
 

 

Compact-disc microfluidic 

methods for characterization of 

therapeutic antibodies 
 

Analysis of post-translational modifications  
 

 

 

Tran Thi Thuy 
 

 

 

 

 

 

 

 

 

Doctoral Thesis 

Department of Analytical Chemistry 

Stockholm University 

2012 



Academic dissertation for the Degree of Doctor of Philosophy in 

Analytical Chemistry at Stockholm University to be publicly defended on 

Friday 18
th

 of January 2013 at 10:00 in Magnélisalen, Kemiska 

övningslaboratoriet, Svante Arrhenius väg 16 B, Stockholm, Sweden. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Tran Thi Thuy 2012 

ISBN: 978-91-7447-607-1 

Printed by Universitetsservice US-AB, Stockholm, Sweden, 2012 

Cover (designed by Tran Thi Thuy): Illustration of many sample preparation 

steps integrated in a centrifugal microfluidic platform. Background is a 

photograph of some microstructures in the platform. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To my parents 

 

 



Abstract 

Characterization of post-translational modifications (PTMs) of therapeutic 

proteins is very important during the bioprocess development to maintain 

desired product quality and during the submission process to regulatory 

authorities for product approval. Monitoring glycosylation in 

pharmacokinetic studies can be useful to evaluate the dependence of 

clearance rates on different glycoforms. The cost and efficiency of 

characterization affect the speed to market of biopharmaceutical proteins. 

A reduction in the number of manual processing steps, cost of reagents 

and consumption of sample, as well as the time required for chemical 

analysis, is therefore necessary. 

The research presented in this thesis is focused on the potential of using 

microfluidic discs for automated, miniaturized, parallel and rapid sample 

preparation for PTM characterization of therapeutic monoclonal 

antibodies.  

Paper I describes the method development for N-linked glycosylation 

profiling. Several sample preparation steps have been performed in an 

integrated process in the microfluidic compact disc (CD). Paper II 

demonstrates the use of the method presented in paper I in combination 

with multivariate statistics for discrimination of glycosylation profiles of 

different therapeutic antibodies and simulation of a real case of quality 

control. Paper III is focused on a method for monitoring changes in 

glycosylation profiles of therapeutic antibodies in serum samples over 

time by incubation with an exoglycosidase enzyme. Paper IV describes the 

method for peptide mapping of therapeutic antibodies. In addition, recent 

work (unpublished results) assesses the potential of this method for 

methionine oxidation detection. 

The developed methods were fast, robust with low sample/reagent 

consumption. Generation of glycosylation profile data for one sample was 

established in approximately 2 h. The amount of samples and antigens 

loaded into the CD platform for one replicate was less than 0.3 µg and 

approximately 0.06 µg, respectively. Furthermore, considering the parallel 

function of the CD, conducting the analysis for 54 samples can be 

completed within a day. 
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Introduction  

With 34 approved products (Reichert 2012a) and nearly 350 candidates in 

clinical studies (Reichert 2012b), monoclonal antibodies are an important 

class of protein therapeutics. The bioprocesses used for the manufacturing 

of biopharmaceuticals inevitably produce antibody heterogeneity as both 

wanted and unwanted post-translational modifications (PTMs) may occur. 

PTMs have been known to profoundly impact the safety, efficacy and 

serum half-lives of therapeutic proteins (Walsh, Jefferis 2006, Walsh 

2010). The characterization of these modifications during the development 

of the production process is therefore necessary in the early stages of drug 

development to obtain a product of the desired quality. In later stages 

characterization is required to ensure that the monoclonal antibodies are 

being produced with consistent modifications, such as glycosylation. PTM 

characterization is also required by the regulator who determines whether 

the product can be marketed. Furthermore, if a company wants to develop 

a similar drug to one whose license has expired, they will need to optimize 

their process to obtain a sufficient level of similarity with the chemical 

structure of the reference product. The importance of understanding the 

contribution of processing parameters to the product quality using timely 

measurement of product quality and critical parameters has also been 

noted by regulators as being necessary in every stage of the production 

process (FDA 2009).  

The development of a new drug is a very costly and lengthy process. 

The development of an approved biopharmaceutical, including 

monoclonal antibodies, has been estimated to cost ~1240 million U.S. 

dollars and take ~8 years (DiMasi, Grabowski 2007). Treatment using 

monoclonal antibodies is very expensive and can amount to several 

thousand U.S. dollars per month for cancer treatment (Schrag 2004, Neyt, 

Albrecht et al. 2006). This cost is unaffordable for many people and can 

limit the use of improved treatments. One of the important goals of the 

biopharmaceutical industry is therefore to lower the cost and increase the 

speed to the market of new drugs. The effort is partly hampered by time-

consuming and expensive analytical characterization methodologies.  
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Microfluidics, systems that can manipulate microliter volumes of 

liquids in channels with dimensions of ten to hundreds of micrometers, has 

gained much attention from the pharmaceutical industry due to the 

inherent benefits of miniaturization: fast reactions, low consumption of 

reagents and samples, high degrees of parallel processing and automation 

(Dittrich, Manz 2006). Centrifugal microfluidic discs produced by Gyros 

AB (www.gyros.com) , used for the quantification of proteins, were one of 

the earliest commercial products (Honda, Lindberg et al. 2005). The 

platforms have also been used for antibody specificity (Eriksson, Agaton 

et al. 2006), phosphorylated peptide enrichment (Kange, Selditz et al. 

2005), peptide clean-up and crystallization for MALDI-MS analysis 

(Hirschberg, Tryggvason et al. 2004, Gustafsson, Hirschberg et al. 2004). 

Furthermore, several steps including affinity selective capture of human 

serum albumin (HSA), protein digestion and on-CD crystallization of 

peptides prior to MALDI-MS analysis has been integrated in this platform 

(Thorsen, Ekstrand et al. 2003). 

The aim of this thesis is to investigate the possibility of using Gyros 

microfluidic disc technology for performing sample preparation for the 

PTM analysis of therapeutic antibodies using MALDI-MS and to assess its 

potential for use in production development and optimization, quality 

control and pharmacokinetic study.  This work has mostly focused on 

glycosylation as it is the most common modification in recombinant 

therapeutic antibodies. The first objective is to develop a high-throughput 

method for the antibody glycosylation profiling by integrating many steps, 

including the selectively isolation of the antibody from the cell culture 

supernatant, the release of glycans and the co-crystallization of glycans 

with matrix ready for MALDI-MS analysis in the same CD microstructure 

(paper I). The second objective is to combine the developed method with 

multivariate statistics to assess the potential of the developed method for 

process development, optimization and quality control of the antibody 

products (paper II). The third objective is to develop a method for the 

monitoring of glycan profiles of antibodies in serum samples and assess 

the potential for use in pharmacokinetic studies relating to the 

glycosylation of antibodies (paper III). The final objective is to examine 
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the ability of performing selective capture of antibodies, reduction, 

alkylation and tryptic digestion in the microfluidic disc for peptide 

analysis. This can be a potential method for the characterization of other 

modifications, depending on the mass difference between native and 

modified peptides, such as methionine oxidation (paper IV and 

unpublished results).  

1 Theory and literature review  

 Therapeutic monoclonal antibodies 1.1

Monoclonal antibody products have recently gain rapid interest in the area 

of biopharmaceutical development, even though the production 

technology for monoclonal antibodies has been around for several decades 

(Kohler, Milstein 1975). There are 5 classes of antibodies, also called 

immunoglobulins: IgG, IgA, IgM, IgE, IgD. IgG is the most abundant 

antibody in human serum and consists of four subclasses: IgG1, IgG2, 

IgG3 and IgG4. Immunoglobulin G, particularly monoclonal IgG1, is the 

most widely used for therapeutic purposes.  

 Basic structure 1.2

The basic structure of IgGs is composed of two heavy chains and two light 

chains in covalent (via disulfide bonds) and non-covalent association 

forming a Y-shaped molecule (Figure 1). The molecular weights of the 

light chain and heavy chain are approximately 25 kDa and 50 kDa 

respectively, which give molecular weight for an intact antibody of 

approximately 150 kDa. The immunoglobulin molecule consists of three 

parts: one Fc (fragment, crystallizable) and two Fab (fragment, antigen-

binding) fragments. These parts are linked together through a flexible 

region where arms of the Y shape are formed. Variable regions (VL, VH) 

of the Fab domain target a specific antigen whereas the Fc does not act as 

an antigen binding site but sometimes interacts with other proteins or cell 

receptors to maintain antibody functionalities. The number of inter-chain 

disulfide bonds connecting the two heavy chains together varies among 

the IgG subclasses. There are also intra-chain disulfide bonds that stabilize 
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the domains and ensure the function of antigen binding. In addition, the 

IgGs generally contain oligosaccharide chains (also called glycans) 

covalently attached to the asparagine 297 (N) within the sequence NXS/T, 

where X is not proline. (Stanfield, Wilson 2009, Wang, Singh et al. 2007) 

 

  

Figure 1. A. Y-shaped structure of IgG1. L: light chain, H: heavy chain, V: variable region, 

C: constant region, Fab: antigen binding fragment, Fc: crystallizable fragment. B. General 

structures of glycans bound to Asn297 in the Fc region of polyclonal human IgGs. GlcNAc: 

N-Acetylglucosamine, Man: Mannose, Gal: Galactose, Neu5Ac: N-Acetylneuraminic acid 

 Post-translational modifications  1.3

 Glycosylation 1.3.1

Glycosylation is by far the most common PTM found in therapeutic 

proteins. The glycans (Figure 1B) attached to the Fc domain of polyclonal 

human IgGs are generally biantennary complex-type structures composed 

of a core heptasaccharide (filled geometrical shapes in the figure) and 

variable outer arm residues (empty geometrical shapes in the figure) 

(Walsh, Jefferis 2006).  

