double asterisk (**), and 
F110 – P261 (16542.0 Da). Two PSA tryptic peptides that were found as a result of prior internal 
cleavage of the protein at and loss of R77 are shown (C1 and C2). 
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positive charge of the proteoform which is expected to decrease the migration time of 

cleaved PSA. In contrast, the loss of a negatively charged E would increase the net 

positive charge of the protein, thus increasing its migration time. Moreover, no 

evidence for fragments or peptides associated with cleavage at E145 could be found 

by the middle-up or bottom-up approaches. Overall, these results suggest that that the 

double cleavage proteoforms observed in seminal and urinary PSA are due to 

cleavages at K169 and K206. Significantly, PSA with a cleavage at K169 and K206 is also 

referred to as benign PSA (bPSA) due to its association with the development of 

Benign Prostate Hyperplasia (BPH).28,29 Thus, the revision of this assignment as a 

result of new evidence offered by orthogonal approaches enables this intact PSA 

assay to be used to identify and monitor the abundance of bPSA. 

Two single-cleavage isoforms with the loss of R (28292.7 Da) were detected at peaks 

2 and 4 in Figure 1.A1. In addition, cleaved PSA at R77 and loss of RHSLF (27808.2 

Da) was observed in peak 3 in the intact protein profile. Further investigation by 

middle-up detected the fragments I25 – G76, H5N4F1S2 (8184.0 Da) and H78 – P261 

(20689.4 Da) which correspond to cleavage at and loss of R77. In addition, reduced 

seminal PSA showed that the fragment H82 – P261 with the loss of HSLF81 (20204.9 

Da) migrated earlier than H78 – P261, most likely due to the loss of the positively 

charged H residue (Supporting Information, Table S4 and Figure S2). This was 

reflected in the intact protein profile as 27808.2 Da (peak 3) migrates before 28292.7 

Da (peak 4), corresponding to cleavage at the site R77, with and without loss of HSLF, 

respectively. Cleavage at this site is also supported by bottom-up analysis as peptides 

with loss of HSLF81 (C1) and R77 (C2) were found, next to non-truncated forms 

(Supporting Information, Figure S3). Additionally, a 10.7 kDa fragment was 

observed in the seminal PSA standard which may correspond to the fragment S79 – 

V174 (Supporting Information, Table S5). This fragment may also be due to cleavage 

at R77, although sequence confirmation is required in order to confirm this as other 

peptides within the PSA sequence, such as T150 – Y249, also correspond to this mass. 

Interestingly, the 10.7 kDa fragment was not found in urinary PSA7 and it should be 

further explored whether this fragment is specific to seminal PSA and whether it is a 

degradation product following cleavage at R77. Importantly, this is the first study that 

reports on a cleavage at R77 of PSA in any matrix. 
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Fragments were also found by middle-up analysis that demonstrate cleavage at R109. 

For example, the fragments found in Figure 1.B4 correspond to cleavage at this site 

with loss of R (Supporting Information, Table S4). Thus, it may be determined that 

the mass of 28292.7 Da in peak 2 belongs to the PSA proteoform with a cleavage at 

R109. The mass 28292.7 Da is also observed in urinary PSA7 and based on the relative 

migration time (relative to the most abundant peak), likely the R109 cleavage variant is 

also observed in urinary PSA. Despite this, the relative migration times reported in 

Supporting Information, Table S4 show some variation and due to the close 

migration times of the 28292.7 Da isomers in seminal PSA, further investigation by a 

middle-up approach is required for urinary PSA in order to confirm whether this 

proteoform is due to cleavage at R109 or R77. 

The single cleavage PSA variant with no amino acid loss (28448.9 Da) was detected 

under peak 5 in Figure 1.A1. The cleavage site may not be determined in the intact 

profile due to the absence of any amino acid loss. However, the middle-up fragments 

B1 and B5 illustrate that cleavage occurs at K169 and this is the only cleavage site 

whereby no amino acid loss is observed in the middle-up analysis. Thus, the mass 

28448.9 Da may be inferred as having a cleavage at the K169 site. However, no tryptic 

peptides for this cleavage site could be found by the bottom-up approach as K is also 

the cleavage site targeted by trypsin. Thus, further investigations should examine this 

by generating peptides with alternate enzymes such as Arg-C. 

Peak 6 (22.7 min) in Figure 1.A1 shows PSA with a single cleavage and loss of K 

(28320.8 Da), likely due to cleavage at K206. In addition, the mass 28263.7 Da also 

elutes at 22.7 min and is assigned as a cleavage at K206 with loss of GK, as it is 

expected that further loss of a non-charged amino acid at the same cleavage site 

would not result in any shift to the migration time of this proteoform (Supporting 
Information, Table S4). Furthermore, cleavage at K206 is also supported by new 

evidence provided by the middle-up approach. The fragments B3 (5888.6 Da) and B6 
(22440.0 Da) are shown in Figure 1, which correspond to PSA with cleavage at K206 

and loss of K. Furthermore, the tryptic peptide WTGG205 was found (Supporting 
Information, Table S4 and Figure S3) which contains the loss of K206. Although the 

expected fragment or peptide (I25…G204; H5N4F1S2 and WTG204, respectively) 

containing the loss of GK was not observed, Supporting Information, Table S4 
shows that a fragment arising due to double-cleavage (K170…G204) was observed that 
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contains the loss of GK206. To summarize, Scheme 1 shows that PSA contains a 

fascinating diversity of proteoforms, which includes non-cleaved (active) and cleaved 

(inactive)30 PSA found in seminal and urinary PSA during this study. 

  

Scheme 1. Overview of the cleaved proteoforms found in seminal and urinary PSA. Non-
cleaved, active PSA undergoes internal cleavage which inactivates the protein. Cleaved PSA 
proteoforms arise at one (single cleavage) or two (double cleavage) of four cleavage sites, as 
well as further truncated variants. Notably, PSA contains five disulfide bonds in total whereas 
the red dotted lines are shown here to represent how the overall structure of the protein is kept 
intact following cleavage via the disulfide bonds. Ten cleaved proteoforms are observed in total 
across seminal and urinary PSA, in addition to the glycoforms for each proteoform (Supporting 
Information Tables S6 and S7). Only the most abundant glycoform, H5N4F1S2, is illustrated 
here. The legend may be found in the blue box. 
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Data Processing of Intact Proteoforms 

In the previous study we performed a “manual” approach for quantification using the 

DataAnalysis software. In this case, the large charge envelope of the intact 

proteoforms resulted in overlapping m/z signals and broad XIE peaks. Thus, it was 

necessary to manually integrate and deconvolute each XIE peak in order to determine 

peak areas and masses, respectively. In the current study, we present a workflow 

primarily using Byos in order to perform “software-assisted” intact protein data 

processing and deconvoluted quantification of peak intensities. In order to perform the 

comparison, both approaches were used to asses two datasets: an intra- (n = 3) and 

interday (n = 9) study which demonstrated the intermediate precision and repeatability 

of the intact urinary PSA assay using a patient urinary pool, and the measurement of 

individual patient samples (n = 8).7 Notably, the proteoforms for several intact masses 

determined in intact urinary PSA are revised in Supporting Information, Table S4 

based on the evidence obtained from the orthogonal analysis of seminal PSA.  

In Table 1, the annotation of proteoforms in the intra- and interday dataset shows that 

implementing the software-assisted workflow in the current study resulted in the 

assignment of 35 proteoforms, including nine unique masses that were not observed 

when manual processing was performed. However, these unique masses were mainly 

very low abundant proteoforms with relative abundances < 1% (Supporting 
Information, Table S6). In comparison, manual processing determined 32 

proteoforms, including six unique masses. Additionally, 26 proteoforms were detected 

by both methods. The analysis of the individual patient data showed that 23 

proteoforms were quantified in total by both data processing techniques. However, 

four unique proteoforms were determined each by the software-assisted and the 

manual approach, respectively, and 19 masses were quantified by both approaches.  

The software-assisted workflow facilitates automatic proteoform assignment by the 

implementation of a delta mass list within the processing method (Supporting 
Information, Table S3). For example, the range of possible N-glycan structures was 

previously determined by the bottom-up approach. In addition, cleavage sites and 

amino acid loss were confirmed via intact protein and middle-up analysis in order to 

provide a library of potential proteoforms to perform a targeted search against as well 

as automatic annotation of the masses observed in the intact protein profile. 
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Assignments could then be confirmed using a mass error threshold as well as the 

expected migration position based on amino acid loss and the number of negatively 

charged sialic acids present on the proteoform. However, future studies could also 

focus on confirming glycoform structures directly in the intact protein spectrum by 

MS/MS experiments, as has previously been shown.31 

The batch processing of both datasets was enabled by the migration time alignment 

step which was performed using LaCyTools prior to importing the data into Byos for 

assignment and quantification. Thus, expected assignments and integration times 

were verified in a reference file which was then applied to the entire batch of samples. 

This is illustrated in Supporting Information, Figure S4.A whereby the same 

integration window (22.09 – 22.80 min) was used across each sample to integrate and 

extract deconvoluted spectra of mono-sialylated species. However, as shown in 

Supporting Information, Tables S6 and S7, some masses were detected previously 

by the manual approach, and not by software-assisted annotation. The manual 

approach utilized smaller integration windows in order to reduce noise within the 

spectra and perform proteoform annotation followed by manual XIE of the 

assignments. In this study, integration windows that covered the beginning and end of 

the XIE peak were used in the software-assisted approach. However, this may also 

result in the integration of more noise which can affect the mass accuracy for the 

assignment of some low abundant species (< 4%,Supporting Information, Table 
S6). An example if provided in Supporting Information, Figure S4.B whereby the 

application of smaller integration windows resulted in the annotation of H5N4F1S1. 

Despite this, shorter integration windows may also result in greater variability of the 

extracted deconvoluted spectrum between measurements. Supporting Information, 
Figure S4.A shows that there are small shifts in the peak apex which will have a 

greater effect on the deconvolution spectrum when using narrower integration 

windows. This is further demonstrated in Supporting Information, Figure S4.C 

whereby integration windows based on integrating the full peak or FWHM of the peak 

were compared, resulting in average relative standard deviations (RSDs) of 15% and 

22%, respectively. Overall, the application of the migration time alignment step and 

full peak integration improved the throughput and reproducibility of both the data 

processing and data analysis. 
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Additionally, quantification via maximum entropy using the DataAnalysis software was 

compared with the current workflow which employs parsimonious deconvolution. 

Supporting Information, Figure S5 shows that both approaches resulted in similar 

relative abundances of selected proteoforms and average RSDs of 21% and 14% for 

maximum entropy and parsimonious deconvolution, respectively. However, it should 

be noted that shorter integration windows were used for the maximum entropy 

approach which may also contribute to the higher RSDs, as previously mentioned. 

Importantly, a migration time alignment step could not be performed prior to applying 

the maximum entropy approach due to the software accepting only a single datafile 

type. Furthermore, integration windows were manually entered in order to extract 

mass spectra to be used for deconvolution. Thus, although maximum entropy and 

parsimonious deconvolution gave similar quantification results, the implementation of 

electropherogram alignment in combination with automatic integration windows 

resulted in faster and more efficient data processing using the current workflow. 

A PSA sequence variant with an additional N-glycosylation site was previously 

reported in urinary PSA from a single patient.7 In this study, we explored the data by 

creating a delta mass list of all possible glycoform combinations based on glycans 

detected by the bottom-up technique in combination with the altered amino acid 

sequence whereby Asp102 is replaced by Asn. Similar to the approach mentioned 

above, this allowed us to perform automatic annotation of an additional 12 unique 

proteoforms (28 in total; Supporting Information, Table S8). However, further 

validation is required by proteolytic digestion in order to determine the glycans present 

on the peptide containing the additional N-glycosylation site. Additionally, we also 

observed multiple peaks in the electropherogram of urinary PSA that likely belong to 

PSA peptides (Supporting Information, Table S5) that may be the result of co-

capturing degraded PSA, or the degradation of PSA following capturing.  
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Intact Proteoform Quantification 

The RSD of the intra- and interday (Table 1) is 12% and 19% by deconvolution as part 

of the software-assisted workflow, and 11% and 15% by XIE in the manual approach, 

respectively. The precision determined by both processing methods is within the 20% 

acceptance criteria applied for other intact protein assays.32,33 However, it should be 

noted that this acceptance criteria generally refers to the absolute quantitation of 

protein concentration rather than relative abundance. Interestingly, re-normalization to 

the 26 common proteoforms determined by both methods results in intra- and interday 

RSDs of 9% and 15% (deconvolution), and 12% and 16% (XIE), respectively. Thus, 

the slightly higher RSDs for the total number of analytes recorded by deconvoluted 

data processing is likely due to the additional low abundant proteoforms that were 

detected by this technique. These results are similar to previous studies that 

determined similar RSDs between both quantification approaches when performing 

absolute protein quantitation.11,13,16 However, Lanshoeft et al. reported that greater 

precision was achieved when XIC areas were used rather than XIC or deconvoluted 

peak intensities.18 In addition, Kellie et al. demonstrated that protein quantitation was 

more accurate by the XIC approach at the lower limit of quantification (LLOQ).17 

Table 1. Comparison of mass assignments and quantification between the software-
assisted (SA) workflow and the manual approach for the intra- and interday, and patient 
datasets. Mass assignments refers to assignment of proteoforms to deconvoluted masses that 
were found within the mass error threshold (± 25 ppm), as well as demonstrating an expected 
migration time. “Unique” masses are proteoform assignments that were only determined by one 
data processing method whereas “common” refers to proteoforms determined by both 
techniques. Intra- and interday quantification results are not applicable (n/a) for the patient study. 
For a full list of assignments and results, see Supporting Information, Tables S7 - 8. 

 
 Mass Assignments Quantification (RSD) 

Dataset Method Total Unique Common 
Intra-
day 1 

Intra-
day 2 

Intra-
day 3 

Inter-
day 

Intra and  
inter-day 

SA 35 9 
26 

13% 9% 12% 19% 
Manual 32 6 12% 8% 12% 15% 

Patients 
SA 23 4 

19 
n/a n/a n/a n/a 

Manual 23 4 n/a n/a n/a n/a 
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The correlation between the two data 

processing methods is demonstrated in 

Figure 2 for the intra- and interday, as 

well as the patient datasets. This shows 

the association of the results following 

re-normalization to the common 

proteoforms determined by both 

methods. Interestingly, this results in a 

R2 value of 0.91 and 0.90 for the intra- 

and interday and patient datasets, 

respectively. This was also investigated 

when the most abundant proteoform was 

omitted from the analysis (Supporting 
Information, Figure S6), which resulted 

in R2 values of 0.83 (intra- and interday) 

and 0.78 (patients), demonstrating that 

both processing techniques result in a 

sufficiently similar quantification of the 

data. Notably, quantification based on 

peak intensity has demonstrated greater 

performance than peak area for the 

deconvoluted approach.19 In the case of 

quantitative assays using XIEs, peak 

areas are more commonly reported.19 

Thus, the use of peak intensities 

(deconvolution) in comparison with peak 

areas (XIE) may also introduce some 

discrepancy between the reported 

abundance values.  

Data processing throughput is an important metric to consider when evaluating new 

tools for performing intact protein analysis of clinical samples. In this study, we 

demonstrated the processing of two datasets for which the majority of the data 

processing steps were software-assisted. For example, the mass calibration and time 

Figure 2. Linear regression plot of relative 
abundances for common proteoforms 
quantified by deconvolution and XIE 
methods. (A) Intra- and interday (n = 9) 
dataset. There are 26 common proteoforms 
detected by both processing methods. (B) 
Patient (n = 8) dataset. There are 19 common 
proteoforms detected by both processing 
methods. Relative abundances determined by 
XIE quantification is represented on the y-axis 
and relative abundances determined via 
deconvoluted quantification is shown on the x-
axis. The equation of the trendline and R2 are 
displayed. 
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alignment steps were carried out in half a day whilst automatic data integration and 

processing were performed in approximately one hour for nine samples. Following 

this, the most abundant mass in each electrophoretic peak was assessed in order to 

verify the processing had been performed correctly and, as a result of the complex 

proteoform profiles, the data was exported into spreadsheet format for further analysis. 

Thus, the largest hands-on time was due to the data analysis which took approximately 

one day. Overall, the full data processing and analysis was conducted in two days for 

each dataset. In contrast, the manual data processing of these datasets was 

previously performed over several weeks.7 In this case, due to the broad XIE peaks as 

previously mentioned, manual peak integration and deconvolution was performed in 

order to obtain peak areas and masses, respectively. Thus, this took considerable 

more hands-on time as this was performed for every analyte in each sample. 

Furthermore, throughput in terms of proteoform assignment and quantification is an 

important feature when performing biomarker discovery studies and should be 

considered when validating methods for intact protein data processing. For example, 

in this study, the relative abundances of 23 heterogenous proteoforms were quantified 

in the patient dataset (n = 8), resulting in the processing of 127 analytes in total. In 

comparison, Lanshoeft et al. performed absolute protein quantitation of 

deglycosylated hIgG1A and [13C]-hIgG1A spiked into rat serum (n = 24) resulting in 

the processing of 48 analytes in total.18 Thus, undoubtedly there are different factors 

to consider when processing clinical samples or biotherapeutics, such as proteoform 

complexity, and the number of analytes and samples for analysis. In general, these 

results are similar to previous studies where it was reported that intact data processing 

could be streamlined via the inclusion of a deconvolution quantification step19 and, as 

a result, similar workflows may be applied in the future for the investigation of larger 

clinical cohorts using intact protein mass spectrometry.  

A one-size-fits-all approach has still not yet been defined for intact protein data 

processing.1,12,13,17 However, several studies prefer the XIC approach 7,9,16,23 as it 

remains closer to the raw data and is less prone to the generation of artefacts that may 

occur due to the inclusion of an extra processing step such as deconvolution.1,12 

Despite this, as previously mentioned, automation of the majority of the data 

processing method is required in order to enhance throughput and facilitate the 

analysis of a greater number of samples. Thus, the XIC approach is currently less 
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amenable to automated processing of intact proteins due to the generation of broad 

or poorly resolved peaks as a result of overlapping m/z values in the charge envelopes 

of different proteoforms. As a result, the extracted ion peak must be manually verified 

and integrated.7 In contrast, only a sufficient mass difference is required in the 

deconvoluted spectrum in order to perform annotation and quantification 

simultaneously.19,20,22 For example, Wu et al. has recently demonstrated a promising 

and universally available software that is suitable for identification, deconvoluted 

quantification, and batch processing of top-down proteomics data.34 Thus, 

deconvolution may be a more suitable approach in order to facilitate greater data 

processing throughput, and the performance of this method should be further verified 

in comparison with performing XIC quantification.  

