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Abstract  

The analysis of monoclonal antibodies (mAbs) is an ever-evolving field of research. 

Depending on the host cell, the purification process, or different storage conditions, 

mAbs can differ, for example in their glycosylation profile or have alterations of 

amino acids. The analysis of these post-translational modifications (PTMs) is 

therefore quite complex and time-consuming and can generally be performed on 

an intact, subunit, or peptide level by coupling a separation technique with mass 

spectrometry (MS). The analysis of intact mAbs provides information on the overall 

variant composition and requires minimal sample preparation, however, it does not 

allow for detailed information on the position of the protein modification. Analysis 

at the subunit level enables detailed mass spectrometric characterization by 

fragmentation experiments and provides valuable information about the position of 

the modification in the molecule. However, the sample preparation must be 

carefully examined to guarantee proper sample reduction and to reduce the risk of 

generating artifacts. Separation is the key to detailed and unambiguous MS 

analysis of mAb variants, and various separation principles are used in the 

literature for this purpose.  

The general object of this thesis was to investigate capillary zone electrophoresis 

(CZE), capillary isoelectric focusing (CIEF), and ion exchange chromatography 

(IEX) coupled with MS for their performance in analyzing charge variants of 

antibodies at the intact and subunit level. The newly developed CZE-MS method 

at the subunit level enabled the selective separation of several size variants (e.g. 

glycosylation variants) and charge variants (e.g. c-terminal lysine clipping) as well 

as multiple other variants (e.g. additional glycation) and reduced variants. Initially, 

the subunits were incompletely reduced, which caused a large heterogeneity of 

different subunit moieties, various reduction states, and positional isomers of these 

partly-reduced subunit moieties. This artificial heterogeneity could be separated by 

the new CZE method and the location of the variants was determined by middle-

down electron transfer higher energy collisional dissociation (EThcD) experiments. 

Middle-down fragmentation was crucial for detecting the site specificity of the 

incompletely reduced subunit moieties, especially for the CZE-separated positional 

isomers. Overall fragmentation coverages between 10% (incompletely reduced 

subunit) and 30% (completely reduced subunit) could be obtained. Fragmentation 
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was also valuable for the determination of other site-specific mAb variants. The 

informational output was limited when positional isomers of mAb variants were not 

previously separated. Subunit moieties were additionally analyzed by ion mobility 

(IM) -MS and different ion mobilities for the different variants were obtained. CZE 

and IM were so far scarcely coupled most likely because the separation of these 

techniques is based on similar separation mechanisms. For the first time, the 

orthogonality of CZE and IM was therefore evaluated by analyzing a complex 

peptide mixture (tryptic digest of HeLa proteins), and a very high orthogonality of 

around 80% was obtained. The artificial heterogeneity caused by incomplete 

sample reduction complicated the charge variant analysis of mAb subunits which 

was solved by the addition of urea as a chaotropic salt in the reduction step. 

Depending on the mAb this urea addition led to full sample reduction and the 

identification of 10 ï 40 mAb variants.  

Additionally, to the successful CZE-MS subunit approach, CZE-MS was performed 

on the intact level. CIEF-MS and IEX-MS were both performed on an intact level 

only. CZE-MS enabled the selective separation of several size variants (e.g. 

glycosylation variants) and charge variants (e.g. C-terminal lysine) as well as 

multiple other variants (e.g. additional glycation) and reduced variants. IEX-MS and 

CIEF-MS enabled the separation and detection of several size variants (e.g. 

glycosylation variants) and charge variants (e.g. C-terminal lysine) as well as the 

detection of some minor mass changes of the antibody compared to the main form 

on the intact mAb level. The high resolving power of all three methods was 

evaluated based on the lysine variant of several mAbs and the different method 

selectivities were revealed by the monoglycosylation, which was found in the main 

peak of CEX and CIEF, while it was separated from the main peak by CZE. Even 

though CIEF-MS using online ultraviolet (UV) detection proved to selectively 

separate multiple mAb variants, CIEF-MS needs further improvement since some 

mAbs in the sample set encountered solubility problems when the near-native mAb 

was mixed with acidic sheath liquid for MS ionization. IEX-MS suffered from high 

ion suppression but the selective variant separation detected by online UV 

detection could be contained towards the MS.  