The most commonly used cell lines in IgG production are chinese 

hamster ovary (CHO) cells followed by mouse myeloma NS0 and Sp2/0 

(A) 

- Gln - Tyr - Asn(297) - Ser - Thr

GlcNAc

GlcNAc Fuc

GlcNAc

Gal

GlcNAc GlcNAc

Gal

Neu5Ac Neu5Ac

Man Man

Man

(B)
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(Birch, Racher 2006, Hossler, Khattak et al. 2009). These cell lines 

generally produce glycosylation similar to those present in humans since 

antibodies produced in these cell lines should not give rise to any 

immunogenic response. However, they also can generate other minor 

different glycoforms that might be immunogenic. Bisecting N-

acetylglucosamine residues, which are linked directly to the core mannose 

does not exist; however, N-glycylneuraminic acid can present instead of 

N-acetylneuraminic acid in glycans of IgGs produced in these cell lines. 

NS0 and SP2/0 can result in two more galactose residues connected to two 

common galactoses in the outer arm. There is also another type of glycan 

appearing to a minor degree called the high-mannose type. This type of 

glycan contains only mannoses bound to the mannoses of the 

pentasaccharide core structure (Ghaderi, Taylor et al. 2010, Jefferis 2009). 

Glycosylation plays a very important role in therapeutic use because it 

can impact the stability, safety and efficacy of the antibodies. Glycans 

attached to the Fc region of a recombinant monoclonal antibody were 

found to have a positive impact on its thermal stability (Liu, Bulseco et al. 

2006). The presence of the bisecting GlcNAc was shown to enhance the 

antibody-dependent cellular cytotoxicity (ADCC) activity of IgG1 

antibodies by more than tenfold (Umana, Jean-Mairet et al. 1999). The 

removal of fucose was also found to result in 100-fold higher ADCC 

activity than achieved by their fucosylated forms (Yamane-Ohnuki, 

Kinoshita et al. 2004). Presence of terminal galactoses was also recently 

found to have 40-fold increase in the ADCC activity (Houde, Peng et al. 

2010).  

Glycosylation can also impact the serum half-life of therapeutic 

glycoproteins because there are some receptors that can recognize specific 

glycans such as asialoglycoprotein, which can bind terminal Gal 

(galactose) residues, and mannose receptors, which can bind terminal Man 

(mannose) and GlcNAc (N-acetylglucosamine) (Correia 2010, Stockert 

1995, Lee, Evers et al. 2002).  Although the Fc glycans are partly buried 

within the IgG molecules, limiting their interaction with glycan-specific 

receptors, several studies have shown the effect of glycosylation on the 

clearance rates of therapeutic antibodies, especially oligomannoses 
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(Wright, Morrison 1994, Kanda, Yamada et al. 2007, Goetze, Liu et al. 

2011). However, in other cases, antibody clearance has been shown not to 

be significantly affected by the Fc glycan structures (Wawrzynczak, 

Cumber et al. 1992, Huang, Biolsi et al. 2006, Millward, Heitzmann et al. 

2008, Chen, Liu et al. 2009).  

 Oxidation  1.3.2

Oxidation can happen in oxidizable amino acids in proteins including 

Methionine (Met), Tyrosine (Tyr), Tryptophan (Trp), (Histidine) His and 

Cystein (Cys). This modification was not as prevalent as glycosylation and 

some other modifications, but it can easily happen to antibodies during 

storage (Wang, Singh et al. 2007). There has been a recent report 

describing tryptophan oxidation of monoclonal antibodies (Yang, Wang et 

al. 2007). However, methionine is the amino acid that is most susceptible 

to oxidation (Ji, Zhang et al. 2009). Methionine can be oxidized first to 

form methionine sulfoxide and then sulfones if it is exposed to extreme 

conditions. Methionine oxidation was most commonly reported in 

recombinant antibodies. Methionine oxidation can be induced in the 

molecules exposed to UV light (Chumsae, Gaza-Bulseco et al. 2007) or by 

using oxidation reagents such as hydrogen peroxide (Zamani, Lindholm et 

al. 2009) or tert-Butyl hydroperoxide (Gaza-Bulseco, Faldu et al. 2008). 

This modification was found to have a significantly negative effect on 

neonatal Fc receptor (FcRn) binding affinity and serum half-lives of 

antibodies (Chen, Liu et al. 2009, Bertolotti-Ciarlet, Wang et al. 2009, 

Wang, Vlasak et al. 2011).  

 Other modifications 1.3.3

Besides glycosylation and oxidation, there are several other common 

modifications such as deamidation, isomerization, disulfide bond 

heterogeneity, cyclization, C-terminal clipping and other less common 

ones such as proteolytic cleavage. 

Deamidation is a common modification of monoclonal antibodies. 

Asparagine is the most susceptible residue to this variation, where a 
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succinimide intermediate becomes isoaspartate or aspartate. Deamidation 

of glutamine can also happen but at a very low rate and under very harsh 

conditions. This modification results in a molecular weight increase of 1 

Da. This modification can happen at any stage of the protein expression 

process, or during purification and storage (Wang, Singh et al. 2007, Liu, 

Gaza-Bulseco et al. 2008). 

Isomerization mostly happens at aspartic acid in the sequence of Asp-

Gly through direct isomerization or hydrolysis of succinimide 

intermediate. Like deamidation, isomerization can also happen in the solid 

state and is so prevalent that purified antibody may contain many 

isomerized products (Wang, Singh et al. 2007). 

Disulfide bond heterogeneity is generally involved in incomplete or 

wrong disulfide bond formation of antibodies during post-translational 

processing of the proteins and can potentially result in misfolding of 

proteins.  Several undesired fragments of antibodies have been seen in 

SDS-PAGE analysis of antibody although the antibody is expected to 

appear only as one band representing the intact molecule. Different 

isoforms with varying biological functions have been found for IgG2 

antibody (Liu, Gaza-Bulseco et al. 2008, Dillon, Speed et al. 2008).  

C-terminal clipping is typically related to removal of C-terminal lysine 

of the heavy chain. This modification can very easily happen during the 

antibody production process. Partial removal can generate a mixture of 

antibodies with 2, 1 or 0 lysine residues. Loss of one lysine residues will 

give rise to a decrease in molecular weight of 128 Da (Wang, Singh et al. 

2007, Liu, Gaza-Bulseco et al. 2008). 

Cyclization mostly happens at the N-terminal residues glutamine or 

glutamate partially or completely to form pyroglutamate and therefore 

results in a mass decrease of 17 Da and 18 Da, respectively. The reaction 

happens mostly in during cell culture and partly through purification, 

formulation and storage (Liu, Gaza-Bulseco et al. 2008). 
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 Significance of PTM characterization of therapeutic 1.4

antibodies 

 Process development and optimization 1.4.1

Besides optimization to achieve high yield of products, optimization to 

have a desired product quality is also critical in early stages of 

development. Examples of common quality attributes in the antibody 

manufacturing are glycosylation heterogeneity, deamidation and oxidation 

(Goetze, Schenauer et al. 2010). Many factors in the bioprocess can 

profoundly change the quality of the therapeutic antibodies. To obtain a 

desired glycosylation, cell line and clone selection are two important 

factors to consider in cell culture development and optimization. 

Generally, a suitable cell clone is the one that produces low levels of 

unusual glycoforms (Li, Vijayasankaran et al. 2010), an optimal amount of 

core-fucosylation, galactosylation, and/or sialylation depending on the 

desired effector functions, and a minimal level of oligomannose-type 

glycans (van Berkel, Gerritsen et al. 2009). It was shown by Jang et al. 

that the contents of galactosylated and sialylated glycans are significantly 

different between two different types of CHO cell lines (Jang, Kim et al. 

2009). Variability in the galactosylation was also found for different cell 

clones (Lim, Reed-Bogan et al. 2008) and a slight change of high mannose 

5 (Man5) in 105 different cell clones was reported (van Berkel, Gerritsen 

et al. 2009). Changes in glycosylation profiles of antibodies were also 

reported when using different cell culture methods (Patel, Parekh et al. 

1992), cell culture media (Serrato, Hernandez et al. 2007) and cell culture 

additives (Pacis, Yu et al. 2011). A decreasing galactosylation of IgG 

monoclonal antibodies with fermentation time was also found by day to 

day monitoring of glycopeptide profiles (Reusch, Haberger et al. 2013). 

An enormous number of samples can therefore be generated for quality 

attribute analysis in this step. Consequently, rapid analytical methods are 

required. Qualitative methods with relative estimation of glycan 

abundances at levels of intact protein, glycopeptides or released glycans 

are generally sufficient to assess the impact of process variables on the 

product quality in the process optimization. Automated and parallel 
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analytical methods would also contribute to shorten development timeline 

for bioprocessing.  

 Expectation of drug regulators 1.4.2

Due to the potential influence of post-translational modified forms on 

safety and efficacy of biological products, the manufacturer is required to 

demonstrate the heterogeneous properties of the products and their 

consistency with the product used in preclinical and clinical studies. 