Some studies have demonstrated efficient data processing of intact proteins using 

XICs. For example, Kellie et al. performed deconvoluted mass assignment and XIC 

quantification in a semi-automated workflow.9 However, this approach was applied to 

proteins up to 10 kDa whereby isotopic resolution was achieved, this resulted in the 

extraction of specific ion chromatograms. In contrast, such resolution is not commonly 

observed for proteins that are greater than 25 kDa, resulting in a greater overlap 

between m/z signals. This results in the use of the average masses of several charge 

states, rather than isotopic masses, to generated XICs.1 Thus, future work should also 

focus on the development of such tools which are suitable for larger proteins, as well 

as enabling a facile user interface that would facilitate greater implementation within 

the field. Additionally, an improvement in the resolution of larger proteins would also 

facilitate greater selectivity when performing XIE and XIC quantification.  

Perspectives 

The application of vendor-specific software impedes harmonization of practices for 

intact data processing, particularly in the case of deconvolution as these tools differ in 

important parameters used for the generation a deconvoluted spectrum.12,13,17 Thus, 

the development of tools that are capable of handling multiple data formats, such as 

the data processing steps presented in this study, is an important development 

towards developing consistent practices in intact protein data processing. In addition, 

the performance of a m/z-based migration time alignment, as demonstrated here, may 

also facilitate automated processing of extracted ion peaks by defining the same 
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integration window in all samples. As a result, in terms of throughput and accuracy, 

this would enable a fairer comparison between the XIC and deconvolution approaches 

to be performed.  

Conclusions 

In this study, we have built upon our previous work with new data that further support 

the assignment of cleaved proteoforms in seminal and urinary PSA, including the 

finding of a potential new cleavage site in seminal PSA. Undoubtedly, a greater 

understanding of the proteoform profile of PSA from these biological matrices has 

been achieved which will inform future studies regarding this protein. In addition, we 

have demonstrated a software-assisted workflow for the annotation and quantification 

of intact urinary PSA from a small cohort of patients. Importantly, a migration time 

alignment pre-processing step was performed which allowed the same integration 

parameters to be used across all samples and, as a result, fast and efficient 

quantification via deconvolution was achieved. Moreover, the similarity between our 

results and the extracted ion quantification method was demonstrated. Overall, this 

work will support the implementation of intact protein data analysis in the biomarker 

discovery setting. 
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Abstract 

Sialic acids have diverse biological roles, ranging from promoting up to preventing 

protein and cellular recognition in health and disease. The various functions of these 

monosaccharides are owed, in part, to linkage variants and, as a result, linkage-

specific analysis of sialic acids is an important aspect of glycomic studies. This has 

been addressed by derivatization strategies using matrix-assisted laser 

desorption/ionization mass spectrometry (MS), or sialidase digestion arrays followed 

by liquid chromatography (LC)-MS. Despite this, these approaches are unable to 

simultaneously provide unambiguous assignment of sialic acid linkages and assess 

further isomeric glycan features within a single measurement. Thus, for the first time, 

we present the combination of procainamide fluorescent labeling with sialic acid 

linkage-specific derivatization via ethyl esterification and amidation for the analysis of 

released plasma N-glycans using reversed phase (RP)LC-fluorescence detection 

(FD)-MS. As a result, α2,3- and α2,6- sialylated N-glycans - with the same mass prior 

to derivatization - are differentiated based on retention time, precursor mass and 

fragmentation spectra and additional sialylated isomers were also separated. 

Furthermore, improved glycan coverage and protocol precision were found via the 

novel application using a combined FD-MS quantification approach. Overall, this 

platform achieved unambiguous assignment of N-glycan sialic acid linkages within a 

single RPLC-FD-MS measurement and, by improving their retention on RPLC, this 

technique can be used for future investigations of released N-glycans as an additional 

or orthogonal method to current analytical approaches.
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Introduction  

Sialic acids are important monosaccharides that play a role in a wide range of 

biological processes.1 Often found as the terminal residue on N- and O-linked glycans 

as well as glycolipids,2 sialic acids act as mediators during biological recognition.1 This 

includes processes such as protein and cell binding as well as host-pathogen 

interactions.3 Another important role for sialic acids is their masking effect.4 For 

example, α2,3-linked sialic acids allow the underlying galactose to be accessed by 

specific lectins, whereas α2,6-linked sialic acids may act as inhibitors of such 

processes.5 These are important functions during numerous healthy and disease 

states, including cancer metastasis and tumor cell survival.2 

Due to their critical role in biology, linkage-specific analysis of sialic acids is an 

important facet of glycomic investigations. However, the labile nature and negative 

charge of these monosaccharides presents several challenges for mass spectrometry 

(MS)-based analyses.6 Matrix-assisted laser desorption/ionization mass spectrometry 

(MALDI)-MS approaches have largely overcome these issues by employing linkage-

specific sialic acid derivatization,7,8 which has the effect of stabilizing sialic acids and 

neutralizing their charge to ensure a more homogenous ionization.8 Despite this, 

MALDI-MS methods generally lack an online separation component which is useful to 

assess further structural aspects that may differentiate glycan isomers. For this 

purpose, liquid chromatography (LC)-MS techniques, such as porous graphitized 

carbon (PGC)-LC, reversed phase (RP)-LC, and hydrophilic interaction-LC (HILIC), 

are often more suitable approaches. PGC-LC is a powerful approach for in-depth 

structural differentiation of glycans,9 however, it is only applied in a few laboratories 

due to its complexity.9,10 Although RPLC is a more widely used technique, it is often 

insufficient to separate several glycan species, particularly sialylated N-glycans, as the 

separation of N-glycans is largely influenced by the reducing-end label.11 As a result, 

HILIC is most often the LC method of choice for released N-glycan analysis.12,13 

Despite this, unequivocal sialic acid linkage assignment may not be achieved within a 

single measurement and further analysis using sialidase enzymes is required.14 

Unambiguous linkage assignment and online separation were achieved when sialic 

acid derivatization was combined with reducing-end fluorescent labeling using 2-
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aminobenzamide (2-AB).15,16 This allowed measurement by HILIC-MS while also 

producing linkage-specific mass shifts and fragmentation spectra. However, the DMT-

MM (4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methyl morpholinium chloride) 

derivatization procedure involves harsher reaction conditions in comparison with more 

recently developed protocols.6,17 In addition, the nature of such chemical modifications 

to sialic acids increases their hydrophobicity and reduces their retention time when 

analyzed using HILIC.15 This is problematic for the analysis of complex samples, 

particularly when using fluorescence detection, as a diverse range of glycan species 

elute along the entire profile.18 In this regard, it may be more suitable to analyze 

glycans with enhanced hydrophobicity by RPLC. This was previously demonstrated 

on RPLC-MS using 2-aminopyridine (2-PA) or Girard’s P reagent labeled glycans, in 

combination with sialic acid linkage-specific derivatization via two-step alkylamidation 

or deuterated aniline amidation, respectively.19,20 Interestingly, both of these studies 

employed a charge-based fractionation step prior to sialic acid derivatization that 

allowed in-depth structural characterization to be performed specifically on sialylated 

fractions. Despite this, the fractionation employed in these studies results in the loss 

of information regarding non-sialylated species, and may hinder the analysis of large 

numbers of samples as well as result in sample loss. 

This study aimed to develop and validate a platform for sialic acid-linkage specific 

differentiation of fluorescently-labeled released N-glycans from a complex sample. As 

a result, ethyl esterification and amidation (EEA) was performed on procainamide-

labeled N-glycans from plasma, which allowed the N-glycans to be effectively 

analyzed using RPLC-FD-MS. In addition, the method was developed on a robot which 

allowed it to be qualified using a large number of replicates (n = 50). Finally, this 

research also sought to explore the complementarity of the newly developed EEA and 

RPLC-FD-MS platform with the current gold-standard method for released N-glycan 

analysis, HILIC-FD-MS.  
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Experimental Section  

Materials 

Lyophilized human plasma [P9523] (5 mL), formic acid (FA), methanol, hydrate 1-

hydroxybenzotriazole (HOBt), and ammonia (28% NH3) were purchased from Sigma-

Aldrich (Dorset, UK). Acetonitrile (CH3CN; Romil, 190 SPS for UV/gradient quality) 

and ethanol (EtOH) were acquired from Charlton Scientific (Charlton, UK). De-ionized 

water (H2O) was obtained using a Sartorius arium comfort (Goettingen, Germany) with 

18.2 MΩ resistivity and 1-ethyl-3-(3-(dimethylamino) propyl) carbodiimide (EDC) was 

purchased from Fluorochem (Hadfield, UK). PNGase F storage buffer, composed of 

50 mM sodium chloride (NaCl), 5 mM ethylenediaminetetraacetic acid (EDTA), and 20 

mM tris-hydrochloric acid (Tris-HCl, pH 7.5), was purchased from New England 

Biolabs (Hitchin, UK). N-glycan A2G2S2 standard [CN-A2-20U], the PNGase F N-

Glycan release kit [LZ-rPNGASEF-96], Protein Binding Membrane (PBM) plate [LC-

PBM-96], 2 mL 96-well collection plate [LP-COLLPLATE-2ML-96], procainamide 

labeling kit [LT-KPROC-96], HILIC clean-up plate [LC-PROC-96] and ammonium 

formate solution [LS-N-BUFFX40] were purchased from Ludger Ltd. (Abingdon, UK). 

The 120 µL skirted 96-well PCR plate [4ti-0960/C], 300 µL non-skirted 96-well PCR 

plate [4ti-0710/C], 1.2 mL 96 well deepwell plate, foil pierce seal [4ti-0531], and peel 

seal [4ti-0521] were purchased from 4titude Ltd, (Surrey, UK). HPLC vials [186002639] 

were purchased from Waters Ltd., (Borehamwood, UK). The human milk 

oligosaccharide standards, sialyllacto-N-tetraose c (LST-C) [SLN506] and sialyllacto-

N-tetraose a (LST-A) [SLN503], were purchased from Dextra (Reading, UK).  

N-glycan Analysis 

Commercial lyophilized human plasma was reconstituted in 5 mL H2O, at a final 

concentration of 1 mg/mL. Preparation of plasma N-glycans was carried out in line 

with previously published procedures using a Hamilton Microlab STARlet liquid-

handling robot.21 The experimental procedures for performing PNGase F N-glycan 

release and procainamide labeling are included in Supporting Information 1, 
Sections S1.1 and S1.2.  
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Sialic Acid Ethyl Esterification And Amidation 

The lyophilized released and procainamide-labeled N-glycan samples were 

reconstituted in 15 µL H2O. The ethyl esterification and amidation (EEA) protocol was 

performed as previously described 17 and was automated on the Hamilton Starlet. 

Briefly, the ethyl esterification reagent was prepared (250 mM EDC and 250 mM HOBt 

dissolved in EtOH) and 60 µL was added per well in a 300 µL 96-well PCR plate. 

Following this, 3 µL of the concentrated procainamide-labeled N-glycans was added 

to the reagent, then the plate was sealed with a foil pierce seal and incubated for 60 

min at 37 °C. Following this, 12 µL of 28% NH3 was added to the samples before the 

plate was re-sealed and incubated for another 60 min at 37 °C. A volume of 225 µL 

CH3CN was added to the plate bringing the final volume in each sample well up to 300 

µL. A HILIC clean-up plate was placed on the vacuum manifold and prepared with 

successive washes of 200 µL of 70% EtOH/ H2O (v/v), 200 µL of H2O and 200 µL of 

CH3CN. Then, 100 µL CH3CN was added to each well of the clean-up plate followed 

by 100 µL of the derivatized and labeled sample. The samples were eluted under 

gravity for 5 min before a vacuum was applied. This step was repeated two more times 

until the entire 300 µL of the derivatized and labeled sample was transferred to the 

clean-up plate. The plate was blotted briefly onto a paper towel in order to remove 

excess CH3CN before being placed back on the vacuum manifold. Following this, a 

96-well 2 mL collection plate was placed inside the vacuum manifold and 100 µL H2O 

was added to the samples. To start the sample elution a vacuum was used for about 

5 sec, followed by further elution under gravity. After 15 min, a vacuum was applied to 

elute the entire sample into the collection plate. This step was repeated in order to 

elute the samples in a final volume of 200 µL. The remaining concentrated sample (12 

µL) and the derivatized procainamide-labeled samples were stored at -20°C until 

further analysis.   
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RPLC-FD-MS 

Samples for RPLC-FD-MS were prepared by adding 95 µL of the derivatized 

procainamide-labelled N-glycans and 5 µL CH3CN (5%) to a 1.2 mL deepwell plate 

and injecting 20 µL onto an Ultimate 3000 UHPLC system (Thermo Scientific, 

Hampshire, UK). An ACE excel 2 C18-PFP, 150 x 2.1 mm column (ACE Ltd., 

Aberdeen, UK) was used and the column temperature was set to 60 °C. The 

fluorescence detector (λex = 310 nm λem = 370 nm) sensitivity was set to 8 and bulb 

power was set to ‘high’. A separation gradient was employed using solvent A (50 mM 

ammonium formate) and solvent B (10% CH3CN; 0.1% FA (v/v)): 0 to 26.5 min, 15 to 

95% solvent B; 26.5 to 30.5 min, 95% B; 30.5 to 32.5 min, 95 to 15% B; 32.5 to 35.1 

min, 15% B, all gradient steps were performed with a flow rate of 0.4 mL/min.  

MS analysis was performed via coupling the UHPLC to an amaZon Speed ETD MS 

(Bruker Daltonics GmbH, Bremen, Germany) using electrospray ionization (ESI). The 

instrument was operated in positive ionization mode with enhanced resolution 

scanning. The mass range (m/z 600 – 1600) was scanned with a target mass set to 

m/z 900. In addition, the following parameters were employed: source temperature 

250 °C; gas flow 10 L/min; capillary voltage 4500 V; ion charge control (ICC) target 

200,000; max accumulation time 50.00 ms. Furthermore, MS/MS spectra were 

obtained via collision-induced dissociation according to these conditions: ICC target 

MS(n) 200,000; max accumulation time MS(n) 40.00 ms; number of precursors ions 

selected 3; release after 0.2 min; MS(n) scan range selection, scale to precursor; 

absolute and relative signal threshold for automatic MS(n), 25,000 and 5%, 

respectively. Information regarding HILIC-FD-MS measurements and the intermediate 

precision and repeatability study may be found in Supporting Information 1, 
Sections S1.3 and S1.4, respectively. 

N-glycan Assignments 

RPLC peaks were screened using the Bruker DataAnalysis software (version 5.0) and 

structures were manually assigned. Assignments of structures were made based on 

their exact mass, fragmentation pattern, and retention order. Important diagnostic ions 

for assignment are included by Supporting Information 2, Table S1, as well as the 

analysis and scan number of MS/MS spectra. Furthermore, a comprehensive overview 

of N-glycans reported across several studies in plasma has previously been published 
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by Lageveen-Kammeijer et al.17 Thus, structures that were assigned in our study were 

compared against the plasma N-glycans present in this overview. HILIC peaks were 

assigned in conjunction with elution positions reported in the literature 13 as well as by 

searching the GlycomeDB database using Bruker Proteinscape (version 4.0). In this 

instance, the database search was narrowed by employing the following parameters: 

assignment score (≥ 30), N-glycan fragment coverage (≥ 20%), CID classification 

depth (≥ 3), and accurate mass (± 100 ppm). N-glycan compositions are illustrated 

according to the Consortium for Functional Glycomics (CFG) notation: 22 N-

acetylglucosamine (N; blue square), fucose (F; red triangle), galactose (H; yellow 

circle), mannose (H; green circle), N-acetylneuraminic acid (S; purple diamond).  

Fluorescence Detection-Mass Spectrometry (FD-MS) Quantification 

After FD and MS curation, as described in Supporting Information 1, Sections S1.5 
and S1.6, respectively, only the fluorescent peaks that contained at least one N-glycan 

that passed, were considered for further analysis. This was followed by determining 

the proportion of N-glycan compositions in each fluorescent peak by calculating the 

local relative abundance of compositions eluting under the same chromatographic 

peak using MS signal intensities. Following this, the FD-MS signal was derived by 

multiplying the proportion of each N-glycan composition by the fluorescent signal of 

the peak in which it is eluting. 

Results & Discussion  

For the first time, we present the combination of procainamide fluorescent labeling 

with a sialic acid linkage-specific derivatization step via EEA for the analysis of N-

glycans by RPLC-FD-MS (Figure 1). Procainamide was selected as the fluorescent 

label of choice because it is a well-established amination reagent, and EEA as the 

derivatization strategy as it has been widely applied, well-developed,17,23 may be 

performed under relatively mild conditions, and promotes the formation of stable sialic 

acid derivatives during the reaction.6,23 Several parameters were investigated in order 

to develop the protocol, which are summarized in Supporting Information 1, Section 
S2.1 and Supporting Information 2, Table S2. In addition, the intermediate precision 

and repeatability of the complete sample preparation protocol was determined and the 

separation of the EEA-derivatized N-glycans on RPLC was evaluated, as well as 
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several quantification approaches. Finally, the complementarity of RPLC- and HILIC-

FD-MS platforms was also assessed. 