Overall, the presented separation methods show a separation of acidic and basic 

variants from the main form of the mAb. The methods were tested using a sample 
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set of ten mAbs without any mAb-specific method optimization. This highlights the 

generic application of these methods within the tested pI range. The online UV 

detection was supplemented by detailed variant characterization and identification 

using mass spectrometry and ion mobility. This combination of techniques allowed 

an in-depth analysis of the variants of the mAb samples. 
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Zusammenfassung  

Die Analyse monoklonaler Antikörper (mAbs) ist ein sich ständig 

weiterentwickelndes Forschungsgebiet. Je nach Wirtszelle, Reinigungsverfahren 

oder Lagerungsbedingungen können sich mAbs zum Beispiel in ihrem 

Glykosylierungsprofil unterscheiden oder Veränderungen der Aminosäuren 

aufweisen. Die Analyse dieser posttranslationalen Modifikationen (PTMs) ist daher 

komplex und zeitaufwändig. Sie kann im Allgemeinen auf intakter, Untereinheiten- 

oder Peptidebene durchgeführt werden, indem man eine geeignete Trenntechnik 

mit der Massenspektrometrie (MS) koppelt. Die Analytik intakter mAbs liefert 

Informationen über die Gesamtzusammensetzung der Varianten und erfordert nur 

eine minimale Probenvorbereitung, jedoch wird auf der intakten Ebene keine 

detaillierte Information über die Position der Proteinmodifikation erhalten. Die 

Analyse auf Untereinheitsebene ermöglicht eine detaillierte 

massenspektrometrische Charakterisierung durch Fragmentierungsexperimente 

und liefert wertvolle Informationen über die Position der Modifikation im Molekül. 

Die Probenvorbereitung muss jedoch sorgfältig durchgeführt werden, um eine 

ordnungsgemäße Probenreduktion zu gewährleisten und das Risiko der 

Artefaktbildung zu verringern. Die Trennung von mAb-Varianten ist essentiell für 

eine detaillierte und eindeutige MS-Analyse. In der Literatur werden zu diesem 

Zweck verschiedene Trennungsprinzipien verwendet. 

Das Ziel dieser Arbeit war, die Kapillarzonenelektrophorese (CZE), die kapillare 

isoelektrische Fokussierung (CIEF) und die Ionenaustauschchromatographie (IEX) 

in Kopplung mit MS auf ihre Leistungsfähigkeit bei der Analyse von 

Ladungsvarianten von Antikörpern auf intakter und Untereinheitenebene zu 

untersuchen. Die neu entwickelte CZE-MS-Methode auf Untereinheitenebene 

ermöglichte die selektive Trennung mehrerer Größenvarianten (z. B. 

Glykosylierungsvarianten) und Ladungsvarianten (z. B. C-terminales Lysin) sowie 

mehrerer anderer Varianten (z. B. zusätzliche Glykierung) und reduzierter 

Varianten. Initial waren die Untereinheiten unvollständig reduziert, was zu einer 