Heterogeneity of products during storage and after manufacturing changes 

must also be evaluated to show the comparability of the products. Again, 

states of aggregation, glycosylation, deamidation, isomerization, mis-

matched S-S links are most frequently required to be demonstrated (EMA 

1999, FDA 1997). 

To encourage the pharmaceutical companies to apply innovative 

manufacturing strategies, US Food and Drug Administration (FDA) 

released a guidance document about Process Analytical Technology 

(PAT) in 2004. PAT was defined as “a system for designing, analyzing, 

and controlling manufacturing through timely measurement (i.e, during 

processing) of critical quality and performance attributes of raw and in-

process materials and processes with the goal of ensuring final product 

quality”. This is different from the characterization which was normally 

performed with the finished products in conventional manufacturing 

processes. Process analytical chemistry used to monitor and analyze data 

is one of the main tools of PAT (FDA 2004, Hinz 2006). 

It is critical in PAT application that the time for collecting and 

interpreting data must be within the time frame available to make the 

decision to move to the next step. In the biotechnology industry PAT has 

been described to be relatively challenging due to time limitation for a 

real-time process decision. A typical decision time in several process steps 

such as microbial fermentation, centrifugation, chromatography and 

formulation is about 2 h or less.  In mammalian cell culture step, the 

decision time is longer, typically about 10 h, making the implementation 

of PAT relatively easier. These values are typical values for biotech 

process and can greatly vary between cases, for example the type of 
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protein drug, cell lines, etc (Rathore, Bhambure et al. 2010, Glassey, 

Gernaey et al. 2011).. Innovations in analytical methods, especially fast 

analytical characterization, would therefore gain high attention to ensure 

successful applications of PAT. It has been mentioned that in 

glycosylation monitoring, MALDI-MS gives reasonably good and rapid 

glycosylation profile data enough to satisfy the PAT principles 

(Siemiatkoski, Ma et al. June 2011). 

 Biosimilar product development 1.4.3

Biosimilar, as defined by the FDA, is “the biological product which is 

highly similar to the reference product notwithstanding minor differences 

in clinically inactive components”. The field of biosimilar antibodies is 

expected to grow in the next decade as some original versions will be out 

of patents (Reichert 2012b). Copied versions of Rituximab and Abciximab 

have been approved by regulators in India and South Korea, respectively 

(Beck, Sanglier-Cianferani et al. 2012). A copy of Trastuzumab was also 

reported to be in phase 3 studies (Reichert 2012b). Recently, European 

Medicines Agency (EMA) released guidelines on similar biological 

products containing monoclonal antibodies that took effect in December 

2012 (EMA 2010). The FDA also very recently released a first draft of 

guidelines in February 2012 concerning biosimilar product development 

(FDA 2012). Similar biological medicinal products must be similar in 

molecular and biological terms to the reference medicinal one, as defined 

in EMA´s guidelines (EMA 2005). The greater the similarity of the 

structure and function between the biosimilar candidate and the drug 

version from the innovator, the easier is the decision on additional studies. 

To reach a high degree of similarity in terms of structure, the biosimilar 

producer therefore needs to optimize the production process. Amino acid 

sequence, higher order structures, post-translational modifications such as 

glycosylation, deamidation and oxidation should be characterized (FDA 

2012). Liquid chromatography-mass spectrometry (LC-MS) of intact 

antibodies or single chains like heavy chains or light chains, LC-

MS/ultraviolet (LC-MS/UV) for peptide mapping, LC-fluorescence 

detection (LC-FLD) of released and labelled glycans, MALDI-MS of 
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native glycans have been successfully utilized to compare candidate 

biosimilars and reference products (Beck, Sanglier-Cianferani et al. 2012, 

Xie, Chakraborty et al. 2010). 

 Glycosylation analysis of antibodies  1.5

There have been many methods for the characterization of the 

glycosylation of glycoproteins and they have existed for several years. 

Many of them have been successfully used for characterization of 

antibodies and have been reviewed (Huhn, Selman et al. 2009). For 

therapeutic antibodies, the analytical procedure typically starts with the 

purification of antibodies from the cell culture supernatants or serum 

samples and glycosylation analysis can be achieved by different methods 

at different levels of intact antibodies, glycopeptides or released glycans.  

Analysis of intact or reduced antibodies is commonly achieved by 

using liquid chromatography with high resolution mass spectrometers. 

Although it does not provide details about structural information and site 

of glycosylation, intact antibody analysis can produce a very fast (about 30 

minutes) screening method for glycosylation profiling of purified 

antibodies since there is no sample preparation needed (Wagner-Rousset, 

Bednarczyk et al. 2008). However, additional modifications can make the 

data interpretation of intact antibody not so straightforward. Analyzing of 

subunits, Fab, Fc, or light chain and heavy chain (Adamczyk, Gebler et al. 

2000, Ren, Pipes et al. 2008) can simplify the data information due to less 

sample complexity and better resolution mass spectra.  

Glycopeptide analysis approach intensively use reversed phase-LC-

MS/MS (RP-LC-MS/MS) for separation and detection of peptides from a 

tryptic digestion, which can reveal more information such as glycans 

structures, glycosylation sites, and sequence of the peptides containing the 

sugars. Hydrophilic interaction chromatography-MS (HILIC-MS), 

MALDI-MS/MS are other common techniques used for analysis of 

glycopeptides. The analysis time of this approach is generally long due to 

routinely overnight tryptic digestion, extra purification/enrichment of 

glycopeptides to reduce ion suppression and/or long liquid 
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chromatography separation time (up to 45 minutes) (Wuhrer, Stam et al. 

2007, Stadlmann, Pabst et al. 2008).  

The most widely used approach is the analysis of released glycans from 

the antibodies. The common way of releasing N-linked glycans is using 

PNGase F or PNGase A. Native released glycans can be analyzed by high 

performance anion exchange chromatography - pulsed amperometric 

detection (HPAEC-PAD) (Grey, Edebrink et al. 2009), LC-MS (Mauko, 

Nordborg et al. 2011) and MALDI-MS (Xie, Chakraborty et al. 2010, 

Mechref, Muzikar et al. 2005, Hansen, Dickson et al. 2010). More 

commonly, the released glycans are labelled and can be separated with 

different methods including CE (capillary electrophoresis) (Wacker, 

Berger et al. 2011), normal phase-LC (NP-LC) (Mauko, Nordborg et al. 

2011), RP-LC (Chen, Flynn 2007), PGC (porous graphitized carbon) 

columns (Stadlmann, Pabst et al. 2008) in combination with different 

detection techniques such as FLD and ESI-MS. MALDI-MS/MS has also 

been commonly used for the analysis of labelled glycans (Qian, Liu et al. 

2007). Similar to glycopeptide analysis approach, this analytical approach 

also generally contains several sample preparation steps such as 

purification (if starting from crude materials), enzymatic reaction, 

labelling, cleanup and especially many steps of loading and transferring of 

liquids. Several steps are time consuming such as enzymatic reaction to 

release glycans (15 to 24 h), labelling of glycans (1.5 to 24 h) or 

separation of glycans prior to detection (10 to 150 minutes). 

Rapid and high-throughput glycosylation analysis strategies have been 

intensively developed. Papac et al. (1998) immobilized glycoproteins on a 

96-well system containing polyvinylidene difluoride (PVDF) membrane 

for subsequent enzymatic deglycosylation. The sample preparation 

allowed 60 samples deglycosylated in 1 day, ready for analysis using 

HPAEC-PAD and MALDI-TOF-MS. Yu et al. (2005) developed a rapid 

method using RapidGest surfactant to reduce the time for enzymatic 

release of glycans to 2 h and 96-well micro-elution solid phase extraction 

(SPE) plates for clean-up of glycans before MALDI-MS detection. 

Nishimura et al. (2005) reported a simple chemoselective glycoblotting for 

cleanup of glycans prior to MALDI-TOF/TOF-MS. Sandoval et al. (2007) 
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demonstrated a method using PNGase F assisted by microwave irradiation 

for accelerated removal of N-linked glycans completed in less than 30 

minutes. High-throughput N-glycan characterization has been developed 

by combining microwave-assisted deglycosylation with an automated 

clean up using normal phase tips and reverse-phase high-performance 

liquid chromatography (Prater, Connelly et al. 2009). An analysis of a 

sample set of 12 samples could be accomplished in 24 h. In the same year, 

Bynum (2009) published a method using a microchip containing a 

PNGase F microreactor for glycan release, a C8 (octyl) column to trap the 

protein and a PGC column for glycan separation, reducing sample analysis 

time from hours to less than 10 minutes. Hansen et al. (2010) have 

reduced the scale of glycosylation profiling using small scale protein A 

columns, and ultrafiltration units for antibody preparation and HyperCarb 

graphite tips for glycan desalting and MALDI-MS. In addition, Szabo et 

al. (2011) developed a rapid high resolution capillary electrophoresis (less 

than 7 minutes) in combination with rapid sample preparation (about 60 

minutes) for automated analysis of N-glycans. 

 Centrifugal microfluidics  1.6

Most microfluidic systems have used either electroosmotic flow or 

pressure driven flow to move liquid through the microfluidic structures. 