Sialic Acid Differentiation by RPLC-FD-MS 

Procainamide-labeled sialylated N-glycans showed short elution times on RPLC and 

no separation of sialic acid linkage isomers. An example is provided in Figure 2.A1, 

where the N-glycan, H6N5S3, elutes at seven min as a single peak. Based on the 

RPLC separation, there is no evidence to suggest that this analyte consists of multiple 

linkage species. In general, the RPLC profile of procainamide-labeled N-glycans 

(Supporting Information 1, Figure S1.A1) showed an elution pattern similar to 2-AB 

and 2-AA labeled N-glycans whereby sialylated structures are poorly separated.24 In 

comparison, labels such as 2-PA25 or Rapifluor-MS26 generally demonstrated an 

enhanced separation with sialylated species eluting according to an increasing 

number of sialic acid residues. Interestingly, isomer separation of procainamide 

labeled glycans was detected using RPLC for glycans with incomplete antenna 

sialylation, as shown by H5N4S1 in Supporting Information 1, Figure S1.A2. This is 

consistent with findings obtained with the aforementioned fluorescent labels.24–26 With 

regard to this, studies have described the different contribution of antennae to the 

retention time on RPLC.25,27 Thus, likely positional isomers are separated based upon 

which arm is occupied (α3 versus α6). Overall, procainamide has demonstrated 

enhanced fluorescence in comparison with 2-AB28, 2-AA and 2-PA, as well as a 

Figure 1. Semi-automated workflow for the N-glycan release, procainamide labeling, 
sialic acid derivatization and RPLC-FD-MS measurement. The workflow was completed on 
a Hamilton Microlab STARlet liquid-handling robot allowing 96 samples to be processed 
simultaneously. N-glycans were released from plasma proteins during an overnight digestion 
(37 °C). Following protein removal, N-glycans were fluorescently labeled using procainamide 
and enriched via a HILIC clean-up plate. Sialic acids were derivatized by ethyl esterification 
and amidation and enrichment was repeated using the HILIC clean-up plate. Fluorescently 
labeled and derivatized sialic acid N-glycans were measured using RPLC-FD-MS. 
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greater positive ionization (MALDI and ESI) response than 2-AB28 and 2-AA.29 In 

addition, although RapiFluor-MS allows faster sample preparation and has shown 

increased ionization efficiency,26 procainamide offers the advantage of being a widely 

available chemical that may be purchased in bulk or as part of specific glycan labeling 

kits. 

In order to enable the separation of fluorescently-labeled sialylated N-glycans on 

RPLC, EEA was employed prior to measurement in order to enhance glycan 

hydrophobicity. The derivatization of sialic acids (Figure 2.A2) not only improves their 

retention, but also allows the resolution of three distinct sialic acid-linkage isomers, 

H6N5S2,32S2,61, H6N5S2,31S2,62, and H6N5S2,63, due to the different chemical 

derivatization of differently linked sialic acids. Notably, Figure 2 also shows that the 

position of the sialic acid on the galactose remains ambiguous and further topological 

isomers may exist for the tri-sialylated species with mixed linkages at Figure 2.B2 and 

B3. Importantly, ethyl esterified α2,6-sialylated species showed greater retention and 

were separated from their amidated α2,3-sialic acid counterparts in order of increasing 

α2,6-sialic acid content. Additionally, EEA differently modifies the mass of sialylated 

N-glycans depending on the linkage and number of sialic acids present; α2,6-linked 

sialic acids gain 28.02 Da and α2,3-linked sialic acids lose 0.98 Da.17 This is illustrated 

in Figure 2.A1 whereby m/z 1033.73 is used to generate an extracted ion 

chromatogram (EIC) for H6N5S3 [M+2H]2+, whereas three distinct precursor m/z are 

used for each isomer in order to generate EICs ([M+2H]2+) in Figure 2.A2; m/z 

1042.42 (H6N5S2,32S2,61), 1052.09 (H6N5S2,31S2,62), and 1061.77 (H6N5S2,63). 

Previously, similar improvements to RPLC separation and sialic acid linkage 

differentiation have also been shown using other labeling and derivatization 

techniques.19,20 Overall, these results suggest that the performance of fluorescently 

labeled glycans on RPLC may be generally enhanced by including a sialic acid 

derivatization step as the combination of these techniques is required for efficient 

separation and differentiation on RPLC. 

The linkage assignment of derivatized sialylated N-glycans can be further supported 

by diagnostic ions in the MS/MS spectra. In contrast with Figure 2.B1 whereby m/z 

657.211+ indicates a sialylated antenna with unspecified linkage, Figures 2.B2 – B4 

show informative B-ions with theoretical m/z 656.251+ and 685.261+, which indicate  
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Figure 2. Procainamide labeled trisialylated plasma N-glycans measured by RPLC-FD-
MS. (A1) H6N5S3 (m/z 1033.73) with procainamide labeling and without sialic acid linkage-
specific derivatization. (A2) H6N5S3 is separated into three distinct isomers following 
procainamide labeling and sialic acid linkage-specific derivatization: H6N5S2,32S2,61, 
H6N5S2,31S2,62, and H6N5S2,63 (m/z 1042.42, 1052.09, and 1061.77, respectively). B1 – B4 
show the corresponding MS/MS spectra. Specific ions such as B-ions 656.25 and 685.26 
confirm the type of sialic acid linkage(s) present. In the case of multiple charge states of a single 
fragment, only one charge state is annotated, such as m/z 2179.89 [M+H]1+ (m/z 1090.97 
[M+2H]2+) and m/z 1652.75 [M+H]1+ (m/z 826.88 [M+2H]2+). Monosaccharide annotation is 
provided in the blue box. 
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amidated α2,3- and esterified α2,6-antennae, respectively. In addition, several Y-ions 

provide further support for the assignments. For example, Figure 2.B2 shows a 

fragment at m/z 1787.801+, indicating the composition H5N4S2,31, resulting from the 

loss of two sialylated antennae. A similar fragment at m/z 1815.031+ with an α2,6-sialic 

acid is shown in Figure 2.B3. Another B-ion with two α2,6-linked sialylated antennae 

attached to a mannose is detected at m/z 1531.751+ in Figure 2.B4. Furthermore, no 

ions corresponding to α2,3-linked sialic acids are detected in Figure 2.B4 as the N-

glycan solely contains α2,6-sialylated species. Thus, consistent with previous studies 

that employed sialic acid linkage-specific derivatization,8,17,23 the present method 

allows the unambiguous assignment of the sialic acid linkages present in plasma N-

glycans using RPLC-MS. 

Interestingly, Figure 2 illustrates a greater relative abundance of the derivatized 

sialylated oxonium ions, especially m/z 685.311+ (Figure 2.B4) shows a 100% relative 

abundance for the N-glycan that is fully occupied with α2,6-linked sialic acids. This is 

in comparison with the non-derivatized ion m/z 657.211+ (60%; Figure 2.B1). 

Furthermore, derivatized Y-ions such as m/z 1235.502+ and 1250.542+ in Figure 2.B2 

and 2.B3, respectively, also appear to have a greater relative abundance than their 

non-derivatized counterpart m/z 1222.992+ (Figure 2.B1). Similar results were also 

obtained when Suzuki et al. compared non-derivatized and derivatized glycans from 

human alpha-1-acid glycoprotein (α1-AGP).19 Thus, this is likely due to the greater 

stability that derivatized sialic acids exhibit during fragmentation following 

derivatization. However, an improvement in ionization efficiencies due to derivatization 

can also not be discounted. Nonetheless, the increase in relative abundance of 

fragment ions in the MS/MS spectra greatly enhances the identification of glycan 

structures. Further studies should focus on comparing derivatized and non-derivatized 

complex glycan standards whilst controlling for the injection amounts in order to 

explore this phenomenon further. 

Separation of positional linkage isomers was achieved on RPLC following the 

combination of the procainamide labeling and EEA derivatization approaches. This is 

illustrated in Supporting Information 1, Figure S1.B2 whereby two positional 

isomers are detected for each of the α2,3 and α2,6-linkage variants of H5N4S1. A 

comparison of the sum of the relative abundance of all isomers for H5N4S1 in the non-

derivatized and derivatized profiles is provided in Supporting Information 1, Figure 
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S1.C3. It is notable that a similar total relative abundance for H5N4S1 was achieved 

for both profiles. This indicates that the positional isomers, determined in the non-

derivatized chromatogram, were also captured in the derivatized profile, yet more 

information is achieved with the latter as it resolves both antenna occupation and sialic 

acid linkage. Interestingly, the separation time between H5N4S1 isomers in 

Supporting Information 1, Figure S1.A2 is approximately 3 min whereas 

Supporting Information 2, Figure S1.B2 shows that there is a greater separation 

time (7 min) between H5N4S1 positional isomers with the α2,6 linkage. However, this 

was less apparent for positional isomers with the α2,3-linkage linkage, further 

indicating the different influence that the ethyl esterification and amidation 

modifications have in RPLC. Additionally, Supporting Information 1, Figure S2.A 

shows that two isomers of H5N4S2,31S2,61 were detected. Moreover, this phenomenon 

has also been observed in previous studies.19,20 Suzuki et al. demonstrated that 

triantennary glycan isomers were resolved based on the attachment position of N-

acetyl- and N-glycolylneuraminic acids, with these monosaccharides being attached 

to either galactose or N-acetylglucosamine (GlcNAc) residues in fetuin.19 However, 

similar to Jin et al.,20 here we observed that structural isomers likely containing the 

same sialic acid linkage(s) attached to a galactose are separated based upon which 

arm is occupied (α3 versus α6). Despite this, no conclusions could be drawn from the 

RT as well as MS/MS spectra (Supporting Information 1, Figure S2.B and C) 

regarding which antenna occupancy gives rise to the later or earlier elution. Therefore, 

further research is required using well-defined standards in order to characterize this 

feature. Importantly, isomer separation of sialylated glycan structures has not 

previously been recognized as a strength of RPLC.18 However, the results achieved 

by this investigation, among others, shows that both positional and sialic acid linkage 

isomers may be determined through the combined effect of fluorescent labeling and 

sialic acid derivatization. 

Plasma N-glycan RPLC Profile 

Multiple N-glycans structures, including sialylated and non-sialylated structures, were 

resolved on RPLC following procainamide-labeling and EEA. In Figure 3.A, 29 

fluorescent peaks were determined after data curation and the 10 most abundant 

peaks were assigned with the most abundant N-glycan based on MS detection. While 

some peaks are clearly dominated by a certain glycan composition, other feature 
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several co-eluting N-glycans (Supporting Information 2, Table S3). The specific 

influence of different monosaccharides on retention is highlighted in Figure 3.B. A 

decreasing number of mannoses in the N-glycan composition is associated with higher 

hydrophobicity.13 This is exemplified by the high-mannose structures that are eluting 

first in the profile and the EICs of N-glycans H8N2 and H6N2 demonstrate that elution 

occurs in order of decreasing hexose (mannose) numbers. We also observed the 

separation of some high-mannose isomers, similar to Chen et al.30 This is illustrated 

by the composition H7N2 which is found in peaks 2 and 3 (Supporting Information 
2, Table S3). Complex non-sialylated glycans also elute in order of decreasing hexose 

(galactose) numbers. This is shown in Figure 3.A whereby H4N4F1 (peak 10) elutes 

Figure 3. Released N-glycans from plasma on RPLC following procainamide fluorescent 
labeling and sialic acid derivatization. (A) N-glycan assignments of the 10 most abundant 
peaks are shown. In cases where multiple N-glycans elute under the same peak, the most 
abundant N-glycan is represented. Asterisk (*) represents peaks with multiple eluting N-
glycans. (B) The effect of monosaccharides on RT is illustrated. This is highlighted by extracted 
ion chromatogram of specific N-glycans (from left to right): H8N2, H6N2, H5N4S2,31, H5N4F1, 
H4N4F1, H5N4S2,61 (isomer 1), H5N4S2,61 (isomer 2), H5N4F1S2,61, H5N4F1S2,62, 
H5N5F1S2,62. Monosaccharide annotation is provided in the blue box. Symbol (•) denotes 
overlapping m/z of H5N4S2,61 with a non-assigned analyte with the same m/z. Peak numbers 
are illustrated in red. For the full list of assignments see Supporting Information 2, Table S3. 
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before H3N4F1 (peak 11). However, it seems a similar influence on retention is 

observed when the antenna is partially or fully occupied with galactose as H5N4F1 co-

elutes with H4N4F1 in peak 10 (Figure 3.B).  

A diverse number of separated sialylated N-glycan species are shown in the plasma 

profile on RPLC (Figure 3.A), including positional isomers and linkage variants 

(Figure 3.B), as previously mentioned. In contrast, only a single peak was detected 

here for other isomeric species such as H4N4F1 (G1F), which is known to have two 

positional isomers in plasma.13 For example, Higel et al. showed that the H4N4F1 

isomers may be resolved using 2-AA.24 Thus, the current method may be useful for 

the investigation of positional sialylated isomers, however other isomers which lack 

sialic acids and do not contain sufficient hydrophobic differences may not be separated 

and remain a challenge for this analysis.  

In addition to sialic acid linkage, core fucosylation has a large influence on the RT of 

N-glycans observed here. The effect of core fucosylation is demonstrated by 

H5N4F1S2,61 (peak 21) which elutes later than H5N4S2,61 (peaks 12 and 17) in Figure 
3.B. Furthermore, H6N5F1S2,31S2,62 appears to lack a diagnostic Y-ion for core-

fucosylation (m/z 587.33; N1F1-Proc), suggesting that the fucose is located on the 

antenna of this glycan. Thus, the influence of antennary fucosylation on RT is 

demonstrated by H6N5F1S2,31S2,62 which elutes earlier than H6N5S2,31S2,62 (Figure 
3.A). This suggests that the addition of an antennary fucose decreases the RT. These 

results are similar to previous findings whereby it was determined that antennary 

fucosylation may decrease or have a negligible influence on RT,11,27 depending on 

which antennae is fucosylated. Furthermore, the analysis of 2-PA labeled and 

derivatized glycans from α1-AGP showed that a triantennary N-glycan containing the 

sialyl-Lewisx antigen eluted before its non-fucosylated counterpart.19 Importantly, 

antennary- and core-fucosylation confer different functions in biological systems 31,32, 

and, therefore, techniques that distinguish them are required.33 

An increasing number of GlcNAc residues results in longer RTs. However, it is difficult 

to define the true effect of an increasing number of antennae as this is generally 

accompanied by increasing glycan size due to capping by a galactose and sialic acid, 

the latter of which has already been shown to have a large influence on retention. In 

addition, it should be noted that the second isomer of the N-glycan H5N4S2,31S2,61 
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(peak 18) elutes later than H6N5S2,31S2,61 (Figure 3.A and Supporting Information 
2, Table S3, peak 14), despite having less antennae but the same number and linkage 

of sialic acids. Thus, this further highlights the large influence that derivatized 

sialylated positional isomers have on RT. In any case, Figure 3.A shows that N-

glycans with different numbers of antennae may be separated. Furthermore, the 

influence of a bisecting GlcNAc is shown in Figure 3.B, as H5N5F1S2,62 elutes later 

than H5N4F1S2,62 (peaks at 22.5 – 25.0 minutes). Despite this, several other likely-

bisected N-glycan species were unable to be confirmed by MS/MS (Supporting 
Information 2, Table S1). However, previous research using RPLC has shown the 

separation of N-glycans containing bisecting GlcNAc from those structures without 

bisection. Thus, this feature is an important aspect of this method as conventional 

released N-glycan analysis often requires exoglycosidase enzymes in order to confirm 

bisection, and should be further explored. 

One of the main advantages of RPLC is its wide utilization and application.11 As a 

result, it is a well-developed technique and there are a large number of applications 

that may be implemented. For example, separation parameters can be optimized per 

application as a wide variety of columns are available that vary in terms of stationary 

phase as well as length and particle size, and may be obtained from various 

manufacturers.11 Furthermore, nano-flow techniques may be implemented on RPLC 

systems in order to achieve highly-sensitive analyses.34 Moreover, as described here 

and in previous studies,24,30 glycan analysis by RPLC is suitable for the investigation 

of various glycan species, such as high-mannose isomers as well as core- and 

antennary-fucosylated, and bisected N-glycans. In addition, recent advancements in 

RP stationary phases have also improved the separation of sialylated N-glycans 

labeled with 2-AA.35 Despite this, sialic acid linkage and further isomer information 

have remained a challenge for such applications. However, recent research has 

shown that RPLC-MS may now be implemented for the analysis of derivatized 

sialylated N-glycans, allowing linkage-specific and isomeric information to be 

obtained.19,20 In the case of Suzuki et al., they demonstrated an in-depth approach, 

employing a fractionation step followed by RPLC-MS, whereas our study utilized semi-

automated sample preparation and a shorter gradient time (80 vs. 35 mins, 

respectively) in order to enable more and faster analyses. Nonetheless, the application 

of different labeling and derivatization techniques in both studies demonstrate the 
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potential of this approach as the combination of fluorescent labels, derivatization 

strategies and RPLC systems may be explored to further enhance glycomic studies. 

Method Validation 

The performance of the EEA and RPLC-FD-MS platform was validated and compared 

with the gold standard method for released N-glycan analysis, namely, HILIC-FD-MS. 

Crucially, for the HILIC-FD-MS platform, N-glycans were subjected only to the 

standard N-glycan protocol, whereby measurement is carried out following fluorescent 

labeling and clean-up. In addition, three quantification approaches were tested using 

FD, MS and a combination of these two approaches via FD-MS across both platforms. 

In Table 1, it is shown that the RPLC-FD-MS platform resulted in the assignment of 

29 fluorescent peaks (FD) and 39 N-glycan compositions (MS). Similarly, 27 

fluorescent peaks and 41 N-glycan compositions were detected by the HILIC-FD-MS 

platform. In comparison, previous research has determined 117 and 167 N-glycans in 

serum and plasma by HILIC-MS36,37 and capillary electrophoresis (CE)-MS,17 

respectively. Importantly, these studies employed high resolution and high sensitivity 

MS. Moreover, Lageveen-Kammeijer et al. also performed linkage-specific sialic acid 

derivatization prior to measurement by CE-MS, a highly sensitive technique as it 

operates at a nano-flow level. Nonetheless, CE-MS is still not widely available in most 

laboratories and often lacks in repeatability (capillary to capillary), long separation 

times (> 80 min) and expertise. It is expected that the sensitivity of the developed 

platform reported here could be further improved via coupling with high-sensitive MS 

instruments as well as employing a nano-flow column.  