großen Heterogenität aus verschiedenen Untereinheiten, verschiedenen 

Reduktionszuständen und Positionsisomeren führte. Diese künstliche 

Heterogenität konnte durch die neue CZE-Methode getrennt und die Position der 

Varianten durch middle-down Fragmentierungsexperimente bestimmt werden. Die 



IX 
 

Fragmentierung war entscheidend für den Nachweis der Ortsspezifität, 

insbesondere der getrennten Positionsisomere und insgesamt konnten 

Fragmentierungsabdeckungen zwischen 10 % (unvollständig reduzierte 

Untereinheit) und 30 % (vollständig reduzierte Untereinheit) erzielt werden. Die 

Fragmentierung war auch für die Bestimmung anderer ortsspezifischer mAb-

Varianten wertvoll und nur dann begrenzt, wenn die Positionsisomere der mAb-

Varianten nicht vorher getrennt wurden. Die Untereinheiten wurden zusätzlich 

erstmals mittels Ionenmobilitäts-Massenspektrometrie (IM-MS) analysiert. Die 

Ergebnisse zeigen unterschiedliche Ionenmobilitäten für die verschiedenen 

Varianten. CZE und IM wurden bisher kaum gekoppelt, vermutlich aufgrund der 

ähnlichen Trennmechanismen beider Techniken. Zum ersten Mal wurde daher die 

Orthogonalität von CZE und IM durch die Analyse eines komplexen 

Peptidgemischs (tryptischer Verdau von HeLa-Proteinen) evaluiert. Eine sehr hohe 

Orthogonalität von etwa 80% wurde dabei erzielt. Die Heterogenität, die durch die 

unvollständige Probenreduktion verursacht wird, erschwerte die Analyse der 

Ladungsvarianten der mAb-Untereinheiten. Dies wurde durch die Zugabe von 

Harnstoff als chaotropes Salz im Reduktionsschritt behoben und führte je nach 

mAb zur Identifikation von 10 - 40 mAb-Varianten. 

Zusätzlich zum erfolgreichen CZE-MS-Untereinheiten-Ansatz wurde CZE-MS auf 

intakter Ebene durchgeführt. CIEF-MS und IEX-MS wurden beide nur auf intakter 

Ebene durchgeführt. CZE-MS ermöglichte die selektive Trennung mehrerer 

Größenvarianten (z. B. Glykosylierungsvarianten) und Ladungsvarianten (z. B. C-

terminales Lysin) sowie mehrerer anderer Varianten (z. B. zusätzliche Glykierung) 

und reduzierter Varianten. IEX-MS und CIEF-MS ermöglichten die Trennung und 

den Nachweis mehrerer Größenvarianten (z. B. Glykosylierungsvarianten) und 

Ladungsvarianten (z. B. C-terminales Lysin) sowie den Nachweis einiger 

geringfügiger Massenänderungen des Antikörpers. Das hohe 

Auflösungsvermögen aller Methoden wurde anhand der Lysin-Variante berechnet. 

Die unterschiedlichen Selektivitäten der Methoden wurden anhand der 

Monoglykosylierung deutlich, die bei CEX und CIEF im Hauptpeak detektiert 

wurde, während sie bei CZE vom Hauptpeak getrennt wurde. Obwohl die CIEF-

MS mit Online-UV-Detektion eine selektive Trennung mehrerer mAb-Varianten 

ermöglichte, muss die CIEF-MS weiter verbessert werden, da einige mAbs 
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Löslichkeitsprobleme aufwiesen, wenn der nahezu native mAb für die MS-

Ionisierung mit saurer Schleierflüssigkeit gemischt wurde. IEX-MS litt zwar unter 

einer hohen Ionensuppression, aber die selektive Trennung der Varianten, wurde 

sowohl online-UV als auch im MS detektiert. 

Insgesamt zeigen die vorgestellten Trennmethoden eine Trennung der sauren und 

basischen Varianten von der Hauptform des mAbs. Zehn mAbs wurden ohne eine 

mAb-spezifische Methodenoptimierung mit jeder Methode gemessen. Dies 

unterstreicht die generische Anwendbarkeit dieser Methoden innerhalb des 

getesteten pI-Bereichs. Die Online-UV-Detektion wurde durch detaillierte 

Charakterisierung und Identifizierung mittels Massenspektrometrie und 

Ionenmobilität ergänzt. Diese Kombination von Techniken ermöglichte eine 

tiefgreifende Analyse der mAb Varianten.  
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1. Introduction  

In the past decade, sales of biopharmaceuticals, especially monoclonal antibodies 

(mAbs), have continuously increased, and more than 50% of biopharmaceuticals 

approved for the first time were mAbs [1]. This shows the enormous interest in 

mAbs but also raises the need for thorough testing and characterization before 

they can be administered to a patient. Multiple methods are available for the 

characterization of mAbs, and this thesis aims to have a closer look at three 

separation approaches coupled with mass spectrometry (MS) for the identification 

of mAb variants. In the following introduction, an overview is provided of what an 

antibody is, what modifications can occur, and how these modifications are 

separated and analyzed. The information given here will help to understand the 

following investigations of this thesis in the results and discussion section.  