An alternative way is to use centrifugal forces to move the liquid. These 

systems are often circular or disc shaped, and can be produced in a 

modified compact disc (CD) molding machine. The development of 

centrifugal microfluidics technology began in the late 1960s by Norman G 

Anderson at the Oak Ridge National Laboratory (ORNL) with the 

development of a spinning disc to mix samples and reagents into several 

cuvettes used for spectrophotometric detection (Burtis, Mailen et al. 

1972). Several assays were implemented on centrifugal analysis 

instrumentation during the 1970:ies and 1980:ies.  

Abaxis, formed in 1989, bought the patents from ORNL and introduced 

their portable analyzer for clinical chemistry in 1995 and is now selling 

this product as the Piccolo
®
 Xpress system (www.abaxis.com). The field 

of centrifugal microfluidics was then rapidly expanded in the early 2000:s 
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when several research groups started using centrifugal microfluidics. The 

research group led by Marc Madou (now working at University of 

California, USA) presented the LabCD in 1998 (Marc J., Gregory J. 1998) 

and worked with the development of microfluidic technology for 

performing diagnostic tests. This platform was bought by Tecan Inc but 

the development was discontinued in 2005. The company Gyros AB from 

Sweden (www.gyros.com) was formed in 2000 and developed a platform 

that was initially intended for sample preparation in the proteomics field 

but later switched focus to disc-based platforms for immunoassay. Roland 

Zengerles group from Germany also began their research using centrifugal 

microfluidics a few years later (Brenner, Glatzel et al. 2005). Other groups 

followed, such as Kyoung Cho from Korea with their focus on 

biochemistry analysis (Cho, Lee et al. 2007) and Eric Salin from McGill 

University, Canada working mostly on environmental chemistry 

applications (Lafleur, Salin 2009).   

As shown above, the field of applications for centrifugal microfluidics 

technology is quite broad with most developments being used for 

biomedical analysis (Gorkin, Park et al. 2010). This technology has many 

advantages, such as: requiring only a simple rotating motor, without need 

for external pumps or high voltage power supplies (or connections to 

these), and good suitability for parallel operation. The flow rate of a liquid 

in a centrifugal microfluidic system is also independent from the pH and 

ionic strength of the fluids and discrete volumes of liquid can be handled, 

unlike the case for electroosmotic systems. The centrifugal systems can 

also be replicated with inexpensive materials for example with the use of 

injection molding in a modified CD-press (Madou, Zoval et al. 2006). 

However, this technology is not without limitations and the challenges can 

vary among different platforms used for different applications. Common 

valves used to control the liquid flow are, for instance, dependent on the 

surface tension of the liquid. It is therefore necessary to perform tests case 

by case and the tested liquid should be highly representative for the actual 

liquids used in the final method. Quick evaporation of liquid can also be a 

problem, for instance when performing long enzymatic reactions. This is a 

problem associated with most microscale systems.  

http://www.gyros.com/
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 Gyros prototype CD platform and basic fluid functions 1.7

The CD platform used in this thesis is a prototype CD from Gyros AB, 

Sweden. The disc (Figure 2) contains 54 microstructures divided into 6 

segments with 9 structures each. The injection molding process produces 

1.2 mm thick polymer discs of polyolefin. The discs are oxygen plasma 

treated to become hydrophilic, patterned with hydrophobic polymer 

patches for control of fluid motion, covered with lids using heat 

lamination, coated with a hydrophilic polymer solution to avoid protein 

adsorption, and finally sputtered with a conductive surface to avoid charge 

build-up in the MALDI-MS process. Two different types of sputtering 

material were used: indium tin oxide (ITO) and gold.  

 
Figure 2. Prototype microfluidic platform and the design of the microstructure 

 

The microstructure configuration is shown in Figure 2. It consists of 

two columns in series connected by a liquid router. There are two inlets 

for loading samples and reagents, a volume defined chamber of 200nL, a 

MALDI-MS target well and a MALDI-MS reference well for instrument 

Volume definition

Overflow channel
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calibration. The following microfluidic functions will be more thoroughly 

described in the text that follows: imbibition of liquid into the 

microstructure, control of fluid motion, metering or definition of discrete 

liquid volumes, routing of liquids, the use of columns, and 

evaporation/crystallization. 

 Imbibition/ Capillary filling 1.7.1

Imbibition or capillary filling is the flow of liquid into the channels driven 

by capillary action. The liquid will be drawn into the hydrophilic micro 

channels and will continue to fill up the microstructure unless the supply 

of liquid is ceased or the imbibition is stopped by lack of capillary action. 

If an excess of liquid is dispensed to the CD then the imbibition will be 

stopped when the pressure from the meniscus formed at the hydrophobic 

barrier is greater than the pressure exerted by the surface tension of the 

drop at the inlet (Figure 3). 

 

Figure 3. Imbibition action of liquids in the microchannel 
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(B). Liquid imbibition stopped by a hydrophobic patch

h

Lid

CD

Lid

b
a

barrier meniscus 

hydrophobic patch 



 

 

19 

 

When the microfluidic channel dimensions are sufficiently small then 

suitable contact angles between the liquid and the channel surface and the 

lids are required for reliable imbibition. Therefore, the surface of the CD 

was oxygen plasma treated (Larsson, Derand 2002) and wetted by a 

hydrophilic polymer solution before being used. Reliable imbibition action 

was reported only when the advancing contact angle of the liquid and the 

CD surface is smaller than 30
o
.  With a contact angle of 4

o
, advancing 

angle of the lid had little effect on the filling action (Andersson, Jesson et 

al. 2007). It should be noted that the reliability of the imbibition also 

depends on the surface tension of the liquid and that a surface with too 

high contact angle for reliable imbibition can be “primed” first with a low 

surface tension liquid such as 20% acetonitrile or ethanol in water. 

 Control of liquid within the micro-channels 1.7.2

1.7.2.1 Liquid transportation  

The theory of fluid propulsion in centrifugal microfluidics was described 

by Duffy et al (Duffy, Gillis et al. 1999). The volumetric flow rate of the 

liquid (Q) and its velocity (U) depend on the rotational speed of the CD, 

location and shape of channels and reservoirs and properties of the fluid as 

given by the following equation: 

 

     (
  
        

    
)                  (Eq. 1) 

 

Where A is the cross section area of the channel, dH is equal to 4A/P (P 

is the perimeter of the channel), ρ is the density of the fluid, ω is the 

angular velocity of the CD, ra is the average distance of the liquid in the 

channel to the central point of the disc (referred as center of gravity of the 

liquid), and ∆r is the length of the liquid in the channel. Simple illustration 

of these parameters is in Figure 4. The inner and outer radii of the flowing 

liquid are r0 and r, respectively and the length of the liquid in the reservoir 

is H. In terms of r0, r and H, ∆r is equal to r-(r0-H) and ra is equal to (r+( r0 

+ H))/2. The experimental flow rates were shown to have a good 
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agreement with theoretical values for many different liquids such as water, 

DMSO, biological samples, etc. In this investigation, centrifugal force was 

considered as the only external force in the system. Measured flow rates 

were found to be smaller than the theoretical ones when higher revolution 

speeds were used in later investigations by Maruyama and Maeuchi 

(Maruyama, Maeuchi 2007). This was explained by the frictional loss due 

to Coriolis force beyond a certain speed of rotation. 

 

 
Figure 4. Fluid transportation in centrifugal microfluidics from (Duffy, Gillis et al. 1999) 

1.7.2.2 Hydrophobic valves 

Valving in the centrifugal microfluidics is crucial for precisely controlling 

the fluid movement. Hydrophobic valve is one of the two common valve 

types found in centrifugal discs. The other one is capillary valves (Figure 

5A) which is the simplest valve built by suddenly expanding the cross 

section of the capillary (Lai, Wang et al. 2004, Ducree, Haeberle et al. 

2007). With a sudden expansion of the cross section the apparent wetting 

angle at the surface will no longer be equal to that measured on a flat 

surface. The liquid in the channel therefore lack the capillary action for 

further imbibition into the channel. It will proceed along the channel first 
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when the liquid is forced through the channel so that the angle between the 

liquid meniscus and the surface corresponds to the wetting angle of the 

surface. 

Hydrophobic valves can be created by modifying the gating zone with 

hydrophobic material (Figure 5B). The hydrophobic valves were 

implemented in the prototype CD using hydrophobic patches at designated 

or desired positions in the channels, for example, at the position described 

as hydrophobic barrier in Figure 6.  

 

 
Figure 5. Two common valves in centrifugal microfluidics. A. Capillary valve and B. 

hydrophobic valve 

A critical rotational frequency is needed to make the liquid in the 

volume definition to move over this hydrophobic barrier. The centrifugal 

pressure generated by this rotational speed must be higher than the 

difference between the capillary pressure of the barrier and the back-end 

meniscus (Figure 6) (Andersson, Jesson et al. 2007). The critical rotational 

frequency is defined: 
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Where              
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    (Eq. 3) 

 

and              
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 (   (   )    (   ))

        
   (Eq. 4) 

 

γ: surface tension of the liquid, θa1, θab: advancing contact angle of the 

liquid on the lid and the barrier. abarrier, bbarrier: depth and width of the 

barrier. ∆r: radial height difference between barrier and receding meniscii. 

rm: the mean radius of the barrier meniscus and the receding meniscus 

(referred as the center gravity of the liquid). The theoretical critical 

rotational frequency was shown to have well correlated with the 

experimental ones and the function of the valves has been reported to be 

reliable  with 560 valves (112 valves on 5 discs) all being actuated 

between a rotational frequency of 1612 and 1700. (Andersson, Jesson et 

al. 2007).  