The fraction of sialic acid linkage determined structures is represented in Table 1. In 

this case, 23 sialylated structures were determined by the RPLC-FD-MS platform and 

all structures could be linkage-specified by their precursor mass, and most were also 

confirmed via MS/MS. In comparison, 24 sialylated N-glycans were determined in the 

HILIC-FD-MS profile and 18 could be assigned with linkage information, in accordance 

with elution positions reported in the literature.13 However, in order to provide 

experimental results of sialic acid linkages with the HILIC-FD-MS setup, further studies 

are required which involve sialidase enzyme treatments. In contrast, the combination 
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of derivatizing the procainamide-labeled glycans using EEA followed by RPLC-FD-MS 

analysis allows direct and unambiguous assignments of sialic acid-linkages. 

The intermediate precision and repeatability of the EEA and RPLC-FD-MS platform 

was obtained via intra- (n = 3) and inter-day measurements (total n = 50). The inter-

day relative standard deviation (RSD) of the 10 most abundant N-glycans (Table 1) 

revealed that FD had the best performance (5.2%), followed by FD-MS (5.4%), and 

MS (12.3%). Table 1 also shows that similar results for the three quantification 

approaches were obtained for the HILIC-FD-MS platform when an intra-day 

experiment (n = 1; total n = 3) was performed. While FD showed the highest measure 

of performance, it provided the lowest coverage of features. This is in contrast with 

MS-only, as more structures could be quantified, however, with a less precise 

quantification than FD. Therefore, by combining and implementing the best of the two 

approaches, FD-MS resulted in an increase in coverage of specific features with a 

higher precision than solely using MS. This is illustrated in Table 1 whereby 29 peaks 

were determined by RPLC-FD, whereas RPLC-FD-MS enabled the direct 

Table 1. Performance measures of the RPLC- and HILIC-FD-MS platforms. Features 
determined by these platforms include the number [#] of FD peaks and N-glycan compositions. 
In addition, the fraction [a/b] of sialic acid-linkage detected N-glycans is provided (N-glycans 
with sialic acid-linkage determined/total number of sialylated N-glycans). Sialic acid linkages 
were determined directly by the EEA and RPLC-FD-MS protocol whereas assignments for 
HILIC-FD-MS were made in accordance with elution positions reported in the literature.13 Three 
quantification approaches are displayed: FD and MS, or the combination of these two platforms 
via a third quantification approach, FD-MS. Furthermore, the inter-day variation for the 10 most 
abundant as well as all detected N-glycans is provided for all three quantification approaches 
of each platform. Quantification of fluorescent peaks and N-glycan compositions determined by 
MS was performed using HappyTools and LaCyTools, respectively, as detailed in Supporting 
Information 1, Sections S1.5 and S1.6. Assignments were: x confirmed by diagnostic ions in 
MS/MS or y made in accordance with the literature.13 For the full list of assignments see 
Supporting Information 2, Tables S1, S3, and S4. 

Features 
RPLC HILIC 

FD MS FD-MS FD MS FD-MS 
FD peaks [#] 29 N/A 29 27 N/A 27 
N-glycans [#] N/A 39 39 N/A 41 41 

Sialic acid 
linkage [a/b] N/A 22/23 x 22/23 x N/A 18/24 y 18/24 y 

             
 S.D. RSD S.D. RSD S.D. RSD S.D. RSD S.D. RSD S.D. RSD 

Median % 
(top 10) 0.3 5.2 0.5 12.3 0.3 5.4 0.1 1.9 0.2 5.7 0.1 1.8 

Median % 
(total) 0.2 7.3 0.2 18.6 0.2 11.4 0.0 2.7 0.1 6.1 0.0 4.4 
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quantification of 39 N-glycan species. Similarly, HILIC-FD detected 27 peaks while 

HILIC-FD-MS covered 41 N-glycan species. Thus, a combination of FD and MS via 

FD-MS quantification allowed improvements for both separation platforms in regard to 

N-glycan coverage and quantification precision.  

Overall, the HILIC-FD-MS platform showed higher precision than the RPLC-FD-MS 

method across each of the quantification approaches. Nonetheless, with regard to the 

10 most abundant N-glycans measured by RPLC-FD-MS, both quantification 

approaches incorporating FD (FD and FD-MS) showed RSDs below 10% and 

employing MS-only quantification resulted in an RSD below 15%. It should be noted 

that an overall increase in RSDs is observed when calculated for the total number of 

FD peaks and N-glycan compositions across both platforms. However, as shown in 

Supporting Information 2, Table S3, low abundant glycans display higher RSDs 

when determined by RPLC-FD-MS in comparison with its HILIC-FD-MS counterpart. 

The increase in variation of the EEA and RPLC-FD-MS setup is likely to be due to the 

two additional sample processing steps, including a chemical derivatization and HILIC-

based clean-up. Thus, further research could focus on improving the procedure by 

determining whether only a single clean-up step could be performed following N-

glycan labeling and derivatization.  

Platform Complementarity  

The analysis of N-glycans is challenging and normally a single method is unable to 

capture many of the structural differences that exist between different species. 

However, the implementation of orthogonal methods allows in-depth and 

complimentary information to be obtained. In this study, we examined the 

complementarity between the newly developed RPLC-FD-MS platform and the gold 

standard method, HILIC-FD-MS. The similarities and differences between these two 

methods are highlighted in Supporting Information 2, Table S3. As mentioned 

previously, H4N4F1 was detected as a single structure by RPLC-FD-MS whereas two 

isomers were determined by the HILIC-FD-MS approach. Furthermore, two isomers 

are shown for both H5N4S2,61 and H5N4S2,31S2,61 when analyzed by RPLC-FD-MS, 

whereas single structures are determined for both of these compositions by HILIC-FD-

MS. Thus, a sum of both isomers may be determined by one platform whereas the 

alternate method may separate the small structural differences between the isomers. 
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In some cases, N-glycans were only detected by one platform. This is shown in 

Supporting Information 2, Table S3 where two isomers of H6N5S2,31S2,61 were 

analyzed by RPLC-FD-MS whereas this structure was not detected by HILIC-FD-MS. 

Overall, 11 and 13 unique structures were quantified by RPLC-FD-MS and HILIC-FD-

MS, respectively (Supporting Information 1, Figure S3.A). Despite this, these 

unique structures only account for 5% and 8% of total areas determined by these 

platforms, respectively (Supporting Information 1, Figure S3.B). In contrast, there 

are 28 N-glycans that were determined by both methods (Supporting Information 1, 
Figure S3.A), covering 95% of the total area for RPLC-FD-MS and 92% of the total 

area for HILIC-FD-MS. This shows that both platforms cover the majority of detected 

N-glycans and, as a result, provide important orthogonal information regarding the 

sample.  

The association between the relative abundances of N-glycans determined by both 

platforms was investigated. This was performed by examining the 28 overlapping 

structures only (re-normalized to the sum of the total area of these compositions). In 

the case of isomeric species, their relative abundances were summed in order to 

perform the comparison between both platforms (Supporting Information 1, Figure 
S4). Importantly, H5N4S2,61 and H5N4S2,62, were not plotted as these two structures 

are much more abundant in plasma than other N-glycans and may result in an 

overestimation of association between the two platforms. Similar relative abundances 

were determined for overlapping structures (R^2 = 0.78), however some discrepancies 

in quantification may arise from summing isomer signals for the purposes of the 

comparison, as well as slight ionization biases due to differential derivatization38. 

Nonetheless, this study shows that both platforms may be applied to the same sample 

and used as complementary approaches. 

Perspectives 

The protocol presented here represents an important development for the application 

of RPLC-MS to analyze released N-glycans, enabling the elucidation of sialic acid 

linkage-specificity. Nevertheless, further developments should be carried out in order 

to further explore and exploit the capabilities of this technique. For example, the effects 

of isomers on separation should be defined using well-established N-glycan 

standards. In addition, further identification of by-products related to labeling or 
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derivatization should be performed. Finally, the combination of various derivatization 

and labeling strategies could also be explored. 

Conclusions 

The developed platform allows released sialylated N-glycans to be efficiently analyzed 

using RPLC-FD-MS(/MS) and the procedure is compatible with, and complementary 

to, the standard N-glycan processing protocol. Thus, the platform is applicable 

whereby unambiguous sialic acid linkage assignment is required from a single 

measurement, in addition to information regarding specific types of N-glycan isomers. 

The investigation of isomeric species such as these is not a common application of 

RPLC techniques. Thus, this approach allows greater access to a platform that is 

already well-developed, widely available and easily applicable for the linkage-specific 

analysis of sialylated N-glycans.  
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Abstract 

A newly developed analytical strategy was applied to profile the total serum N-glycome 

of 64 colorectal cancer (CRC) patients before and after surgical intervention. In this 

cohort it was previously found that serum N-glycome alterations in CRC associated 

with patient survival. Here, fluorescent labeling of serum N-glycans was applied using 

procainamide and followed by sialic acid derivatization specific for α2,6- and α2,3-

linkage types via ethyl esterification and amidation, respectively. This strategy allowed 

efficient separation of specific positional isomers on reversed-phase liquid 

chromatography–fluorescence detection–mass spectrometry (RPLC-FD-MS) and 

complemented the previous glycomics data based on matrix-assisted laser 

desorption/ionization (MALDI)-MS that did not include such separations. The results 

from comparing pre-operative CRC to post-operative samples were in agreement with 

studies that identified a decrease of di-antennary structures with core fucosylation and 

an increase in sialylated tri- and tetra-antennary N-glycans in CRC patient sera. Pre-

operative abundances of N-glycans showed good performance for the classification of 

adenocarcinoma and led to the revisit of the previous MALDI-MS dataset with regard 

to histological and clinical data. This strategy has potential to monitor patient profiles 

before, during and after clinical events such as treatment, therapy or surgery and 

should also be further explored. 
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Introduction 

Glycans drastically affect the function of a glycoprotein and contribute to the malignant 

phenotype of cancer cells by promoting proliferation, metastasis, and 

immunosuppression.1–3 In this regard, aberrant glycosylation profiles add to 

understanding pathological steps of tumor development and progression and have 

become a hallmark of cancer.4,5 For example, in the case of colorectal cancer (CRC), 

aberrant N-glycosylation with regard to tumor microenvironment is increasingly 

studied in CRC tissue samples using imaging mass spectrometry (MS).6–9 Other 

glycomics studies also reported associations of N-glycome alterations with survival 

and tumor stage in CRC.10–12 Overall, there is evidence to support that earlier 

diagnosis of cancer increases success of curative treatment and long-term survival in 

general and has motived various omics-fields to explore retrospectively collected 

serum samples from cancer patients.13 

Previously we have applied matrix-assisted laser desorption/ionization (MALDI)-MS 

as a readout for total serum N-glycome analysis from CRC patients where it was found 

that serum N-glycome alterations in CRC associated with patient survival.14 Although 

MALDI-MS is a fast detection technique, it does not include any separation of 

positional isomers.15 In contrast, recently we developed a platform whereby plasma 

N-glycans are fluorescently labeled using procainamide followed by sialic acid linkage-

specific derivatization via ethyl esterification and amidation which allows efficient 

separation of sialylated and positional isomers on reversed-phase liquid 

chromatography–fluorescence detection–mass spectrometry (RPLC-FD-MS).16 The 

performance of this assay was reported for plasma samples, but this method is also 

suitable for serum-based specimen. In particular, positional isomers which are related 

to galactose occupation on the glycan arm (α3 versus α6) as well as fucose location 

(antennary versus core) were separated. Thus, we reported this effective analytical 

strategy by benchmarking the performance of a complex mixture of released plasma 

N-glycans against the gold standard; hydrophilic interaction liquid chromatography 

(HILIC)-FD-MS.16We demonstrated sufficient complementarity between both 

platforms as an overlap up to 95% of the total relative area was demonstrated with the 

HILIC-FD-MS approach. Moreover, the repeatability and intermediate precision of the 

RPLC-FD-MS platform were determined at a median interday (n = 50) relative 

standard deviation (RSD) of 5.4% for the 10 most abundant N-glycans. The overall 
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throughput, compared to a HILIC-approach for released N-glycan analysis, was 

improved as the sample preparation protocol is executed on a liquid handling robot 

and a 35 minute separation gradient is applied. 

In the current work we re-visit the previous MALDI-MS-based serum glycomics study 

in order to demonstrate the clinical validity of the developed method,14 and apply the 

RPLC-FD-MS platform on a sub-set of the samples, namely pre- and post-operative 

serum samples obtained from 64 CRC patients. In particular, we aim to uncover 

relevant serum N-glycomic signatures in the context of CRC, specifically related to 

sialic acid linkages as well as positional isomeric structures. The results will be 

compared with those from the MALDI-MS-based measurements of the pre- and post-

operative samples and furthermore discussed in the context of histological type and 

cases versus controls differences.14  

Materials and Methods 

Study Design 

Pre- and post-operative serum samples were collected from 64 CRC patients during 

the period of October 2002 and March 2013 using a standardized protocol by the 

LUMC Surgical Oncology Biobank, resulting in 128 samples in total. Post-operative 

samples were defined as “cancer-free” based on a post-operative wash out period (45 

days), absence of recurrence, and a follow-up assessment after at least 1393 days. 

The cohort characteristics, following data curation steps that are described in the 

following sections, are shown in Table 1. The procedure for sample collection and 

storage of pre- and post-operative patient serum samples was previously reported.14 

Serum tubes (BD Vacutainer SST II plastic serum tubes, BD, United Kingdom) were 

used to draw blood before being centrifuged within a maximum of four hours. Both 

pre-operative and post-operative samples were stored for 30 days or less at - 20 °C 

before biobank collection and were then stored at - 80 °C. Aliquoting was carried out 

using a Microlab STAR line pipetting robot (Hamilton, Switzerland) into sterile 2D 

barcoded V-bottom 500 µL tubes (Thermo Scientific, Hudson), prior to this samples 

were thawed on ice and the aliquots were stored at -80 °C. Prior to sample preparation, 

the samples were stored at -20 °C before being thawed in order to begin sample 

processing. 
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Table 1. Clinical characteristics of the pre- and post-operative CRC cohort. Samples were 

taken before and after surgery from the same patient. A total of 64 patients were included in the 

analysis following data curation. Two measurements per patient were carried out in order to

process the pre- and post-operative samples. Full metadata was collected for each patient in

three categories of the disease: stage (1 – 4), local extent of tumor assessed pathologically (pT1

– 4), and histological type (Signet-ring cell carcinoma, >50% signet-ring cells; adenocarcinoma,

and mucinous adenocarcinoma, >50% mucinous). Standard deviation (s.d.). 

Pre- and post-operative CRC cohort (n = 64) 

Female sex, n (%)  33 (51.6) 

Age in years, mean (s.d.)  64.2 (12.7) 

Stage, n (%) 

1 13 (20.3) 

2 31 (48.4) 

3 16 (25.0) 

4 4 (6.3) 

pT, n (%) 

pT1 7 (10.9) 

pT2 8 (12.5) 

pT3 42 (65.6) 

pT4 7 (10.9) 

Histological type, n (%) 
Signet-ring cell carcinoma 3 (4.7) 

Adenocarcinoma 54 (84.4) 

Mucinous adenocarcinoma 7 (10.9) 

The entire workflow, including PNGase-F release, procainamide fluorescent labeling, 

ethyl esterification and amidation derivatization, and RPLC-FD-MS measurement, has 

previously been described16 and is briefly explained in the following sections. The 

sample preparation protocol was performed using a Hamilton Microlab STARlet liquid-

handling robot. 

N-glycan Release and Fluorescent Labeling 

The entire cohort of pre- and post-operative serum samples were contained in two 

plates. Serum (5 µL) from each sample was manually and randomly added to a 96-

well PCR plate (4ti-0960/C, 4titude Ltd., United Kingdom). Importantly, the samples 

were distributed over two plates in total and the paired pre- and post-operative 

samples from the same patient were contained on the same 96-well PCR plate. 

Commercial plasma (P9523, Sigma-Aldrich, United Kingdom) with a concentration of 

1 mg/mL (n = 26, 13 per plate) was included as a positive control, deionized water (n 
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= 6, 18.2 MΩ resistivity, Sartorius Arium Comfort, Germany) was processed as a 

negative control on plate two. This was followed by the addition of 4 µL deionized 

water and 1 µL of a 10X denaturing solution obtained from an N-glycan release kit [LZ-

rPNGASEF-96, Ludger Ltd., United Kingdom). Following this, incubation was 

performed at 100 °C for 10 min. The plate was removed from the oven and allowed to 

cool to room temperature before deionized water (6 µL), reaction buffer (2 µL, 500 mM 

sodium phosphate, pH 7.5), and 10% NP-40 (2 µL) were added to each well. The 

PNGase F solution was diluted 1:1 (v/v) with PNGase F storage buffer, which 

consisted of 50 mM sodium chloride, 5 mM ethylenediaminetetraacetic acid, and 20 

mM tris-hydrochloric acid (150 µL, New England Biolabs, United Kingdom). Then, 2 

µL was added to each sample and the plate was incubated (37 °C) overnight. The next 

day, a 5% formic acid (Sigma-Aldrich) / deionized water solution (v/v; 5 µL) was added 

to each well and incubation was performed at room temperature for 40 min. 

A clean-up procedure was performed using a Protein Binding Membrane (PBM) plate 

[LC-PBM-96, Ludger Ltd.]. The plate was prepared with successive washes of 

methanol (100 µL) and deionized water (300 µL) followed by the addition of sample to 

the PBM plate. The PCR plate was washed with deionized water (90 µL) which was 

also added to the PBM plate. Following this, a 2 mL collection plate [LP-COLLPLATE-

2ML-96, Ludger Ltd.] was placed underneath the PBM plate and elution was carried 

out via centrifugation at 800 rcf (22°C) for 3 min. An additional 100 µL deionized water 

was added to each well and another centrifugation step was performed. The samples 

were transferred to a 300 µL 96-well PCR plate [4ti-0710/C, 4titude Ltd.] and dried 

down using a vacuum centrifuge. 