An example of how liquid can be controlled in the microfluidic 

structures of the CD can be as follows. In the volume definition unit 

described in the next section (1.7.3) it is necessary that the overflow 

channel is actuated before the liquid is allowed to pass the hydrophobic 

barrier at the outlet end of the liquid reservoir, The center of gravity of the 

liquid in the overflow channel is further out towards the perimeter and the 

length of the liquid pillar is greater than the liquid left in the volume 

definition chamber. This means that both ∆r and rm are greater for the 

overflow channel. Assuming that the force needed to move the liquid 

across the hydrophobic barrier at the outlet of the overflow channel is the 

same as the force needed to move the liquid across the hydrophobic barrier 

at the outlet end of the liquid reservoir, then the overflow channel will be 

actuated at a lower rotational frequency (= angular velocity) than the 

liquid in the volume definition reservoir.  

 Volume definition 1.7.3

Accurate volumes of samples and reagents are essential for many 

analytical methods. In centrifugal microfluidic technologies they are also 
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important to achieve reproducible flow control. In the microfluidic CD 

platform, the liquid volume can be directly defined as the volume capacity 

of the micro-chamber. Due to the very good precision of the micro-

fabrication technology, this can generate less errors and exhibit good 

repeatability compared to manual pipetting or the use of hydraulic needles, 

especially when handling nanoliter liquid volumes. The defined chamber 

is simply created using a valve at the end of the chamber, combined with 

an overflow channel. Once the chamber is filled with liquids which stop at 

the hydrophobic break, any additional liquid are flowed into the over flow 

channel. The extra liquids left in volume-defined chambers can be routed 

to the overflow channel by using low spinning speed that does not produce 

sufficient pressure to move the defined liquid over the hydrophobic break 

(Figure 6). After less than one second of spinning, the volume can be 

defined. Good volume definition of 200nL was reported with a coefficient 

of variation (CV) of 0.75% with 112 parallel volume definition operations 

(Andersson, Jesson et al. 2007).  

 

 
Figure 6. Volume definition of 200nL. A. Capillary filling of sample into the defined channel, 

over flow channel will be filled with surplus liquid. B. Low spinning frequency allowing to 

discard the surplus liquid and define the volume. C. High spinning speed for forcing the 

liquid to the next channel 
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 Flow splitting 1.7.4

Analytical sample processing often involve several different steps such as 

separation of target analytes from sample matrix, reactions to release the 

secondary target compounds for detection and/or reaction with other 

substances to be able for detection or to improve sensitivity of the methods 

e.g., derivatization. Integration of different fluid functions to be able to 

process many steps in the same micro structure is one of the general goals 

of microfluidic devices. The advantages of integration includes saving 

time and avoiding losses of samples or reagents between process steps. In 

such a case, there is a need for removing unnecessary liquids that can 

contaminate the next step in the sample processing. A flow switch is 

therefore essential. A common method for splitting the flow was using a 

Y- shaped structure where a single inlet splits into two outlets. A 

symmetrical Y-shaped structure used as a flow switch based on the 

Coriolis force has been introduced by Brenner et.al (Brenner, Glatzel et al. 

2005). At high spinning speeds where the Coriolis force is large enough, 

the flow can be directed to the outlets depending on the spinning direction 

of the CD (Figure 7A).  

 

 
Figure 7. A. symmetrical Y-shaped flow switching. B. Nonsymmetrical Y-shaped flow 

switching with hydrophobic patches 
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The flow switching in our prototype platform is achieved by the 

difference in surface properties between two outlet channels in a 

nonsymmetrical Y-shaped structure named the liquid router (Figure 7B). 

There is a hydrophobic patch at the entrance of the main channel but not at 

the entrance of the one for waste. The liquid pillar is deflected to waste at 

low rotational frequencies since it does not have enough energy to cross 

over the hydrophobic barrier. Once it gains enough momentum at higher 

rotation frequency, the liquid will flow into the main channels. 

Frequencies higher than 3500 rpm or lower than 1800 rpm were found to 

correctly route the liquid to the second reservoirs or waste, respectively 

(paper IV).  

 Packed columns 1.7.5

The idea to incorporate chromatographic columns into a centrifugal 

system was introduced many years ago by Shumate II (Shumate, Scott 

1976). In this research, 8 affinity columns and 8 cuvettes for eluate 

collection were mounted to a centrifugal aluminum base plate, used for 

quantification of different serum proteins with photometric detection. 

Affinity columns used for immunoassays to quantify protein 

(www.gyros.com; (Honda, Lindberg et al. 2005) and RPC columns for the 

peptide desalting prior to peptides mass finger printing (Gustafsson, 

Hirschberg et al. 2004) have been earlier introduced by Gyros.  In this 

prototype CD platform, two packed columns connected to each other by 

the liquid router are integrated into the same microstructure. 

Chromatography beads of about 10 to 30 µm can be packed into the 

column against a shallow part of the channel. The two columns in series 

enable a sequence of different sample processing steps to be performed; 

for example, the first column can be used for the purification of the target 

analytes and the second columns can be used for the recapture of the 

purified compounds and for enzymatic reaction.   

http://www.gyros.com/
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 Crystallization of liquid 1.7.6

For characterization of proteins, mass spectrometry is now routinely used. 

MALDI is one of the common ionization methods coupled to mass 

spectrometry for proteomics research to identify proteins and to predict 

posttranslational modifications. With this CD design, the target analytes 

captured and purified in the second columns can be eluted to an open 

MALDI well located at the end of the second column. The elution liquid 

containing a suitable MALDI matrix can be loaded into the second 

reservoir and then passed through the columns to the well. A drop of 

liquid can be held in the well by balancing the centrifugal force and the 

capillary force that can pull the liquid back into the channels. Being 

exposed to the air, matrix solution will evaporate and crystals containing 

the MALDI matrix together with the compounds to be analyzed will be 

formed.  

 Matrix-Assisted Laser Desorption Ionization (MALDI) 1.8

Matrix-Assisted Laser Desorption Ionization was principally described in 

the late 1980s by Karas and Hillenkamp (Karas, Bahr et al. 1990). In this 

ionization technique, a sample is mixed with a suitable matrix and spotted 

on a metal plate. The dried sample spot is irradiated with a pulsed laser 

beam which energy is absorbed mainly by the matrix and subsequently 

results in desorption and ionization of the analytes. Matrix selection is a 

critical parameter in MALDI to obtain good spectra. Obviously, there are 

some criteria for the matrix such as absorbing effectively the energy of the 

laser beam at the chosen wavelength, stable under vacuum, chemically 

inert, able to boost the analytes ionization. However, fulfilling these 

requirements does not always ensure good spectra. Unfortunately, in some 

cases, only a specific match of matrix and analyte can produce useful 

spectra.  The matrix is prepared either as a saturated solution or typically 

with a matrix vs. analyte mass ratio of 100 to 10000 (Strupat, Karas et al. 

1991). MALDI is a very powerful ionization technique for protein, 

peptides, glycoconjugates, glycans, synthetic polymers, and 

oligonucleotides. Despite its wide range of applications in many fields, the 
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ionization mechanism is still not fully understood and need continued 

research.   

 Time of Flight (TOF) mass analyzer 1.9

Time of flight mass analyser has been known since 1946 and a linear ToF 

instrument design was first published by Wiley and McLaren in 1955. ToF 

mass spectrometer, as the name suggests, separates ions by measuring the 

time needed for ions to travel through a field-free region, called flight 

tube, between the source and detector. After ionization, ions are 

accelerated with a potential and gain additional kinetic energy.  Ideally, 

ions in the ion cloud have the same initial kinetic energy, thus they start to 

move in the flight tube to the detector with velocities depending on their 

masses and charges. In a linear ToF mass analyser, resolution is generally 

poor due to spreading of initial kinetic energy, position and time of ions 

formation before acceleration. Mass resolving powder can be improved by 

using delayed pulsed extraction and a reflector design of the mass analyzer 

(de Hoffmann, Stroobant 2007). 