Procainamide labeling solution [LT-KPROC-96, Ludger Ltd.] was prepared according 

to the vendor’s guidelines. The labeling solution (20 µL) was added to each well of 

dried released N-glycans and incubated (65 °C) for 60 min. After 10 min, the plate was 

removed, vortexed and centrifugated before being placed back in the oven for the 

remaining incubation time. A HILIC clean-up plate [LC-PROC-96, Ludger Ltd.] was 

prepared by washing with solutions of 70% ethanol (200 µL, Sigma-Aldrich) / deionized 

water (v/v), deionized water (200 µL) and acetonitrile (CH3CN, 200 µL, Romil Ltd., 

United Kingdom). The sample was added to the plate followed by the addition of 

CH3CN (230 µL) to each well. A vacuum was applied before three further CH3CN 

washes (200 µL) were carried out. The samples were eluted in 100 µL of deionized 
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water into a 96-well 2 mL collection plate [LP-COLLPLATE-2 ML-96, Ludger Ltd.]. 

Following this, a second elution was carried out using deionized water which resulted 

in a final volume of 200 µL. 

Sialic Acid Derivatization 

The derivatization technique has been reported in the literature17,18 and the protocol 

was followed as previously described.16 The released and labeled N-glycans were 

transferred (120 µL) to a 300 µL 96-well PCR plate and dried down using a vacuum 

centrifuge. Following this, the samples were reconstituted in deionized water (15 µL) 

and 3 µL was added to 60 µL of ethyl esterification solution, which consisted of 250 

mM 1-ethyl-3-(3-(dimethylamino) propyl) carbodiimide (EDC, Fluorochem, United 

Kingdom) and 250 mM hydrate 1-hydroxybenzotriazole (HOBt, Sigma-Aldrich) 

dissolved in ethanol. Incubation (37 °C) was performed for 60 min before 28% 

ammonia (12 µL, Sigma-Aldrich) was added to the samples and the plate was 

incubated for a further 60 min at 37 °C. Following this, the volume in each well was 

brought up to 300 µL by the addition of 225 µL of CH3CN. A clean-up was performed 

using the HILIC clean-up plate procedure described above and may also be found in 

the literature 16. The fluorescently labeled and derivatized N-glycans were eluted in 

200 µL deionized water and stored at -20°C until further analysis was performed.  

Reversed-Phase Liquid Chromatography–Fluorescence Detection–Mass 
Spectrometry 

A single workup of each sample was performed followed by single injection on the 

RPLC-MS-platform. The measurements for each plate were carried out separately and 

additional deionized water blanks (n = 6) were included during the measurement of 

plate one. Samples (95 µL) were added up to 100 µL with CH3CN so that the final 

concentration was 5% CH3CN (v/v). A 150 x 2.1 mm, ACE excel 2 C18-PFP column 

(ACE Ltd., United Kingdom) was prepared on an Ultimate 3000 UHPLC system 

(Thermo Scientific, United Kingdom) and a 20 µL injection was performed. The column 

temperature was set to 60 °C, and the fluorescence detector (λex = 310 nm λem = 370 

nm) bulb power was set to ‘high’ whilst the sensitivity was set to eight. A separation 

gradient was carried out using a flow rate of 0.4 mL/min and 50 mM ammonium 

formate as solvent A and 10% CH3CN, 0.1% formic acid (v/v) as solvent B. The 

gradient consisted of the following steps: 0 – 26.5 min (15% – 95% solvent B), 26.5 – 



Chapter 5   

126 
 

30.5 min (95% solvent B), 30.5 – 32.5 min (95% – 15% solvent B), 32.5 to 35.1 min 

(15% solvent B). A representative chromatogram with numbered peaks is shown in 

Supplementary Figure S1. 

Electrospray ionization–MS was carried out on an amaZon Speed ETD MS (Bruker 

Daltonics GmbH, Germany). The instrument parameters were as follows: ionization 

mode, positive mode with enhanced resolution scanning; mass range, m/z 600 – 1600 

and m/z 900 set as the target mass; capillary voltage, 4.5 kV; source temperature, 250 

°C; gas flow, 10 L/min; max accumulation time, 50.00 ms; ion charge control (ICC) 

target, 200,000. MS/MS spectra were obtained using helium collision-induced 

dissociation under the following conditions: max accumulation time MS(n): 40.00 ms; 

ICC target MS(n): 200,000; precursor ion selection: 3 precursors which are released 

after 0.2 min; MS(n) isolation width: 4 m/z; scan range selection MS(n), scale to 

precursor; automatic MS(n) absolute signal threshold: 25,000; automatic MS(n) 

relative signal threshold: 5%. 

Data Processing 

The assignment of serum N-glycans was performed based on our previous study.16 

Briefly, this was carried out based on exact mass and retention order as well as 

diagnostic ions obtained in the MS/MS spectra. As a result, N-glycans with differently 

linked sialic acids are mass differentiated following sialic acid derivatization.16 In 

addition, isomers with the same mass but different retention time (RT) are denoted as 

“isomer 1” (iso1) and “isomer 2” (iso2) based on their relative retention order. Notably, 

several N-glycans were not detected in our previous work yet were identified in this 

study. In this case, the diagnostic fragment ions which support the assignment of these 

structures are included in Supplementary Table S1. N-glycan compositions are 

displayed according to the notation recommended by the Consortium for Functional 

Glycomics:19 N-acetylglucosamine (N; blue square), mannose (H; green circle), 

galactose (H; yellow circle), fucose (F; red triangle), N-acetylneuraminic acid (S; purple 

diamond).  

Fluorescence detection (FD) data was exported (.txt) using Chromeleon (version 7.2) 

and imported into HappyTools (version 0.1-beta1, build 190115a)20 for processing. 

The processing parameters for this software have previously been reported 16. Briefly, 

these parameters were as follows: datapoints (100), baseline function order (1), 
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background window (1), peak edge type (sigma), peak edge value (2), minimum 

number of calibrants (4), minimum S/N (27). Importantly, baseline correction was 

applied and parameters for peak calibration and integration are included in 

Supplementary Table S2. Furthermore, a peak integration window (70% FWHM) was 

implemented which allowed sufficient peak area quantification while also minimizing 

peak overlap. In addition, previously optimized quality control parameters16 were 

applied in order to perform data curation of fluorescent chromatogram peaks. For 

example, the maximum RT deviation was ± 3 sec and a S/N > 9 was required. With 

regard to the latter, a more lenient S/N criteria in comparison with analytical validation 

guidelines (S/N > 10)21 was implemented. Furthermore, peaks eluting at the expected 

RT were required to be greater than the average intensity plus nine times the standard 

deviation (s.d.) of the same integration window in the blank and negative control 

measurements. A single measurement from the analysis did not meet the quality 

control requirements and, therefore, both paired measurements were removed from 

the study, resulting in a final sample size of n = 64 (128 measurements).  

Raw RPLC-MS data acquired in the Bruker data format (.d) were converted into the 

.mzXML format and imported in LaCyTools (version 2.0, build 200723).22 Glycan 

compositions used for spectra alignment and extraction are included in 

Supplementary Table S3. Further processing parameters used for LaCyTools have 

previously been described.16 Importantly, the area for each charge state of each 

glycan composition was integrated with at least 95% coverage of the theoretical 

isotopic distribution. Data curation parameters were also applied, including setting the 

m/z tolerance was set to ± 100 ppm and a S/N > 9 was used. Furthermore, the average 

isotopic pattern quality for each measurement was assessed for the [M+2H]2+, 

[M+3H]3+, and [M+4H]4+ charge states meeting the above criteria. In this regard, the 

threshold was set to the average of all charge states plus one s.d. As a result, the 

isotopic pattern quality threshold was set to a deviation ≤ 30% from the theoretical 

isotopic pattern and this cut-off was applied to assess each charge state separately 

for every analyte. Finally, curated [M+2H]2+, [M+3H]3+ and [M+4H]4+ ions were 

individually quantified, followed by summation to provide a total area of all charge 

states for each glycan followed by adjustment to 100% in order to cover the complete 

isotopic envelope. 
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Only fluorescent peaks which contained at least one N-glycan that passed the MS 

curation parameters were considered for further processing. A third quantification 

approach, termed as FD-MS, was determined via the crossover of FD and MS data.16 

This was performed by calculating the local relative proportion of N-glycan peaks 

eluting under the same chromatographic peak based on their MS intensities. Then, 

the fluorescent signal was multiplied by the proportion of each N-glycan eluting 

underneath that chromatographic peak in order to derive an FD-MS signal for each N-

glycan composition. Furthermore, the FD-MS data for each N-glycan composition 

were used to calculate “derived glycosylation traits”.14 In this case, direct N-glycan 

traits refers to individual N-glycan compositions whereas derived traits describe 

common structural features shared amongst individual N-glycans and are based upon 

the biosynthetic pathway.23 These include characteristics such as high-mannose, 

hybrid-type and complex-type as well as sialylation, galactosylation, and fucosylation. 

The formula for each calculated derived trait is included in Supplementary Table S4. 

Importantly, the abundances of isomers of the same N-glycan composition were 

summed in order to calculate derived glycosylation traits. 

Statistical Analysis 

Principal component analysis (PCA) was performed in order to determine the 

presence of batch effects within the data. Confounders such as age, sex, and sample 

plate were explored and the batch effect in all three datasets (FD, MS, FD-MS) due to 

sample plate was corrected using linear regression based on the positive control 

samples.24 Direct and derived traits were tested for significance based on the results 

of the Shapiro-wilk test, a dependent sample T-test or Wilcoxon signed-rank test in 

order to determine prognostic capability. A significance threshold (p-value < 0.05) with 

Bonferroni correction was applied. Univariate analysis was performed in python 

(Python 3, Create Space, Scotts Valley, CA). 

Direct and derived N-glycan traits were considered for further analysis when significant 

differences between pre- and post-operative samples (p-value < 0.05 with Bonferroni 

correction) were observed in the current study, as well as being previously validated 

by the MALDI-MS study.14 Associations between those specific direct and derived N-

glycan traits and disease metadata were explored. This included three categories of 

the disease, namely stage (1 – 4), local extent of tumor assessed pathologically (pT1 
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– 4), and histological type (Signet-ring cell carcinoma, >50% signet-ring cells; 

adenocarcinoma, and mucinous adenocarcinoma, >50% mucinous). Thus, to 

determine whether there was a significant difference of each trait prior to surgery 

across these categories, a Kruskal-Wallis test was performed with Bonferroni 

correction, followed by post-hoc analysis looking at the pairwise differences of each 

subcategory via Dunn test. To gain an understanding of how well a trait is distinguished 

by a certain category, multiple models were tested and the model with the highest area 

under the curve (AUC) is reported, while adjusting for age and sex. In this case, the 

AUC was calculated by comparing one versus rest, in a 5-fold cross validation. 

Results & Discussion 

N-glycomic profiles of pre- and post-operative serum samples from CRC patients were 

explored using a newly developed workflow (Figure 1).16 In this approach, we 

Figure 1. Analysis of pre- and post-operative N-glycans in CRC by RPLC-FD-MS. Serum 
samples were taken pre- and post-operation from the same patient. Each sample underwent 
fluorescent labeling and sialic acid derivatization N-glycan workflow followed by RPLC-FD-MS 
measurement. Three quantification approaches were used for data processing, namely FD, 
MS, and a combination of these two approaches via FD-MS. Direct N-glycan and derived 
glycosylation traits were determined in order to perform data analysis and comparison of the 
two groups. Adapted with permission from Moran, A.B., et al., 2022. Analytical Chemistry, 
94(18), pp.6639-6648 16. Copyright 2022 American Chemical Society. 
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performed fluorescent procainamide labeling and derivatization of α2,6- (ethyl 

esterification) and α2,3- (amidation) linked sialic acids followed by RPLC-FD-MS 

analysis in order to assess serum N-glycosylation changes following surgery. In 

addition to common N-glycan features, this method allowed us to perform sialic acid 

linkage-specific and positional isomer analysis. As shown in Figure 1, we investigated 

direct N-glycan traits as well as derived glycosylation traits the latter of which describes 

global glycosylation characteristics based on the biosynthetic pathway such as 

sialylation, galactosylation, bisection, fucosylation and antennarity. Unless mentioned 

otherwise, we refer to FD-MS quantification results throughout this study as we 

previously demonstrated that this technique achieves a more precise relative 

quantification and greater coverage of glycan structures than solely performing MS or 

FD quantification.16 Furthermore, we compared our results with those of a previous 

study which analyzed the same cohort of patients using a MALDI-MS approach.14 In 

this study, we include a comparison of the same 64 patients analyzed by both 

methods. Therefore, this allowed us to further validate those results using different 

ionization, detection and quantification parameters. Finally, we compared the clinical 

performance of the three quantification techniques that were applied in our study, 

namely FD, MS and the recently described FD-MS quantification approach.16 

Serum N-glycosylation Analysis of Pre- and Post-operative CRC Samples 

A total of 48 N-glycan structures were detected in this study following data curation 

(Supplementary Table S5). Univariate testing was performed in order to assess 

whether there were any significant differences in the relative abundances of N-glycans 

in pre- and post-operative samples, which resulted in 14 significant N-glycans in the 

FD-MS dataset. Table 2 shows that 20 direct N-glycan traits were previously validated 

by de Vroome et al. using a MALDI-MS approach.14 Importantly, that study included 

discovery and validation cohorts using a case/control setup, as well as the same pre- 

and post-operative CRC cohort that is also assessed by our workflow. From these, 11 

N-glycans were found in the current study, eight of which were significant 

discriminators between the pre- and post-operative groups.  
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Table 2. Comparison of RPLC-FD-MS and MALDI-MS results. Asterisk (*) denotes significant 
N-glycans that were found by the RPLC-FD-MS approach. CRC alteration was calculated as the 
pre-operative relative abundance divided by the post-operative relative abundance. All results may 
be found in Supplementary Table S6. Abbreviations: T: total, C: Common, n/a: not applicable. 

 All N-glycans Validated N-glycans 

 Count CRC 
Alteration Count CRC Alteration 

Approach T C Positional 
isomers 

Same Other  T C Significant * 
 # Same Other 

RPLC-FD-MS 48 
39 

14 
30 

(77%) 
9 

(23%) 

 n/a 
11 

8 
8 

(100%) 
0 

(0%) 
MALDI-MS 83 0  20 n/a 

The alteration of these eight significant N-glycans in CRC is displayed in Figure 2, 

which shows a lower pre-operative expression of H4N4F1, H5N4F1, H5N4F1S2,61, 

and H5N4F1S2,32. These results are in line with previous reports that di-antennary 

structures with core fucosylation are decreased in CRC.14,25–27 In addition, we also 

observed that H5N5F1 has a lower abundance in pre-operative CRC, which is 

supported by previous findings whereby bisected N-glycan species were also found to 

be decreased in serum as well as tissues from CRC patients.14,25,28 In contrast, a 

higher abundance of larger structures including H6N5F1S2,31S2,61, H6N5F1S2,31S2,62 

(isomer 1) and H6N5S2,63 in pre-operative CRC is observed. This is in agreement with 

results which showed that mainly sialylated tri- and tetra-antennary N-glycans were 

found to be increased in CRC.14,27 Importantly, the same trend in CRC is observed for 

these structures by the MALDI-MS approach (Table 2). 

We investigated derived glycosylation traits that describe global features of 

glycosylation based on the biosynthetic pathway, using the 18 derived traits previously 

validated by the MALDI-MS study. In this case, we observed 14 common derived traits, 

of which seven were significant differentiators between pre- and post-operative 

samples (Supplementary Table S7). As shown in Figure 3, fucosylated di-antennary 

glycans (A2F) have a lower expression in pre-operative CRC which is similar to the 

results of some of the individual direct N-glycan traits mentioned above. In addition, 

α2,6-sialylated fucosylated glycans (AFE) and α2,6-sialylated di-antennary glycans 

(A2E) have a greater abundance in pre-operative CRC. In relation to this, it has been 
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reported that α2,6-sialylation is increased in CRC.29 Moreover, sialylation per antenna 

across all glycan species (AS) and sialylated di-antennary N-glycans (A2S) are 

increased in pre-operative CRC, possibly due the greater abundance of 

galactosylation per antenna (AG) which would increase the number of available 

galactose moieties for sialic acid occupation. Furthermore, an increase in α2,3-

sialylation is observed specifically in fucosylated tri-antennary glycans (A3FAm) in pre-

operative CRC. As shown in Supplementary Table S4, this derived trait is composed 

of H6N5F1S2,31S2,61 and H6N5F1S2,31S2,62 (both isomers summed). Supplementary 
Table S1 shows that antennary fucosylation was observed in the case of 

H6N5F1S2,31S2,61 and H6N5F1S2,31S2,62 (isomer 1). Thus, this observation supports 

previous findings that CRC is associated with an increase in sialyl-Lewis epitopes.30,31 

Moreover, Rebello et al. analyzed a subset of the same pre- and post-operative cohort 

Figure 2. Significant direct N-glycan traits. Eight significant direct N-glycan traits were found 
between pre-operative (pre-, n = 64) and post-operative (post-, n = 64) samples that were also 
previously validated:14 H4N4F1, H5N4F1, H5N5F1, H5N4F1S2,61, H5N4F1S2,32, 
H6N5F1S2,31S2,61, H6N5F1S2,31S2,62 (isomer 1), and H6N5S2,63. Asterisks denote significance 
with p-value < 0.05 (*), 0.01 (**), 0.001 (***). Abbreviations: hexose (H), N-acetylhexosamine 
(N), fucose (F), amidated α2,3-linked N-acetylneuraminic acid (Am) and ethyl esterified α2,6-
linked N-acetylneuraminic acid (E), isomer (iso). 
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using an antennary fucosylation MALDI-MS assay and uncovered that sialyl-Lewis X 

and Lewis X antigens were significantly increased in pre-operative samples.32 Thus, 

our FD-MS results are consistent with those reported by the MALDI-MS14 approach, 

indicating the same direction of these seven derived traits in CRC.  

The analysis of the serum N-glycome in the pre- and post-operative CRC cohort by 

MALDI-MS previously resulted in detection of 83 N-glycan compositions (Table 2).14 

In comparison, as previously mentioned, we observed a total of 48 N-glycan structures 

in the current study. Whereas an ion trap was utilized in the current workflow it is 

notable that de Vroome et al. employed a Bruker ultrafleXtreme equipped with a TOF 

mass analyzer operated in reflection mode, which generally demonstrates greater 

Figure 3. Significant derived glycosylation traits. Seven significant derived glycosylation 
traits were found between pre-operative (pre-, n = 64) and post-operative (post-, n = 64) 
samples that were also previously validated:14 A2F (fucosylated diantennary glycans), AG 
(galactosylation per antenna), AS (sialic acid per antenna), A2S (sialic acids per diantennary 
glycan), A3FAm (α2,3-linked sialic acids per fucosylated triantennary glycan), AFE (α2,6-linked 
sialic acids per fucosylated glycan), and A2E (α2,6-linked sialic acids per diantennary glycan). 
Asterisks denote significance with p-value < 0.05 (*), 0.01 (**), 0.001 (***), 0.0001 (****). 
Monosaccharide ranges are specified via plus-minus (±; 0 – 4) and plus (+; 1 – 4) symbols. 
Abbreviations: antennae (A), fucose (F), galactosylation (G), N-acetylneuraminic acid (S), 
amidated α2,3-linked N-acetylneuraminic acid (Am) and ethyl esterified α2,6-linked N-
acetylneuraminic acid (E). 
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performance in areas such as mass resolution and mass accuracy.33 For example, the 

mass resolution of low, medium and high abundant N-glycans measured by the ion 

trap MS was investigated. In this case, a mass resolution of 6500, 5290 and 6540 was 

obtained for H4N5 (m/z 951.40), H6N5S2,31S2,62 (isomer 2, m/z 1052.43), and 

H5N4S2,62 (m/z 834.01), respectively. In relation to this, the isotopic profile of 

H6N5S2,31S2,62 (isomer 2) is shown in Supplementary Figure S1. Takei et al. 

analyzed the serum N-glycome using a previous iteration of the Bruker MALDI 

instrument, the ultraflex III, which resulted in the quantification of 34 N-glycans.25 Thus, 

it is likely the current workflow could be improved by coupling with a mass 

spectrometer with higher resolving power and greater sensitivity. Moreover, further 

improvements in sensitivity could be gained by increasing the injection amount or 

implementing a nanoflow column. 

Positional Isomers in CRC N-glycome 

Our workflow demonstrated the efficient chromatographic separation of positional 

isomers using RPLC following fluorescent labeling and sialic acid derivatization.16 This 

is evident in Table 2 which shows that seven N-glycan compositions with the same 

m/z were detected as positional isomers, resulting in the assignment of 14 structures 

in total. We further investigated the structural components which may lead to different 

retention times for positional isomeric structures. To perform this, we applied our 

workflow in order to examine IgG N-glycans, for which H4N4F1 (G1F, m/z 922.89) is 

a well-known composition that consists of two isomers.34 As shown by 

Supplementary Figure S2, we observed a longer retention time for H4N4F1 with α3-

antenna galactose occupation using a 70 min gradient, indicating that structural 

variations may lead to different retention times for certain positional isomeric N-

glycans. Despite this, there is a complex interplay of influences on N-glycan retention 

during RPLC separation, including sialic acid-linkage dependent derivatization, 

galactose occupation by sialic acids, bisection, number of hexose residues, and 

fucosylation.16 As a result, specific assignment of structures remains challenging for 

N-glycans, in particular for those with two antennae or more. Nonetheless, in the case 

of relevant structures related to a disease, an exoglycosidase approach could be 

followed in order to characterize specific isomeric features of interest. Following this, 

this method could then be applied in order to investigate those structures within a 

clinical context.  
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In our study, we revealed that specific isomers are significantly associated with CRC. 

For example, Figure 4 (A1 – D1) showed four compositions where only one of the 

isomeric forms was a significant differentiator between the pre- and post-operative 

groups, including a previously validated composition, H6N5F1S2,31S2,62. Moreover, 

Figure 4 (A2 – D2) also shows that there were significant differences between the 

Figure 4. Positional isomeric N-glycans that show significant differences in CRC. Four 
positional isomers with significant differences were observed, as denoted by each row. (1) 
Boxplots of relative abundances observed in pre- (n = 64) and post-operative (n = 64) samples 
for the each isomeric form. (2) Fold-change in CRC (pre-/post-, n = 64) for each isomer whereby 
an increase (>1) or a decrease (<1) may be observed. Asterisks denote significance with p-
value < 0.05 (*), 0.01 (**), 0.001 (***), 0.0001 (****). Abbreviations: Not significant (ns), hexose 
(H), N-acetylhexosamine (N), fucose (F), amidated α2,3-linked N-acetylneuraminic acid (Am) 
and ethyl esterified α2,6-linked N-acetylneuraminic acid (E). 
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isomers in CRC fold-change (pre-/post-) for three of these compositions. Previously 

we showed that antennary fucosylation results in an earlier RT than core fucosylation 
16 and, expectedly, Supplementary Table S5 shows that H6N5F1S2,31S2,62 (isomer 

1) eluted earlier than H6N5F1S2,31S2,62 (isomer 2). In addition, the former assignment 

is supported by the presence of a fragment ion with m/z 512.20 (Supplementary 
Table S1) which is indicative of antennary fucosylation whereas the latter showed the 

presence of a core fucose fragment ion (m/z 587.33). In contrast, MALDI-MS may only 

differentiate mass differences between N-glycans. In this case, the location of the 

fucose residue on H6N5F1S2,31S2,62 was not specified by de Vroome et al.14 whereas 

likely this composition is a mixture of core and antennary fucosylated forms when 

detected solely based on m/z. Evidence for fucose positional isomers has been 

provided by Rebello et al. who found a reduction in the relative abundance of 

H6N5F1S2,31S2,62 following core fucosidase digestion.32 Thus, here we observed both 

isomer forms of this N-glycan and we illustrated that only the antennary fucosylated 

form (isomer 1) is significantly different between the pre- and post-operative groups. 

As a result, our workflow allows the assessment of the specific association of 

antennary fucosylation with CRC. 

Investigation of Pre- and Post-operative Histological Type  

A Kruskal-Wallis test was performed in order to determine whether the pre-operative 

CRC abundances of the direct and derived N-glycan traits shown in Figures 2 and 3 
were significant across three categories of the disease, namely stage, pT and 

histological type. With regard to this, H5N4F1, H4N4F1 and H5N4F1S2,61 

demonstrated significant differences for histological type (Figure 5). As shown in 

Figure 5 (A1 – C1), it can be seen that differences in the pre-operative abundances 

of these N-glycans are no longer observed following surgery (post-operative). In 

addition, Figure 5 (A2 – C2) further demonstrates that the relative abundances 

converge in the post-operative measurements. Thus, differences in histological type 

are no longer readily observed following surgery.  
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In order to further support these results, the N-glycans shown in Figure 2 were 

investigated retrospectively in the MALDI-MS datasets, namely the pre- (n = 64 pre-

operative cases) and post-operative and discovery and validation studies (n = 185 

cases). This revealed that the same three N-glycans (H5N4F1, H4N4F1 and 

H5N4F1S2,61) were also significant differentiators of histological type. As shown in 

Figure 5. Differences in histological type between pre- and post-operative CRC samples. 
Three N-glycans differentiated significantly based upon histological type, adenocarcinoma (n = 
57), mucinous adenocarcinoma (n = 7) and signet-ring cell carcinoma (n = 3), as denoted by 
each row: row A (H5N4F1), row B (H4N4F1) and row C (H5N4F1S2,61). (1) Boxplots of relative 
abundances observed in pre- and post-operative samples. (2) Trend observed following 
surgery, from pre- to post-operative samples from the same patients. The 95% CI is shown as 
colored bands around each line. Asterisks denote significance with p-value < 0.05 (*), 0.01 (**), 
0.001 (***), 0.0001 (****). Abbreviations: Not significant (ns), hexose (H), N-acetylhexosamine 
(N), fucose (F), amidated α2,3-linked N-acetylneuraminic acid (Am) and ethyl esterified α2,6-
linked N-acetylneuraminic acid (E). 
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Supplementary Figure S3, a similar trend is observed whereby differences between 

the subcategories of histological type are no longer observed following surgery. In 

addition, Supplementary Figure S4 shows that the results of H5N4F1 and 

H5N4F1S2,61 were also replicated in cases from the MALDI-MS discovery and 

validation study. These findings are similar to the results previously demonstrated by 

de Vroome et al. whereby they showed similar N-glycan abundances between the 

post-operative samples and healthy controls,14 signifying a positive response to 

surgery. 

Table 3. Comparison of AUCs for adenocarcinoma classification in pre-/post-operative 
CRC. AUCs from the comparison of adenocarcinoma (n = 57) versus signet-ring cell carcinoma 
(n = 3) and mucinous adenocarcinoma (n = 7) are shown. Three quantification approaches 
performed by this study (RPLC-FD, RPLC-MS, RPLC-FD-MS) are displayed, as well as data from 
a previous study performing MALDI-MS.14 "Combination" refers to the combination of the 
significant features for histological type. All results may be found in Supplementary Table S8. 
Abbreviations: Not detected (n.d.), not applicable (n/a). 

Peak 
RPLC- 

FD Direct N-
glycan traits 

RPLC- 
MS 

 RPLC-FD-
MS 

 MALDI- 
MS 

AUC AUC  AUC  AUC 

10 0.79 
H5N4F1 0.70  0.79  0.79 
H4N4F1 0.72  0.71  0.77 

n.d. n.d. H5N4F1S2,61 0.70  0.80  0.76 
n.d. n.d. Combination 0.68  0.83  0.77 

The potential of the N-glycans H5N4F1, H4N4F1 and H5N4F1S2,61 as prognostic 

markers for distinguishing between different histological types was evaluated using a 

receiver operating characteristic (ROC) curve. As a result of the small sample size, 

only the largest subcategory versus a combination of the other subcategories is 

reported. In the case of histological type, Table 3 displays the classification of 

adenocarcinoma against signet-ring cell carcinoma and mucinous adenocarcinoma. 

The analysis of pre- and post-operative CRC samples by the RPLC-FD-MS approach 

achieved the highest AUC values (ranging from 0.71 to 0.83), and the model 

combining the three N-glycan traits showed the best performance (AUC 0.83). In 

comparison, the analysis of the same cohort using the MALDI-MS technique 

demonstrated a moderate performance (AUC 0.76 – 0.79). Although MALDI-MS 

showed significant differences for pT, its prognostic performance was poor (AUC 0.50 

– 0.59; Supplementary Table S8). Similarly, the analysis of the MALDI-MS discovery 

and validation study (Supplementary Table S8) revealed significant differences yet 

poor performance for stratifying adenocarcinoma (AUC 0.56 – 0.60), pT3 (AUC 0.48 
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– 0.53), and stage 2 (AUC 0.49). The characteristics of the discovery and validation 

cohort may be found in Supplementary Table S9. 

Histological type is an important prognostic factor in CRC, as different types of tumors 

may show different behavior and response to treatment. For example, signet-ring cell 

carcinoma is associated with poor differentiation (high-grade) and generally results in 

a worse outcome than adenocarcinomas.35–38 In addition, microsatellite stable 

mucinous adenocarcinomas may demonstrate more aggressive behavior when 

detected at an advanced stage.35,39 Undoubtedly, identifying the histological type of 

CRC can assist in guiding the treatment approach as well as predicting patient 

prognosis35 and yet, interobserver variability can present challenges in this regard.40 

Thus, the results displayed by the current study demonstrate the utility of the serum 

N-glycome in aiding histological type classification. Moreover, we also illustrated that 

the response to surgery may be monitored by comparing pre- and post-operative N-

glycan abundances from the same patient, thus promoting an individualized approach 

to treatment. This is an important result as the need and benefit of personalized 

medicine is continuously being recognized.41,42 Despite this, it should be noted that 

this cohort consisted mainly of the most prominent histological type, 

adenocarcinoma43 (Table 1), and as a result, it may be challenging to translate these 

results to subsequent studies. Nevertheless, this analysis shows the potential of the 

serum N-glycome as a prognostic marker and further validation should be performed, 

particularly with regard to histological type classification and response to surgery. 

Comparison of Clinical Performance of Three Quantification Approaches 

In this study we employed three quantification approaches, FD, MS, and FD-MS, in 

order to analyze pre- and post-operative CRC. Previously we showed that FD-MS 

quantification, due to the detection of specific glycan masses, resulted in a greater 

coverage of glycan features than FD. Furthermore, as a result of incorporating the FD 

signal into the quantification of individual N-glycans, we also demonstrated that FD-

MS achieved greater precision than MS quantification.16 In the current work, we further 

compared the performance of these quantification approaches in a clinical setting. In 

Supplementary Table S5, the number of significant peaks or glycan structures is 

provided for the FD (14), MS (11), and FD-MS (14) approaches. In relation to this, the 

number of validated significant N-glycans for MS and FD-MS is seven and eight, 
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respectively. Furthermore, there were seven FD peaks (10, 11, 13, 17, 24, 25, 32) that 

were significant between the groups and also contained a previously validated N-

glycan. Thus, it is shown here that the three quantification approaches perform 

similarly in terms of number of validated and significant features (FD peak or glycan 

structure). In addition, the three quantification approaches were also evaluated for 

their diagnostic performance over time in relation to adenocarcinoma classification via 

ROC curves whereby AUCs were also calculated (Table 3). This demonstrates a good 

performance for FD-MS and FD quantification which both fall into a similar AUC range 

(AUC 0.70 – 0.80). In comparison, MS quantification resulted in a fair performance 

(0.68 – 0.72). Thus, in comparison with FD, the FD-MS quantification approach 

showed a similar performance yet allowed the analysis of specific direct N-glycan traits 

in relation to CRC. The comparison of MS and FD-MS demonstrated that the latter 

showed improved diagnostic performance for adenocarcinoma classification.  

Cancer-associated alterations in glycosylation have been well established in the 

literature.44–46 Moreover, several studies have demonstrated the potential with regard 

to the application of glycomics for aiding and improving cancer diagnosis and 

prognosis.14,47,48 Despite this, there is still a lack of glycomic tests that have been 

translated from biomedical research into clinical laboratories.49 This is partly because 

of the challenges that carbohydrates themselves present for analytical method 

development, detection and quantification, as well as a lack of validation studies 

beyond the discovery phase.50 In this study, we have demonstrated that MS-detection 

allows the underlying glycosylation alterations in CRC to be probed. As a result, a 

greater understanding of the disease may be developed whilst maintaining specificity 

with regard to the traits that can be targeted for diagnostic and prognostic testing. 

However, FD of labeled glycans shows promise for clinical development51 as it may 

avoid common challenges with glycan analysis by MS, such as poor ionization. In this 

regard, we have demonstrated similar and satisfactory performance of FD and FD-MS 

quantification (Table 3). Moreover, FD-MS relative abundances more closely 

resemble FD relative abundances in comparison with MS-based quantification 

(Supplementary Figure S5). Thus, upon identification of the best-performing N-

glycan traits, the FD-MS results could be more easily bridged with the FD platform, 

enabling efficient implementation within the clinical setting.  
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Perspectives 

Undoubtedly, as previously mentioned, the results presented here require further 

validation with a larger and more diverse cohort of CRC patients in order to evaluate 

the true prognostic potential of serum N-glycosylation. In this regard, the monitoring of 

patient profiles before, during and after clinical events such as treatment, therapy or 

surgery seems promising and should be further explored. In addition, clinical validation 

of FD-MS quantification and bridging to FD quantification should also be examined. In 

this regard, interferences that may affect MS and FD signals, such as different mobile 

phase conditions across the gradient as well as unidentified fluorescent compounds, 

should be defined and, if possible, eliminated. Overall, the presented workflow is 

suitable for future investigations into biomarker discovery as well as clinical validation 

and translation. 

Conclusions 

In this study, we evaluated the clinical performance of our workflow which performs N-

glycan fluorescent labeling and sialic acid derivatization followed by RPLC-FD-MS 

measurement. Under alternative ionization, detection and quantification conditions, we 

further supported previously validated direct N-glycan and derived glycosylation traits 

for differentiating pre-operative CRC in comparison with post-operative samples from 

the same patient. Furthermore, we observed that specific positional isomers were 

significant between the two groups which has important clinical implications in the 

context of this disease. In addition, pre-operative abundances of N-glycans showed 

good performance for the classification of adenocarcinoma and new clinical insights 

were gained as we illustrated that differences between histological types were 

abolished following surgery. Thus, serum N-glycosylation is a promising CRC 

prognostic marker that may be further investigated for performing disease 

classification and monitoring patient response to surgery. 
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Supplementary figures (.pdf): Figure S1. Representative profile of N-glycans 

measured by RPLC-FD-MS. Figure S2. Extracted ion chromatograms of H4N4F1 

from IgG. Figure S3. Differences in histological type between pre- and post-operative 
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comparison. 
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MS). Table S2. HappyTools peak extraction and calibration parameters. Table S3. 
LaCyTools composition extraction and calibration parameters. Table S4. Formulas for 

calculating derived glycosylation traits. Table S5. Analysis of CRC cohort using three 

quantification methods. Table S6. Comparison of RPLC-FD-MS and MALDI-MS direct 
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Discussion and Perspectives 

Glycosylation is highly amenable to surrounding influences in both healthy and 

disease microenvironments. As a result, this protein modification has great potential 

for the discovery and development of biomarkers. Thus, this thesis aimed to uncover 

unique glyco(proteo)mic signatures in prostate (PCa) and colorectal (CRC) cancer via 

the respective development of intact protein and released glycan MS workflows. 

Several advancements were made with regard to the methodology and new insights 

were gained regarding the respective samples. Nevertheless, several technical 

challenges were encountered for the developed platforms. In this chapter, potential 

improvements are discussed as well as future directions and necessary 

methodological developments for the described biomarkers in order to facilitate 

translation of the results beyond the discovery phase.  

Sialylated and Fucosylated Isomeric Glycans 

Sialylation and fucosylation are important contributors to the development of cancer1 

and isomers of these glycosylation features play different roles during normal and 

metastatic cellular function. In Chapter 4, we demonstrated a method that allowed 

efficient isomer separation (sialylation and fucosylation) as well as mass differentiation 

(sialylation) using a C18 column on a RPLC-MS system. In this regard, linkage-specific 

derivatization of sialic acids was performed whereby α2,3- and α2,6-sialic acids 

underwent amidation (–0.98 Da) and ethyl esterification (+28.02 Da), respectively. 