2 Summary of the work 

 Instrumentation 2.1

Figure 8 shows the instrumentation of the Gyros technology used in this 

work. Sample preparation was performed using a Gyros workstation  

(Figure 8B) containing a CD spinner, a rotating tray for samples and 

reagents in microwell plates, and a x-y robotic arm equipped with a set of 

five hydraulically operated transfer needles for pipetting liquid from the 

microplates to the CD. Another robotic arm transfers the CD from loading 

position to the spinner and the unit where a fluorescence detector can scan 

the signals and vice versa. The workstation is computer controlled and 

performs the tasks in the sample preparation protocol. There are two 

different sample holders used for MALDI mass analysis; one used for 

Voyager mass spectrometer (Figure 8C1) and another one used for Bruker 

mass spectrometer (Figure 8C2). 
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Figure 8. Instrumentation used for sample preparation. (A1). Gold-sputtered disc. (A2). ITO-

sputtered disc. (B). Gyros workstation. (C1). Sample holder for the Bruker mass 

spectrometer and a halved CD. (C2) Sample holder for the Voyager mass spectrometer and a 

segment of the CD 

 Sample preparation procedure 2.2

The main sample preparation steps for peptide mapping and methionine 

oxidation detection (paper IV and unpublished results) and glycosylation 

profiling (paper I, II and III) are described in Figure 9. A photograph of 

the microstructures with packed columns used for peptide analysis and 

glycosylation profiling are shown in Figure 10. 
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Figure 9. Flow chart of the sample preparation procedure for peptide and glycan analysis 

using MALDI-TOF-MS for methionine oxidation detection and glycan profiling. For peptide 

analysis, the first columns were packed with protein A immobilized beads and the second 

columns were packed with polystyrene divinylbenzene particles (PS-DVB). For glycan 

analysis, the first columns were packed with protein A and streptavidin coated beads for the 

isolation of the antibodies from the cell culture medium and serum, respectively, and the 

second columns were packed with graphitized carbon black (GCB) for the capture of the 

released glycans 
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Figure 10. A. Microstructures with packed columns used for peptide mapping. B. 

glycosylation profiling  

 

For peptide analysis, the antibody samples in the cell culture 

supernatant were first loaded into the first inlets. The solutions were then 

passed through the first columns (protein A immobilized particles) and 

flowed to the waste channels, allowing the antibodies to bind on the 

columns while discarding the other components to the waste channels. 

This capturing step was established by spinning the CD at low rotational 

frequencies in the range of 700 to 2000 rpm. The columns were washed 

three or four times in the same manner using PBS buffer to remove 

unbound species to waste. The antibodies bound in the first columns were 

eluted and recaptured in the second columns (PS-DVB) using low-pH 

elution buffer (glycine, pH of 3.09). This action was achieved by using a 

high rotational frequency of 3500 rpm to pressure the liquid into the 

second channels. Tryptic digestion was carried out by loading trypsin into 

the second inlet, volume metering at a rotational speed of 600 rpm by 

activating the overflow channel and pushing the enzyme solution down at 
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1800 rpm into the second reservoir. Next, the frequency was quickly 

reduced to 400 rpm and kept constant for 15 min allowing reactions to 

happen. Reduction using dithiothreitol (DTT) and alkylation using 

iodoacetamide (IAA) were performed before conducting the tryptic 

digestion in the same manner. The evaporation of the enzyme solution at 

the entrance of the MALDI well and the wicking of the enzyme solution 

along two sides of the well limited the time for reaction because the 

enzyme’s volume was gradually reduced and finally drained out. 

Therefore, the tryptic digestion step was repeated three times to achieve a 

total reaction time of 45 min. After the tryptic digestion, the columns were 

washed with deionised water. The peptides were eluted with an alpha-

cyano-4-hydroxycinamic acid (CHCA) matrix in an aqueous solution 

containing 50% of acetonitrile (ACN) and 0.1% of trifluoroacetic acid 

(TFA). 

For glycan analysis, the antibodies are selectively captured in the first 

columns by using two different strategies. To capture the antibodies from 

the cell culture broth (paper I and II), protein A immobilized particles 

were used. To capture antibodies from serum (paper III), the first columns 

were packed with streptavidin immobilized particles to which biotinylated 

target antigen will bind through biotin-streptavidin interaction. The 

antibodies were then captured by the antigen. The principles of affinity 

capture are described in Figure 11. The release of glycans was performed 

directly in the first columns by loading the PNGase F enzyme into the first 

inlet and then spinning the CD to pass a portion of the liquid through the 

first column at 3500 rpm for 10 seconds and then abruptly decreasing the 

rotation to 400 or 500 rpm for 15 minutes for reaction. A new PNGase F 

portion was passed through the columns by rapidly increasing the rotation 

frequency again to 3500 rpm and keeping constant for 10s to transfer the 

glycans to the second columns, where they are captured. This reaction was 

repeated 4 times to yield a total of 1 h of enzymatic treatment. The second 

columns were washed twice with deionized water and the glycans were 

eluted with a mixture of 2,5-dihydroxybenzoic acid (DHB) and 

dimethylaniline (DMA) in 50% ACN. The CD was cut into suitable 
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portions, which were then inserted into sample holders for MALDI-TOF-

MS analysis. 

 

 
Figure 11. Diagram showing the principles of selective affinity isolation of antibodies from the 

cell culture supernatant using protein A (A) and from serum using biotinylated target antigen 

(B) 

 Glycosylation profiling  2.3

 Feasibility of glycan release in spinning columns 2.3.1

The release of glycans from a standard glycoprotein, RNase B, was first 

examined in the outer columns. These columns were packed with PS-DVB 

as the upper layer to capture the protein and graphitized carbon black 

(GCB) as the under layer to capture the released glycans (Figure 12) The 

PNGase F enzyme solution was loaded into the outer inlets and moved 

into the outer columns for reaction at low rotational frequency of 500 rpm. 

A clean and accurate glycosylation profile of RNase B is shown in Figure 

12.  
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Figure 12. MALDI-TOF-MS spectrum of the released glycans of the RNase B protein in the 

outer columns containing PS-DVB materials on top of GCB materials 

 Material for the capture of released glycans  2.3.2

Cleanup of the released glycans before the MALDI analysis is important 

in glycosylation analysis. Recovery of native released glycans has been 

presented using many types of solid phase extraction (SPE) sorbents. 

Among these materials, graphitized carbon has been most widely used 

(Chen, Liu et al. 2009, Hansen, Dickson et al. 2010, Chen, Flynn 2007, 

Packer, Lawson et al. 1998, Otto, Damoc et al. 2006, An, Peavy et al. 

2003, Nakano, Kakehi et al. 2003) than others such as octadecyl (C18) 

(Mechref, Novotny 1998) and hydrophilic interaction chromatography 

(HILIC) SPE materials, e.g., aminopropyl silica (Yu, Gilar et al. 2005) and 

cotton wool (Selman, Hemayatkar et al. 2011). The C18 sorbent was not 

chosen for our case due to its poor binding capability of the native N-

linked glycans. Available carbon materials in our laboratory, PGC, 

graphitized carbon black (GCB) and oxidized graphitized carbon black 

(oxidized GCB), were briefly investigated to choose a beneficial capture 
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material (paper I). The standard protein RNase B was in-solution treated 

with PNGase F enzyme at 37
0
C for 24 h and the resulting solution was 

loaded into the second inlets of the CD structures. The glycans were then 

captured on the second columns packed with the testing materials, washed 

with deionized water and finally eluted to the MALDI well with a suitable 

matrix described in the next section. Both GCB and oxidized GCB 

generated slightly higher signal-to noise compared to the PGC material. 

Retention mechanism of the glycans on these two materials is related to 

non-specific adsorption, size and planarity of the molecules. The oxidized 

GCB was not chosen for the glycosylation profiling due to difficulty to 

generate a good column packing method for the CD platform. The GCB 

materials were also found to easily form aggregation in different solvents, 

causing the column packing challenging. Various solvents such as 

methanol, ethanol, propanol, and acetonitrile and their aqueous solutions 

were tested as packing slurries. An aqueous solution containing 50% of 

iso-propanol was found to generate reproducible packing method.  

 Matrix for analysis of released glycans 2.3.3

Matrix selection is crucial in MALDI because it contributes to the 

sensitivity and resolution of the analyte signals. DHB was one of the 

earliest matrices (Stahl, Steup et al. 1991) and has been the most widely 

used matrix for glycan analysis (Harvey 2012). DHB matrices contain 

long needle-shaped crystals that are formed when DHB is prepared in 

mixtures of acetonitrile or methanol and water, causing high spot-to-spot 

variation. To generate a more uniform morphology and better sensitivity, 

recrystallization with ethanol has been recommended (Harvey 1993). 

These properties were considered when using this matrix for glycan 

analysis in the CD platform. DHB in aqueous solution containing 50% 

ACN was first used for the elution of glycans from the second columns 

(GCB material). Although it was able to detect all of the released glycans 

from standard protein RNase B, the sample analysis was hampered by 

time-consuming searches for sweet spots. Performing recrystallization on 

the CD platform is difficult because ethanol must be loaded in the CD and 

pushed out to the MALDI well to dissolve and recrystallize the DHB 
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crystals in the well. A matrix with better morphology and signal 

enhancement must be applied in this situation. Adding fucose and 5-

methoxysalicilic acid (MSA) or adding glycerol to DHB has been applied 

to improve the homogeneity of the crystals and signal to noise (S/N) of the 

analytes (Arkady, William et al. 1995, Soltwisch, Berkenkamp et al. 

2008). Recently, another matrix was reported with excellent improvement 

in spectral quality in terms of resolution and S/N of neutral glycans (Yang, 

Wang et al. 2011). A mixture of DHB and DMA in a suitable ratio has 

also been reported to provide more homogeneous crystals and sensitivity 

improvement for both native neutral and acidic glycans analyzed with 

MALDI-TOF-MS (Snovida, Rak-Banville et al. 2008). This mixture, 

prepared in aqueous solution containing 50% ACN in water was utilized 

for elution and crystallization in our sample preparation method (paper I, 

II and III). The results showed very fine crystal layer and higher signal-to-

noise ratios for glycans compared to those analyzed with DHB. Figure 13 

shows the representative matrix crystals formed in the MALDI target at 

various concentrations of the elution buffer.  

 

 

 
 
Figure 13. Formation of crystals in the MALDI well with different matrix concentrations. A. 