Interestingly, it was observed that structures with an ethyl esterified α2,6-sialic acid 

showed a longer retention time than their amidated α2,3-sialic acid counterpart. This 

is likely due to the greater capacity of the amide group to form hydrogen bonds with 

water molecules2 than the ester group, thus increasing its hydrophilicity.3–5 In addition, 

the ester group increases the hydrophobicity of the molecule due to the propensity of 

its nonpolar carbonyl group to form nonpolar interactions. Additionally, fucoses are 

relatively apolar in comparison with other monosaccharides. Thus, a core fucose, 

which is located more closely to the fluorescent label than the antennary fucose, may 

affect the interaction of the glycan with the stationary phase, resulting in a longer 

retention time.6 Importantly, the clinical relevance of isomer differentiation was 

highlighted in Chapter 5 whereby significant differences in the relative abundances of 
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sialic acid-linkage and fucosylated isomers were observed between pre- and post-

operative CRC patients. 

There have been continuous technological developments which have also 

demonstrated efficient differentiation of sialylated and fucosylated isomeric species. 

For example, ion-mobility MS (IMS) has been applied to analyze released N-glycans.7–

10 In the study by Manz et al., it was demonstrated that a fragment ion corresponding 

to the sialylated antenna from two chromatographic peaks containing H5N4S2 showed 

different drift times.10 Consequently, the ratio of α2,3- to α2,6-linkage could be 

determined based on the extracted ion mobilograms. Furthermore, in addition to the 

MS/MS spectra, antennary fucosylated fragment ions were also confirmed using ion-

mobility.10 Those results were illustrated using HILIC yet, undoubtedly, it would be 

interesting to hyphenate IMS with the RPLC platform presented in Chapter 4 in order 

to assess isomers with different branching positions. Notably, sialic acid derivatization 

is still required on this platform as we demonstrated that the derivatization procedure 

is important in order enable retention of these sugar residues using a C18 column. In 

addition, sialic acids are known to be very labile monosaccharides and during 

ionization sialic acid loss can be observed.11 In this case, derivatization has been 

shown to have an important stabilizing effect on sialic acids.12,13  

Another interesting approach is the investigation of ion ratios in order to identify 

isomers containing antenna with specifically linked sialic acids.14 Wagt et al. built on 

the work of previous studies8,15 with their analysis of H5N4S2,31S2,61 isomers in the 

total plasma N-glycome and fetuin. They observed that the ratio of specific Y-ions 

indicated a more prominent loss of the 3′-linked antenna compared to the 6′-linked 

antenna following fragmentation, regardless of the sialic acid linkage. Similarly, recent 

work by Maliepaard and co-workers reported that sialic acid linkages as well as 3′- and 

6′-linked antennae could be determined based on the relative intensities of glycan 

oxonium ions in isomerically defined glycopeptide standards. In this case, the authors 

also noticed that 3’-linked saccharides already fragmented at lower collision energies 

than their 6′-linked counterpart.16 Interestingly, we also observed different fragment Y-

ion ratios of sialylated tri-antennary glycans in Chapter 4. Although this phenomenon 

was not explored by our study, the aforementioned findings suggest that the fragment 

ion ratios could be further investigated in order to examine antenna occupation by 

specifically-linked sialic acids.14,16 
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Biomarker Discovery: Technical Challenges 

To define the requirements for each stage of disease biomarker research and 

development, a set of guidelines have been developed for proteomic methods.17 

These tiers range from discovery (3) via validation (2) to clinical application (1). As a 

result, the field of glycomics can make use of such guidelines for the development of 

glycosylation-focused biomarkers. With regard to biomarker discovery, the 

requirements for tier 3 methods are less stringent and important parameters include 

the specificity of analyte identification as well as the repeatability of the 

measurement.17 Naturally, development towards a tier 2 method requires even greater 

performance in these two areas as well as others, such as measurement precision. 

Finally, tier 1 methods require the highest degree of analytical validation, as well as 

reference standards, precision, and quantitative results. In relation to this, labeled 

internal standards are suggested for both tier 1 and tier 2 assays. However, it should 

also be noted that glycomics faces specific challenges, which hinders the field from 

meeting some of these criteria. For example, the development of isotopically-labeled 

internal standards for glycomics is problematic owing to the non-template driven 

biosynthesis of carbohydrates.18 In this case, it may only be possible to produce 

specific isotope-labeled glycan standards which would present challenges in the case 

of a multipanel biomarker test. In addition, the sensitivity of the measurement may also 

affect meeting the aforementioned requirements. In this case, sufficient sensitivity 

must be achieved during an analytical measurement in order to reach an adequate 

signal-to-noise (S/N) ratio for quantification.19 This ensures that the analyte signal may 

be differentiated from the surrounding noise which often results in more confident 

identifications via improved mass accuracy and isotopic pattern, as well as a more 

reliable quantification. 

Sensitivity 

Sensitivity during denaturing intact protein MS analysis may be compromised as 

proteins become multiply charged during ESI, resulting in an analyte signal that is 

diluted over the protein charge envelope. Any inhibition to sensitivity can be 

problematic particularly in cases whereby the proteoform of interest has a low 

abundance. This was observed in Chapter 2 as low abundant cleaved PSA 

proteoforms were not identified in some patients, possibly due to a lower amount of 
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captured prostate-specific antigen (PSA). This created difficulties in the comparisons 

between patients as the relative abundances were skewed when total area 

normalization was applied (data not shown). In order to overcome these challenges, 

there are several approaches that could be followed. As mentioned in Chapter 2, the 

analysis of urine following digital rectal examination is expected to contain a higher 

PSA concentration.20 Furthermore, online concentration techniques in the field of CE 

could also be applied, including sample stacking and transient isotachophoresis.21 

Despite this, the distortion of the relative abundances highlights an important limitation 

with regard to performing relative quantification that could also present further 

challenges during subsequent development and translation of the method.22 We also 

investigated normalization based upon the most abundant peak (data not shown), 

however this resulted in greater relative standard deviations. In a clinical context, 

absolute quantification using an internal standard is usually the preferred 

approach.18,23 This was achieved by Jian et al. when performing intact protein analysis 

of a recombinant human monoclonal antibody (mAb) by using a stable-isotope labeled 

analogue.24 In this case, the analogue protein contains amino acids (arginine and 

lysine) that are heavy isotope labeled (13C6 and 15N4). The analogue protein was 

spiked at known concentrations into the non-labeled sample prior to sample 

preparation and the resulting deconvoluted spectra shows the masses of both the non-

labeled mAb and the internal standard. Thus, by comparing the peak intensity ratio of 

the most abundant peak from the non-labeled mAb and its analogue, absolute 

quantification was performed using the calibration curve that was constructed across 

the concentration range of the spiked internal standard. Importantly, the authors 

described that the variability during sample preparation and MS measurement is 

compensated by the internal standard. In order to apply this approach to our workflow 

(Chapters 2 and 3), a PSA standard could be cultured and extracted from an isotope 

label-enriched medium. Ultimately, the choice of quantification approach must be fit-

for-purpose according to the stage of research that is being conducted and, most 

importantly, must be suitable for analyzing patient samples when conducting clinical 

research. 

The released N-glycan RPLC-FD-MS workflow demonstrated in Chapters 4 and 5 
showed a lower number of N-glycan assignments and, subsequently, poorer sensitivity 

in comparison with CE-ESI-25 and MALDI-MS26 approaches. In this sense, coupling 
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the RPLC system with a high-performing MS would likely result in a greater number of 

N-glycan identifications. Furthermore, one of the advantages of RPLC is the potential 

to use nanoflow columns which would also increase the sensitivity. However, it should 

be noted that current fluorometers are not capable of performing detection at such low 

flow rates, thus this would greatly inhibit the advancements that were achieved with 

regard to the FD-MS quantification approach. A straightforward approach to further 

improve the sensitivity of this method would be by increasing the amount of N-glycans 

injected onto the column. For example, the developed workflow utilizes only 0.6 µL of 

plasma for sialic acid derivatization and 57 nL of plasma released N-glycans are 

injected onto the column, equivalent to 1% of the starting material. Despite this, it is 

challenging to use a volume more than 3 µL, containing 0.6 µL of plasma, for the 

derivatization reaction as an increase in the sample volume requires a proportional 

increase in the other reaction components, including subsequent CH3CN addition. 

Importantly, CH3CN must reach a suitable concentration so that the glycans may bind 

to the HILIC plate during clean-up. In Chapter 4, this limit was already reached as the 

reaction volume (75 µL) was quenched with the addition of CH3CN (225 µL, 87.5%), 

resulting in a final volume (300 µL) that was at the maximum of the well capacity.  

The use of glycan-specific beads during sample preparation would be an interesting 

approach to overcome volume constraints as well as multiple vacuum centrifuge steps. 

In addition, this method would theoretically allow the entire amount of plasma-released 

N-glycans to undergo fluorescent labeling and sialic acid derivatization. For example, 

Váradi et al. demonstrated a carboxyl coated magnetic beads protocol for efficient 

clean-up following PNGase F release and fluorescent labeling.27 However, 

complications may arise during the sialic acid derivatization reaction due to the 

reactivity of the carboxyl groups on the beads with EDC and HOBt, similar to the 

derivatization reaction itself.28 Another study reported by Nishikaze et al. illustrated a 

linkage-specific sialic acid derivatization approach using hydrazide beads which are 

chemoselective for aldehyde groups on the glycan reducing-end.29 Interestingly, sialic 

acid derivatized N-glycans were eluted in water and reduced to dryness using a 

vacuum centrifuge which was followed by reducing-end labeling with 2-aminobenzoic 

acid (2-AA). Other studies reported direct labeling of the glycan reducing-end following 

release from the beads.30,31 Therefore, it would be interesting to evaluate a procedure 

that allows on-bead linkage-specific sialic acid derivatization followed directly by 
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fluorescent labeling in order to achieve a true “one-pot” protocol. Overall, these 

modifications to the protocol would improve both the sensitivity and throughput, both 

of which are important parameters for further clinical translation. 

Future Directions for Glyco(proteo)mic Biomarkers 

Prostate-Specific Antigen 

The PSA test measures the concentration of total PSA (tPSA) in serum, however tPSA 

consists of various proteoforms, each of which may be associated with different 

prostate diseases, including PCa.32 With regard to other biological matrices, such as 

urine, less is known regarding the correlation of PSA proteoforms with PCa and other 

prostate conditions. For example, cleaved PSA proteoforms have not been described 

in previous reviews regarding urinary markers for PCa.33–36 In addition, reports on 

urinary PSA mainly focus on variations of tPSA concentrations in urine and serum,37 

rather than assessing specific proteoforms of this protein. As previously mentioned, 

PSA glycosylation traits have been cited as a potential target for improving PCa 

diagnosis. However, a recent study assessing PSA glycosylation in urine did not show 

any differentiation between PCa and non-PCa groups.38 As a result, the validity of 

urinary PSA proteoforms for patient stratification must still be investigated. For 

example, benignPSA (bPSA) proteoforms are associated with the development of 

benign prostate hyperplasia (BPH)39 and, in this case, Chapters 2 and 3 showed 

promising results as bPSA was detected in the urinary PSA profile. Interestingly, the 

clinical utility of bPSA was examined previously in sera using an immunoassay 

containing antibodies specific for cleaved bPSA (single Lys206 or double Lys169, Lys206 

cleavage) whereby it was reported that bPSA was significantly increased in BPH.40,41 

However, a small sample size was used in Chapter 2 and, therefore, further 

investigations on urinary PSA proteoforms should be performed as part of a larger 

study. The analysis of a larger cohort may then be combined with the data processing 

workflow presented in Chapter 3 in order to derive clinically significant results.  

Despite this, it is expected that BPH exists frequently in older men regardless of 

whether cancer is present40 and, therefore, bPSA should be measured alongside other 

cancer-specific forms of PSA, such as proPSA.42 It should be noted that PSA 

proteoforms such as complexed PSA and proPSA were not detected with the setup 
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used in Chapter 2. A possible explanation could be that complexed PSA is found in 

serum when mainly protease inhibitor alpha 1-antichymotrypsin forms a complex with 

intact active PSA.43 Alpha 1-antichymotrypsin is a serum glycoprotein44 and thus it may 

be less likely that it is present in urine in order to form complexes with PSA. With 

regard to proPSA proteoforms, it is possible that the sensitivity of the developed 

method in Chapter 2 is currently not high enough in order to detect intact proPSA. 

Kitata et al. demonstrated that proPSA is present in urine, albeit at approximately 1% 

of the active PSA concentration.45 Interestingly, that study also analyzed a small cohort 

of PCa patients and showed that a panel consisting of a combination of proPSA forms 

could distinguish PCa patients from healthy controls.45 In addition, the authors reported 

that Lys-C digestion resulted in longer proPSA peptides (9 – 16 amino acids) which is 

more suitable for MS analysis using selected-reaction monitoring.45 Thus, this 

digestion strategy could also be applied to our workflow (Chapter 2) in order to 

investigate whether the antibodies used in the immunocapture protocol are also 

specific for proPSA.  

Total Serum N-glycosylation 

The potential of the total plasma/serum N-glycome as a cancer biomarker has been 

evaluated across multiple conditions, including investigations into lung,46 breast,47,48 

stomach,49,50 pancreatic,51 prostate,52 and colorectal26 cancer.53 Furthermore, there 

are several reports which perform characterization of the plasma/serum N-glycome, 

thus providing further in-depth information in relation to the sample.14,54,55 Despite 

these promising results, it has been described that serum N-glycome profiles display 

large inter-individual differences56 and are influenced by several factors including 

age,57 sex,58 and lifestyle.59 For example, in Chapter 5 we observed significant 

differences in the pre-operative relative abundances of specific N-glycans amongst 

different histological types in CRC. However, it could be argued which differences 

attribute to the progression of the disease in comparison with those differences that 

are already present between individuals in the general population. Thus, it is not yet 

clear to what extent inter-individual differences may confound the results and how 

such measurements can be integrated into current clinical pathways. In order to 

overcome this challenge, Hennig and co-workers describe that longitudinal analysis of 

the human plasma/serum N-glycome may be the best course to follow.53 In this regard, 

Hennig et al. demonstrated that a significant difference in an individuals’ plasma N-
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glycome in relation to external events such as injury or illness could be observed over 

time.53 Furthermore, the authors also showed that significant changes in one 

individuals’ profile over time due to such events were not observed when compared 

with the profile of all healthy volunteers,53 suggesting that the specificity of N-glycan 

biomarkers found in plasma and serum may be hindered in studies that measure only 

a single timepoint. Interestingly, our study in Chapter 5 illustrated that pre-surgery 

differences in the relative abundances of specific N-glycans between histological types 

were eradicated when surgery was performed. In this sense, it would be interesting to 

further evaluate the change over time of the serum N-glycome as this could reveal the 

relative impact of events such as disease or surgery, which might otherwise be hidden 

due to already prevalent inter-individual differences. In this manner, a personal serum 

N-glycome “fingerprint” may be developed and used to monitor an individuals’ 

response to internal or external events, thus further developing a personalized 

approach to medicine.  

Perspectives on Biomarker and Method Translation 

A disparity exists between the large number of potential biomarkers that have been 

reported by “omics” techniques and the small proportion that find their way into clinical 

implementation.60 This is partially due to poor study design which is reflected by the 

lack of reproducibility of results between studies.60,61 Furthermore, with regard to the 

development of MS-based assays, the aforementioned guidelines17 do not encompass 

some critical aspects of clinical research such as clinical validity and effectiveness.62 

In this sense, it is imperative to define the unmet clinical need early on in the 

development process so that outcomes related to clinical validity and effectiveness 

may also be defined.63 In comparison, non-MS based tests have had relatively greater 

success with regard to clinical implementation. Immunoassays, such as enzyme-

linked immunosorbent assays (ELISA), are the preferred technique in clinical 

laboratories64–66 mainly due to their high sensitivity, throughput, speed, and they allow 

absolute quantification of the proteins of interest, provided an antibody is available. 

With regard to glycomics, a plate-based assay approach may also facilitate easier 

implementation within the clinics and various techniques including immunoassays,67 

lectin-68 and glycosidase-based69 assays are being investigated.  
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Although plate-based assays such as immunoassays are more established in the 

clinics, there are also significant challenges associated with the technique. For 

example, there is large variability between platforms, selectivity may be hampered by 

autoantibodies, and sensitivity is susceptible to any change that may affect protein-

antibody binding.18 Moreover, proteoform heterogeneity is generally not distinguished 

by antibodies.70 As a result, method transfer between immunoassay and MS 

techniques can take considerable time and effort, possibly due to the lack of specificity 

in which the former detects proteoforms.70 Such challenges may be overcome via the 

application of techniques with greater specificity that are capable of detection without 

antibodies. In this regard, online separation techniques, such as CE and LC, with 

optical detection show promise in relation to biomarker translation. Importantly, the 

biomarker profile should be previously characterized using MS. In any case, some 

advantages offered by optical detection techniques includes the generation of 

readouts that are easier to interpret than mass spectra, absolute quantification in 

combination with a standard curve, and lower training requirements for operators. 

These technologies have already been implemented in order to measure hemoglobin 

proteins in diabetic71,72 as well as thalassaemic73 disorders, and glycomic applications 

are also under development.74,75 In this sense, an approach incorporating optical 

detection could be taken in order to further translate the methods and results 

presented in this thesis.  