Empty MALDI wells. The DHB and DMA concentrations in the matrix mixtures are 8.9 

mg/mL and 1.9 mg/mL (B), 21.52 mg/mL and 4.64 mg/mL (C) and 53.8 mg/mL and 11.6 

mg/mL (D), respectively 

B C D

A
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The concentration ratio of DHB (mg/mL) to DMA (mg/mL), presented 

as x/y, was kept at constant value at 4.68 to ensure homogenous 

crystallization in all experiments. If the concentration of the two matrix 

components was too low (8.9/1.9) or too high (53.8/11.6), the glycan 

signal decreased. The highest intensities of glycans were found for 

concentrations of 21.52 mg/mL and 4.64 mg/mL of DHB and DMA, 

respectively. A bulk of matrix crystals was formed in the opening of the 

MALDI well due to the wicking of matrix to the existing crystal layer 

(Figure 13B), which also most likely partially covered the crystal layer 

containing the glycans and reduced the signals. 

 Comparison of glycan release in the outer and inner columns 2.3.4

In the glycan analysis, release of glycans was examined in two different 

ways.  In the first strategy, antibodies was selectively captured in the first 

column (protein A immobilized particles) and subsequently eluted and 

recaptured in the second column which was packed with PS-DVB on top 

of GCB materials, followed by glycan release in this column. However, 

the signal intensities for glycans released from the IgG1 sample using this 

strategy was low. In the second strategy, glycans were released directly in 

the affinity column and then captured in the outer column packed with 

only GCB material. This improved the S/N of glycans approximately 3 

times compared to the first one. The reason for this improvement was not 

fully investigated. However, it is most likely due to partly loss of 

antibodies when they were eluted and recaptured in the PS-DVB column 

in the first strategy. Furthermore, when PS-DVB packed on top of the 

GCB, the adsorption of proteins in the GCB in the elution and recapture 

processes could reduce the adsorptive sites for the released glycans.  

 Selective isolation of antibodies from different matrices  2.3.5

Affinity chromatography is the most common and effective method for 

purifying of antibodies in either small or large scales due to its unique 

interaction characteristics, enabling the reliable separation of antibodies 

from other components (Roque, Silva et al. 2007). The affinity isolation of 
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antibodies relies on their reversible specific interaction with ligands such 

anti-antibodies, bacterial receptors (e.g, Protein A, G), antigen, chelating 

metal ions, lectins and hydroxyapatite. Among the many ligands reported, 

staphylococcal protein A (SpA) is the most widely used for antibody 

purification (Ayyar, Arora et al. 2012, Huse, Bohme et al. 2002). This 

ligand has a strong affinity to IgGs from different species such as humans, 

rabbits, and dogs based on the interaction of protein A´s domains with the 

Fc part of the antibodies (Richman, Cleveland et al. 1982). The isolation 

of antibodies from cell culture supernatants normally handle the common 

sources of components, such as albumin, transferrin (added as 

supplements), α-macroglobulin, serum proteins produced by the host 

animal or added as supplements (e.g., foetal calf serum) and viruses ('GE 

Healthcare' 2007, Djuro Josi , Yow-Pin Lim 2001). However, the 

selectivity of protein A purification is very high and allows purity of more 

than 95% even starting from crude cell supernatants in a single step 

(Shukla, Hubbard et al. 2007, Shukla, Thoemmes 2010). Many production 

processes have been designed to use serum-free or animal-component-free 

media due to strict criteria of antibody purity and safety (Butler 2005). 

Fully chemically defined media contaning sufficient nutrient supplements, 

such as amino acids, vitamins, lipids, have been developed and 

implemented in antibody production (Li, Vijayasankaran et al. 2010). All 

of these developments have made the separation of antibodies from the 

cell supernatant even simpler.  

The isolation of antibodies from biological fluids, such as in the in-vivo 

production of antibodies or in pharmacokinetic studies, is more 

challenging due to the high protein content, especially of endogenous 

antibodies. The total endogenous IgG concentration in mouse serum is 

approximately 10 mg/mL (Gupta, Siber 1995). Human serum generally 

contains high concentrations of protein approximately 60-80 mg/mL 

(Merrell, Southwick et al. 2004), and endogenous IgG1 and IgG2 

concentrations in serum can vary between 3.8 to 9.4 and 1.46 to 7.2 

mg/mL in healthy adults, respectively (Plebani, Ugazio et al. 1989). In 

these cases, the antigen that targets the antibody was used due to the high 

selectivity of antigen –antibody interactions.  
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The high selectivity of these affinity approaches in combination with 

the liquid router function of the prototype CD platform enabled the 

selective capture of a recombinant IgG1 from crude CHO cell supernatants 

or serum matrices without interfering with the release of glycans in the 

following step (paper I, II and III). In the glycosylation profiling method, 

the enzymatic release of glycans was performed directly in the first 

columns, which contained affinity ligands, such protein A, or target 

antigens potentially having N-linked glycans and therefore affecting the 

selectivity of the glycosylation profiling method. Consequently, the 

selectivity of the method relied on not only the selective interaction of 

antibodies with the affinity-capture materials but also the selection of a 

suitable affinity ligand that is not a N-linked glycoprotein or a N-linked 

glycoprotein not containing glycans which can affect the glycosylation 

profiles of antibodies. To have non- glycosylated ligands is possible 

because there are commercial recombinant proteins produced in bacteria, 

e.g., Escherichia coli, which do not glycosylate the protein molecules. The 

protein A ligands used in our methods are native protein A from the 

bacterium Staphylococcus aureus and are not glycosylated.  Therefore, no 

glycan was found in the protein A of the affinity particles used in paper I 

and paper II that could interfere the glycosylation profiles of antibodies.  

In paper III, the target antigen tumor necrosis factor alpha (TNF-α) used to 

capture Remicade was not a glycosylated protein, whereas the antigen 

vascular endothelial growth factor (VEGF) used to capture Avastin was 

glycosylated. Two glycosylated antigen VEGF products produced in 

Pichia pastoris and human cells were investigated, and neither generated a 

significant level of glycans that could change the glycosylation profiles of 

the antibodies. The idea of trimming the glycans of the biotinylated target 

antigen before capturing it onto the streptavidin particles was also tested 

for the wider application of the method, as many antigens are produced in 

systems that can generate glycosylation. An antigen EGFR produced in 

the CHO cells and Cetuximab (Erbitux) was investigated. Glycan 

trimming was performed in solution for 21 h at 37
0 

C and the successful 

removal of glycans was achieved. However, the affinity capture of this 

model was relatively poor, even for the antigen not treated with the 
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PNgase F enzyme. The trimming of glycans did not affect the affinity 

binding of this model because the intensities of Cetuximab glycans when 

using treated or non-treated EGFR are similar.  

Some interfering peaks were observed, most likely due to 

contaminating immunoglobulins or other components from the cell culture 

supernatant and serum matrix due to non-specific interactions with the 

capture materials. However, in most of the tested cases, they all appeared 

at very low intensities and did not produce any significant changes to the 

relative abundances of the antibody glycans (paper I and III).  

 Discrimination of different glycosylation profiles  2.3.6

Glycosylation profiling is the most common method used to obtain an 

overview of the glycosylation heterogeneity of a therapeutic protein and 

can be very useful in early development stages or for the quality control of 

a product once it has been approved (Higgins 2010). A rapid, automated 

and parallel method for the glycosylation profiling of different antibodies 

from the cell supernatant using the microfluidic platform in combination 

with MALDI-MS was demonstrated (paper I). The processing time for one 

sample, from placing the sample into the CD platform to MALDI-MS 

analysis, was estimated of 2 h. The procedure can also be used in parallel 

in 54 separated structures incorporated in the same CD. The method 

therefore has great potential for accelerating the development and 

optimization of the glycosylation of the drugs, providing quality control or 

aiding biosimilar development.  

The developed method was thereafter applied to discriminate the 

glycosylation profiles of 4 different antibodies (paper II). Three of them 

are the commercially available therapeutic antibodies Cetuximab, 

Infliximab, and Bevacizumab, with the trade names Erbitux, Infliximab, 

and Avastin, respectively and the last one is an antibody intended for 

therapeutic use produced in Chinese hamster ovary (CHO) cell lines 

(called IgG-CHO). Erbitux and Remicade are produced in mouse 

myeloma SP2/0 cells whereas Avastin is produced in CHO cell lines. The 

classification of four antibodies was performed using principle component 

analysis (PCA) with a dataset containing 15 variables (15 detected 
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glycans) and 62 observations, in which there are 15 analytical replicates of 

Remicade and Erbitux and 16 analytical replicates of Avastin and IgG-

CHO. The results show a very clear group separation with a confidence 

level of 95%. Randomly excluding replicates from the dataset and 

reconstructing the PCA indicated at least 10 replicates are needed to 

maintain a clear group separation.   

As glycosylation contributes considerably to the safety, efficacy and 

half-life of biopharmaceuticals, consistent glycosylation profiles from lot-

to-lot and batch-to-batch are necessary. Minor lot-to-lot variation in the 

glycosylation patterns of therapeutic antibodies, implementing high 

standard of production processes in the biopharmaceutical industry, has 

been reported (Wacker, Berger et al. 2011). The glycosylation of 

Trastuzumab, a commercially available IgG1, has been shown to vary 

from batch to batch (Damen, Chen et al. 2009). Due to the difficulty in 

obtaining samples from different batches of these antibodies, 

mathematical modeling was constructed to simulate quality control data. A 

random noise contribution of 22%, which was the average variation of the 

relative abundances of different glycoforms reported by Damne and co-

authors (Damen, Chen et al. 2009), was added to the generated data.  

Twelve replicates of the modified data for each antibody group were used 

to build the soft independent modeling by class analogy (SIMCA) models. 

The remaining replicates of the same class and those of other classes were 

used to assess the model´s ability to classify these replicates into the same 

or different classes. The results showed typical classification rates of 

approximately 10% false negatives (defined as classifying the samples of 

the other classes as the model class) and 90% of true positives (classifying 

the samples belonging to the model class as the model class). These 

findings indicate that the analytical method was capable correctly 

identifying different glycosylation profiles despite possible bath-to-batch 

variation from the manufacturing process.  PCA and SIMCA models were 

also built similarly for two antibodies Erbitux and Remicade, which were 

produced in the same cell line and had slightly similar glycosylation 

profiles Figure 14A and 14B. A well-defined group separation (Figure 
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14C) was achieved, with an average false negative rate of 14% and an 

average false positive rate of 0.2% (Figure 14D). 

 

 
Figure 14. MALDI-TOF-MS of released glycans from Erbitux (Cetuximab) (A) and 

Remicade (Infliximab) (B), PCA plot of Erbitux and Remicade (C) and SIMCA plot of 

Erbitux (model group) based on the simulated quality control data (D) 

 Monitoring changes in the glycosylation profiles  2.3.7

As mentioned in section 1.3.1, previous studies have found a dependence 

of the serum half-lives of antibodies on the structural features of the 

glycans attached to the molecules. The main cause of this dependence is 

the presence of different receptors in mammalian tissues that can 

specifically recognize glycan moieties. To investigate the impact of glycan 

types on the clearance rate in vivo, glycosylation profiles of the antibody 

of interest can be monitored during circulation after administration to 

animals or humans. Thus, changes in the glycosylation profiles can reveal 

which glycoforms are cleared more rapidly. 

Remicade Erbitux
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In paper III, a method was developed to selectively capture antibodies 

using target antigens, release glycans and monitor the changes in the 

glycosylation profiles.  Due to the difficulty of obtaining real case study 

samples, Remicade (Infliximab) was incubated in human serum with α1-

2,3 mannosidase enzymes to artificially change the glycosylation profiles 

to mimic the real case data. This enzyme specifically cleaves the terminal 

mannose at position α-1,3 of the glycan H5N2 (Man5). Figure 15 shows 

the MALDI-TOF-MS spectra of Remicade glycans for different 

incubation times. The zoomed-in area of m/z from 1000 to 1300 on the left 

side of Figure 15 demonstrates the increase of Man4 and the decrease of 

Man5 with incubation time.  

  

 
Figure 15. MALDI-TOF spectra of released glycans from Infliximab (Remicade) samples 

treated with α1-2,3 mannosidase after different incubation times. Representative m/z values 

of detected glycans: H5N2, 1257.4; H3N3F, 1282.4; H4N3, 1298.5; H3N4, 1339.4; H6N2, 

1419.3; H4N3F, 1444.5; H5N3, 1460.4; H3N4F, 1485.6; H4N4, 1501.4; H5N3F, 1606.4; H6N3, 

1622.4; H4N4F, 1647.5; H5N4, 1664.0; H6N3F, 1768.4; H5N4F, 1809.4 
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Figure 16B shows that the relative abundance of glycan Man5 decreased 

and that of glycan Man4 increased with incubation time. The relative 

abundances of all other detected glycans were stable after 18 h of 

incubation. The relative abundances of four representatives of these 

glycans are depicted in Figure 16A. The feasibility of the method to 

monitor changes in the glycan profile indicates the potential for studies of 

clearance rates of antibodies in pharmacokinetic studies. 

 

 
Figure 16. Relative abundances, defined as percentage of area, of 6 representative glycans of 

Infliximab (Remicade) sample incubated with α1-2,3 mannosidase after different incubation 

times 

 Peptide mapping and detection of methionine oxidation  2.4

A standard protein α-lactalbumin captured in the outer columns packed 

with polystyrene divinyl benzene (PS-DVB) particles was successfully 

reduced, alkylated and digested with trypsin (paper IV). A database search 

for peptide mass finger printing using Mascot showed a good protein 

identification of α-lactalbumin with a score of 159 and sequence coverage 

of 54%. The digestion of an IgG1 standard was also performed in the same 

manner and was identified as a mixture of two proteins, such as a mixture 
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of the immunoglobulin heavy chain constant region (36 kDa) and part of 

the IgG kappa chain (24 kDa). 

In paper IV, the tryptic digestion was performed in the second columns, 

where the antibodies were recaptured after being eluted from the first 

columns. With a sufficient number of washings, the MALDI-MS spectrum 

of peptides of the IgG1 isolated from cell supernatant contained no 

interfering components based on a comparison with the spectrum of the 

pure standard. The possibility of detecting methionine oxidation using the 

method for peptide analysis presented in paper IV was investigated. An 

IgG1 sample was oxidized by chemical oxidation by adding 1% hydrogen 

peroxide solution to 200 µL of an IgG1 sample (7.3 mg/mL). The reaction 

was stopped using a 30 kDa membrane cut-off filter after 24 h.  

The methionine oxidation of the same antibody using LC-ESI-MS has 

been described elsewhere, and four peptide with oxidized methionine with 

m/z of 851.44, 2356.09, 2652.30, and 2817.28 have been reported 

(Zamani, Andersson et al. 2008). Only one methionine-oxidized residue 

with m/z of 2356.06 was detected using our method (Figure 17). Two 

other oxidized peptides were detected with m/z of 2860.4 and 2923.35 in 

the oxidized samples according to the 16 Da difference in the unmodified 

peptides with m/z of 2844.50 and 2907.45, respectively, in the control 

sample. The peptide with m/z of 2844.50 predicted by MASCOT database 

searching belonged to the “Ig gamma-chain C region”, but its peptide 

sequence, “THTCPPCPAPELLGGPSVFLFPPKPK”, does not contain 

methionine. The other peptide was unmatched in the database search. 

There was a concern that these native and modified peptides appeared at 

very low intensities, such that oxidized peptides could not have been 

detected in some replicates. As easily observed in Figure 17, most of the 

peptides in the MALDI-ToF spectrum appeared as very small peaks, 

perhaps due to the limitation of the tryptic digestion time in the CD 

platform, given that the trypsin solution was drained out due to the 

evaporation at the entrance of the MALDI well during the reaction.  

Adding more trypsin solution would introduce high-auto-cleavage tryptic 

peptides that could suppress other peptide signals. Attempts to improve 

this issue by performing digestion with other enzymes, such as 



 

 

45 

 

chymotrypsin and proteinase K, or digesting the protein in 50% of ACN 

yielded no significant improvement. As MALDI is a qualitative method, 

the developed method could be used to detect methionine oxidation but 

not to obtain quantitative information. Furthermore, prior knowledge 

about the sequence of the antibodies will aid the identification of the 

oxidized amino acid.   

 
Figure 17. MALDI-TOF spectra of the peptides of control and oxidized human IgG1 kappa 
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3 Conclusion and future perspectives  

The feasibility of integrated selective capture and subsequent enzymatic 

processing in a microfluidic compact disc has been demonstrated in this 

work.  

Due to miniaturization, the glycosylation profiling method was 

relatively fast, consumed low volumes of samples and reagents and could 

be performed in a highly parallelized and automated manner. The total 

sample preparation time from placing the sample onto the CD until the 

peptide mapping and glycosylation profiling using MALDI-TOF-MS 

ranged from 2 to 4 h depending on the number of samples performed in 

the CD.  Data for 54 samples can be obtained within a day. This method 

therefore contributes a highly automated method, shorter development and 

optimization times and lower production costs to the industry. This is 

particularly beneficial when a large number of samples are generated in 

the development process. The developed method may also be very useful 

for the development of biosimilars.  The automation and speed of the 

developed method can also potentially add to the implementation of PAT 

in the manufacturing. Because the analysis of one sample can be finished 

within 2 h, not including data evaluation, day-to-day glycosylation 

monitoring is possible.  

The feasibility of monitoring the changes in the glycosylation profiles 

of antibodies in the incubated serum samples with an exoglycosidase 

enzyme has also been demonstrated. The method therefore has potential 

for assessing the impact of glycosylation on the serum clearance rate of 

therapeutic antibodies with high robustness and lower reagent and sample 

consumption.  The amount of antibodies and antigens used in the methods 

for each replicate was less than 0.3 µg and approximately 0.06 µg, 

respectively.  

The developed method has not considered acidic glycans because only 

native glycans are analyzed with MALDI-TOF-MS in reflector positive 

ion mode. To obtain glycosylation profiles of both neutral and acidic 

glycans, linear positive ion mode with the DHB/DMA matrix or negative 

ion mode using 2',4',6'-Trihydroxyacetophenone (THAP) doped with 
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anions e.g., nitrate, phosphate, and chloride should be the subject of a 

follow-up investigation. 

Abnormal IgG glycosylation has been found in some diseases, such as 

rheumatoid arthritis and Crohn’s disease (Bond, Alavi et al. 1997, Parekh, 

Isenberg et al. 1989). The potential of the developed method for diagnostic 

purposes could also be an option for future studies. 
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