As previously mentioned, the feasibility of patient differentiation using urinary PSA 

proteoforms (Chapter 2) still needs to be assessed. Based on the advancement of the 

data processing workflow that was achieved in Chapter 3, the method is now set for 

investigating a larger cohort of PCa patients. In this case, MS detection and 

quantification is still recommended as specificity with regard to proteoform detection 

and their association with various PCa groups must be examined. However, further 

translation of the method could be considered by transferring the technique onto a 

capillary zone electrophoresis-ultraviolet light (CZE-UV) platform, as previously 

mentioned. Farina-Gomez et al. analyzed standard seminal PSA and demonstrated 

the separation of ten electrophoretic peaks using CZE-UV in normal polarity mode with 

an average RSD of 3.7%.76 However, in that study the authors did not report the 

analysis of any patient samples nor directly characterize the proteoforms under each 

peak. Thus, cross-validation between the results of the two platforms would be 
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required in order to ensure that electrophoretic peaks detected by UV are the same 

as the proteoforms determined by MS. Interestingly, a similar approach was followed 

in Chapter 5 whereby online LC separation was followed by MS detection and it was 

observed that the FD-MS quantification of N-glycans closely resembled the FD 

quantification of chromatographic peaks. Thus, the chromatographic peaks could be 

used as a surrogate signal for the N-glycan structures during further translation of the 

method. Similarly, fluorescent N-glycan signals have been used to determine the 

association between serum N-glycans and inflammation and biological age77 as well 

as treatment escalation in inflammatory bowel disease.78 Notably, the findings from 

those studies have been translated into commercially available products.79,80 

Nevertheless, MS remains the 'holy grail' of biomarker detection and quantification, 

owing to the unparalleled levels of sensitivity and specificity that may be achieved with 

this technique. In addition, MS allows multiplexed quantification of various proteins 

and isoform differentiation.70,81 In this regard, multiple reaction monitoring (MRM) 

approaches on triple quadrupole MS-systems are the most well-known examples of 

MS clinical implementation.18,81–84 Furthermore, the application of intact transferrin 

glycoprofiling for the detection and differentiation of congenital disorders of 

glycosylation has also been shown.18,85 Despite these examples, MS techniques have 

not generally entered into routine application within clinical practice.86 To summarize, 

there are still significant challenges to be expected when implementing glycomics as 

well as MS in the clinical laboratory. These challenges, as outlined above, include the 

absence of internal standards for glycomics, poor study design, and a lack of 

demonstrable clinical validity and effectiveness. In relation to glycomics standards, a 

possible solution could be the synthesis of standards where a panel of only a few 

biomarkers are being used. Although in the case of the total serum N-glycome, which 

reports on global features of glycosylation, this would hardly be conceivable. 

Furthermore, other hurdles include test result standardization,83,87 as well as 

maintaining overall instrument performance.83 However, in regard to the latter, newly 

released instruments are focusing more on instrument calibration strategies, user-

friendly interfaces, and automatable solutions for data processing and reporting whilst 

maintaining a high level of sensitivity and resolution.88 These developments should 

improve consistent instrument performance and uptake amongst non-specialist 

operators.  
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Overall, the full potential of MS in clinical laboratories has yet to be fully realized. To 

achieve this, continued communication and collaboration among key stakeholders, 

such as clinical and analytical chemists, clinicians, as well as instrument vendors, is 

necessary. Ultimately the aim must be the translation of the biomarker and not 

necessarily the analytical method itself. Thus, the method that was involved in the 

discovery of the biomarker may not be the same method that is implemented for 

routine clinical measurement. Nevertheless, transfer between different techniques can 

take considerable effort and the results may not always be replicated. Accordingly, we 

must continuously strive to improve our methodologies to meet the needs for both 

biomarker discovery and translation to the clinical laboratory.  
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Concluding Remarks and Prospects 

The workflows developed in this thesis followed an approach of demonstrating new 

insights regarding the biomarker profile of interest by applying newly improved 

methodologies. In both cases, the analytical performance was validated and the 

clinical validity of the analytical setup was also illustrated. Nevertheless, the presented 

approaches are at different stages of their respective lifecycles. For example, in 

relation to PCa and PSA, the approach described in Chapters 2 and 3 must still 

undergo a true proof-of-concept study with a larger number of patient samples in order 

to determine whether urinary PSA proteoforms hold any association with the 

development of the disease. Furthermore, important questions must also still be 

addressed, including: can proPSA be found in urine and, if so, why is it not detected 

using the CE-ESI-MS assay? For example, the profile of seminal and serum PSA is 

already more established, yet the question remains: What new insights could be 

gained from applying the in-depth analytical approach to study PSA from other 

biological fluids and what differences related to different disease conditions can be 

observed? Following this, the workflow presented in Chapters 4 and 5 is already at 

an advanced proof-of-concept stage and several serum N-glycomic signatures in CRC 

were corroborated. Despite this, further developments regarding the throughput of the 

sample preparation and sensitivity of the measurement are still required. Furthermore, 

the approach should be applied to a large cohort of cancer patients, primarily within a 

longitudinal study setup. It would be interesting to evaluate other types of samples with 

the method to further explore the structural and clinical relevance of various species 

of isomeric N-glycans. Finally, although this thesis adds important insights regarding 

the biomarkers of interest as well as methodological advancements, biomarker 

translation beyond the discovery phase is the main bottleneck with regard to biomarker 

implementation with the clinics. Thus, steps must continuously be taken in order to 

carry out well designed studies that address clearly defined unmet clinical needs which 

demonstrate obvious patient benefits.  
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List of Abbreviations 

2-AA 2-Aminobenzoic acid 

2-AB 2 Aminobenzamide 

2-PA 2-Aminopyridine 

AAL Aleuria aurantia lectin  

AGP Alpha-1-acid glycoprotein  

Ala Alanine (A) 

Am Amidated α2,3-linked N-

acetylneuraminic acid  

Arg Arginine (R)  

Asn Asparagine (N)  

AUC Area under the curve 

BFS Bare fused silica 

BGE Background electrolyte 

BPH Benign prostate 

hyperplasia 

BPSA Benign prostate-specific 

antigen 

CE Capillary electrophoresis 

CEA Carcinoembryonic antigen  

CESI Capillary electrophoresis-

electrospray ionization 

CID Collision-induced 

dissociation 

CRC Colorectal cancer 

CV Coefficient of variation 

CZE Capillary zone 

electrophoresis 

DEN Dopant enriched nitrogen 

DMT-MM 4-(4,6-Dimethoxy-1,3,5-

triazin-2-yl)-4-methyl 

morpholinium chloride 

DRE Digital rectal examination 

DTT Dithiothreitol 

E Ethyl esterified α2,6-linked 

N-acetylneuraminic acid  

EDC 1-ethyl-3-(3-

(dimethylamino) propyl) 

carbodiimide  

EDTA Ethylenediaminetetraacetic 

acid  

EEA Ethyl esterification and 

amidation  

EIC Extracted ion 

chromatogram 

EIE Extracted ion 

electropherogram 

ELISA Enzyme-linked 

immunosorbent assay 

EOF Electroosmotic flow 

ER Endoplasmic reticulum  

ESI Electrospray ionization 

ETD Electron-transfer 

dissociation 

EtOH Ethanol 

F Fucose 

FA Formic acid 

FcγRIIIA Fc-gamma receptor IIIA 

FDA Food and Drug 

Administration  

FLR Fluorescence 

FWHM Full width half maximum 

GalNAc N-acetylgalactosamine  

GlcNAc N-acetylglucosamine  

Glu Glutamate (E)  
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Gly Glycine (G) 

H Hexose 

HAc Glacial acetic acid  

HCl Hydrochloric acid  

HILIC Hydrophilic interaction 

liquid chromatography 

HOBt Hydrate 1-

hydroxybenzotriazole 

HPAEC-
PAD 

High-pH/performance 

anion-exchange 

chromatography-pulsed 

anomeric detection  

i.d Internal diameter 

IAA Iodoacetamide 

ICC Ion charge control  

IMS Ion-mobility mass 

spectrometry 

KLK Kallikrein 

LC Liquid chromatography 

LLOQ Lower limit of quantification 

LST Sialyllacto-N-tetraose 

Lys Lysine (K) 

m/z Mass to charge ratio 

MALDI Matrix-assisted laser 

desorption ionization  

MGAT N-acetylglucosaminyl 

transferase 

MQ Milli-Q deionized water  

MRM Multiple reaction 

monitoring  

MS Mass spectrometry 

MS/MS Tandem mass 

spectrometry 

N N-acetylhexosamine  

NaCl Sodium chloride 

NaOH Sodium hydroxide 

o.d Outer diameter 

PBM Protein Binding Membrane  

PBS Phosphate buffered saline 

PCa Prostate cancer 

PCA Principal component 

analysis 

PCR Polymerase chain reaction 

PEI Polyethylenimine 

PGC Porous graphitized carbon 

pH  Potential of Hydrogen 

Phe Phenylalanine (F) 

PNGase F Peptide-N-glycosidase F 

Pro Proline (P) 

PROC Procainamide 

proPSA Precursor protein of 

prostate-specific antigen 

PSA Prostate-specific antigen 

PTM Post-translational 

modification 

QTOF Quadrupole time-of-flight  

RNA Ribonucleic acid 

ROC Receiver operating 

characteristic  

RPLC Reversed-phase liquid 

chromatography 

RSD Relative standard deviation 

RT Retention time 

S Sialic acid 

S/N Signal-to-noise ratio 
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SDS-
PAGE 

Sodium dodecyl-sulfate 

polyacrylamide gel 

electrophoresis 

Ser Serine (S) 

Thr Threonine (T) 

UHPLC Ultra-high performance 

liquid chromatography 

UHRMS Ultra-high resolution mass 

spectrometry 

UPLC Ultra performance liquid 

chromatography 

UV Ultraviolet 

XIC Extracted ion 

chromatogram 

XIE Extracted ion 

electropherogram 
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English Summary 

In prostate (PCa) and colorectal (CRC) cancer, there is a need to improve patient 

stratification techniques that aid diagnostic and prognostic decision-making. To fulfill 

this unmet clinical need, the measurement of disease-related biological parameters 

known as “biomarkers” from biofluids is an approach with the potential to develop non-

invasive tests as well as achieve greater clinical accuracy and personalized medicine. 

Thus, the aim of this thesis was to develop a better understanding of biomarkers 

relevant to PCa and CRC as well as advancing analytical methodology and achieving 

methodological advancements for the purpose of biomarker discovery. In this regard, 

prostate-specific antigen (PSA) proteoform (PCa) and serum N-glycosylation (CRC) 

profiles were investigated using capillary electrophoresis-electrospray ionization-mass 

spectrometry (CE-ESI-MS) and reversed phase-liquid chromatography (RPLC)-MS, 

respectively. 

In part one of this thesis (Chapters 2 and 3), the intact proteoform profile of both 

urinary and seminal prostate-specific antigen (PSA) was explored using CE-ESI-MS. 

Chapter 2 focused on the development of the CE-ESI-MS method in order to explore 

urinary PSA proteoforms, in particular as these forms had previously not been well 

defined. In addition, previous studies often focused on further defining the 

glycosylation – rather than the proteoform – profile whereas both were equally 

assessed here. Furthermore, proteoforms had largely been described solely as “pI 

isoforms” whereas the assignment of cleaved proteoforms is provided in Chapter 2. 

Additionally, Chapter 3 addressed some of the challenges associated with the data 

processing of intact proteoforms, namely semi-automatic proteoform annotation and 

quantification, thereby enhancing the throughput and accuracy of the workflow. 

Interestingly, in-depth bottom-up and middle-up approaches were integrated into the 

analysis in order to further support proteoform assignment in seminal and urinary PSA. 

Furthermore, it was also shown that extracted ion electropherogram and 

deconvolution approaches yielded similar quantification results with respect to the 

relative abundance of PSA proteoforms Overall, the method is now poised for the 

analysis of a larger number of patient samples and our results may inform future 

studies regarding this protein’s proteofoms as well as any related clinical implications 

thereof.  
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In part two (Chapters 4 and 5), the potential of serum N-glycosylation as a biomarker 

for CRC was investigated. In this sense, important developments to the methodology 

were made in Chapter 4. Here, fluorescent labeling of total plasma released N-glycans 

via procainamide was combined with sialic acid-specific derivatization via ethyl 

esterification and amidation. This allowed the retention of all N-glycan species by 

RPLC-MS and, in particular, α2,3- and α2,6-sialylated N-glycans were differentiated 

based upon retention time, precursor mass, and fragmentation spectra, and additional 

sialylated isomers were resolved. Other isomeric species such as antennary and core-

fucosylated N-glycans were also separated. In addition, a new quantification approach 

was derived by combining the fluorescent detection signal with N-glycan ratios 

determined by MS. This improved feature coverage as well as the precision of the 

method in comparison with performing either quantification approach alone. Finally, 

the performance of the method was benchmarked against the gold-standard method 

for released glycan analysis, namely HILIC-MS. 

Chapter 5 demonstrated the application of the developed method in order to analyze 

serum N-glycosylation from pre- and post-operative CRC. In this chapter, previous 

findings with regard to specific glycosylation patterns in CRC were corroborated. In 

addition, new results were obtained as it was demonstrated that specific N-glycan 

isomers, such as a trisialylated structure with antennary fucosylation, are implicated in 

the disease. It was also illustrated that pre-operative abundances of serum N-glycans 

may differentiate adenocarcinoma from other histological types and, in particular, 

differences between histological types were eradicated following surgery. Thus, these 

results promote the use of serum N-glycosylation signatures in order to monitor patient 

profiles in response to clinical interventions such as surgery.  

In Chapter 6, the challenges and limitations of the presented work were discussed. In 

addition, future directions with regard to the biomarkers assessed in this thesis, 

namely PSA proteoforms and total serum N-glycosylation, were explored. Importantly, 

perspectives were provided on the translation of the results and methods described 

by this thesis to the clinics. 
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Nederlandse Samenvatting 

Zowel in het geval van prostaatkanker (PCa) als bij dikkedarmkanker (CRC) is er een 

klinische behoefte aan verbeterde methoden voor patiëntstratificatie met betrekking 

tot diagnose en prognose. Het meten van ziekte-gerelateerde parameters, dat wil 

zeggen “biomarkers”, in lichaamsvloeistoffen is een manier om aan de hand van een 

niet-invasieve test met verbeterde nauwkeurigheid te komen tot “personalized 

medicine” (zorg-op-maat). Het doel van het onderzoek dat is beschreven in dit 

proefschrift was het verkrijgen van meer inzicht in biomarkers die relevant zijn in PCa 

danwel CRC en daarnaast het ontwikkelen van analytische methoden ten behoeve 

van ontdekking van nieuwe biomarkers. Voor PCa en CRC werden respectievelijk 

profielen van prostaat-specifiek antigeen (PSA) en serum N-glycosylering bestudeerd 

met behulp van capillaire elektroforese electrospray ionisatie massaspectrometrie 

(CE-ESI-MS) en “reversed phase” vloeistofchromatografie (RPLC)-MS. 

In het eerste deel van dit proefschrift (Hoofdstukken 2 en 3) zijn intacte 

proteovormprofielen van PSA uit urine en uit semen onderzocht aan de hand van CE-

ESI-MS. In Hoofdstuk 2 is een CE-ESI-MS methode beschreven die meting van PSA-

proteovormen laat zien, waarvan structuren eerder slecht gedefinieerd waren. Terwijl 

in deze eerdere studies de focus vaak lag op glycosylering wordt in dit hoofdstuk zowel 

de glycosylering als het proteovormprofiel van PSA beschreven. Proteovormen die 

eerder werden gerapporteerd als “pI isovormen” zijn in Hoofdstuk 2 in detail 

gekarakteriseerd als specifiek geknipte proteovormen. Vervolgens is in Hoofdstuk 3 

beschreven welke stappen genomen dienen te worden bij het verwerken van data van 

intacte proteovormen, en daarbij is een semi-geautomatiseerde kwantificering 

voorgesteld die de snelheid en nauwkeurigheid van de strategie vergroot. Bij deze 

analyses zijn gedetailleerde “bottom-up” en ‘middle-up” benaderingen geïntegreerd, 

waarmee toekenningen van PSA proteovormen verder bevestigd werden. Tevens is 

vastgesteld dat verschillende integratiestrategieën (electropherogram versus 

deconvolutie) vergelijkbare resultaten opleverden bij de bepaling van relatieve 

kwantificering van PSA proteovormen. Samenvattend is deze methode nu gereed voor 

de analyse van grotere patiëntaantallen en kunnen onze resultaten dienen als 

startpunt voor toekomstige studies aan PSA proteovormen. 
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In het tweede deel van dit proefschrift (Hoofdstukken 4 en 5) wordt het potentieel van 

serum N-glycosylering als biomarker voor CRC bestudeerd. Hiervoor waren 

belangrijke ontwikkelingen noodzakelijk zoals beschreven in Hoofdstuk 4, bestaande 

uit koppeling van glycaanstructuren met een fluorescent label (procainamide) 

gecombineerd met siaalzuurderivatisering. Hierdoor kunnen N-glycanen 

geanalyseerd worden met behulp van RPLC-MS en kunnen α2,3- en α2,6-

gesialyleerde isomeren van elkaar gescheiden worden, evenals specifieke antennaire 

en core-gefucosyleerde structuren. De inzet van een fluorescent label maakt hierbij 

een nieuwe kwantificeringsmethode mogelijk voor het bepalen van de verschillende 

glycanen. Er wordt aangetoond dat de precisie van de methode verbetert en het aantal 

geanalyseerde structuren toeneemt in vergelijking tot wanneer slechts MS voor 

detectie wordt ingezet. Tenslotte worden de prestaties van de methode vergeleken 

met de gouden standaard voor glycaananalyse, namelijk HILIC-MS.  

In Hoofdstuk 5 wordt deze methode ingezet voor de analyse van serum N-

glycosyleringsprofielen van CRC patiënten vóór en na chirurgische ingreep, en de 

resultaten worden vergeleken (en bevestigd) door eerder werk aan ditzelfde cohort. 

Nieuwe resultaten laten zien dat specifieke structuren zoals drievoudig gesialyleerde 

glycanen met antenne-fucosylering correleren met CRC. Daarnaast wordt beschreven 

dat specifieke structuren correleren met verschillen in histologie van de tumor en dat 

deze verschillen post-operatief verdwijnen. Geconcludeerd wordt dat deze resultaten 

een sterke aanmoediging om serum N-glycosyleringsprofielen in te zetten bij het 

volgen van patiënten tijdens therapie. 

In Hoofdstuk 6 worden tenslotte de uitdagingen en beperkingen van het hier 

beschreven onderzoek bediscussieerd. De richting van toekomstig onderzoek wordt 

beschreven, met name over PSA proteovormen en serum N-glycosyleringsprofielen. 

Belangrijk hierbij is dat de vooruitzichten voor translatie van resultaten en methoden 

naar de kliniek in ogenschouw worden genomen. 
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