1.1 Monoclonal antibodies  and variants  

1.1.1 Monoclonal antibod ies 

Monoclonal antibodies are large and complex, y-shaped immunoglobins (Ig) built 

from four individual protein chains, connected and stabilized by inter- and intra-

chain disulfide bridges, and modified by posttranslational modifications (PTMs). 

The combination of these modalities creates the specific affinity of mAbs against 

certain antigens. Depending on their heavy chain mAbs can be divided into five 

classes namely IgA, IgD, IgG, IgE, and IgM [2]. IgG, as the most abundant mAb 

class, is further divided into subclasses IgG1 to IgG4 according to their relative 

abundance [2]. Figure 1.1 illustrates a schematic IgG1 (Molecular weight (Mw): 

~150 kDa) consisting of two identical heavy chains (HC; Mw: ~50 kDa) and two 

identical light chains (LC; Mw: ~25 kDa) connected by four interchain disulfide 

bridges.  
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Figure 1.1: Schematic illustration of IgG1 mAb with two identical heavy chains and two identical light chains 
all connected via four interchain disulfide bridges. The intrachain disulfide bridge at each subdomain results in 
a total of 16 disulfide bridges in an IgG1 antibody. Fc: C-terminal half of heavy chain, Fab: antigen-binding 
fragment.  

The HC consists of three constant subdomains (CH1-CH3) and one variable domain 

(VH) while the LC has one constant and one variable subdomain (CL1 and VL) [3]. 

Each subdomain has an additional intrachain disulfide bridge which sums up to a 

total of 16 disulfide bridges (inter- and intrachain disulfide bridges) within an IgG 

antibody. The antibody's functionality and safety rely on the amino acid sequence, 

the protein folding including all essential disulfide bridges, and the PTMs. This 

requires transcriptional, translational, and post-translational accuracy. 

Nevertheless, even if the production process is highly controlled mAb variants can 

be found within biopharmaceuticals which will be discussed in the following 

chapter.  

1.1.2 Monoclonal antibody variants  

Monoclonal antibody variants can occur due to different conditions during the 

production, purification, or storage of the mAb and range from incompletely 

assembled antibodies to changes in post-translational modifications as shown in 

Figure 1.2 [4, 5]. While antibody fragments and aggregates can be removed from 

the biopharmaceutical during downstream processing using ion exchange 

chromatography (IEX) or affinity chromatography [6] mAb variants are harder to 

remove. 
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Figure 1.2: Overview of several mAb variants. The modification of specific amino acids is illustrated as a red 
dot on the mAb. The mass difference induced by the modification is indicated in brackets. 

Some PTMs are relatively easy to analyze because they cause a relatively large 

change in antibody mass, such as the introduction or loss of a hexose unit (e.g. 

glycosylation and glycation), an incompletely truncated amino acid (e.g. lysine 

variant) or the introduction of a sugar acid (e.g. sialic acids). Other variants only 

marginally change the antibody mass due to alterations of amino acids (e.g. 

pyroGlu formation, oxidation, isomerization, succinimide, deamidation), or errors in 

the disulfide bridge formation and are therefore much harder to determine. Variants 

can be classified as acidic or basic depending on their change in isoelectric point 

(pI). For example, lysine variants introduce a positive charge and therefore lead to 

basic variants [7]. Deamidations, where the net charge is reduced, lead to acidic 

variants [8] and other modifications like pyroGlu, oxidations, succinimide 

formations, or isomerizations can be acidic or basic depending on the amino acid 

the modification is present [9]. All PTMs potentially have effects on the stability, 

functionality, or safety of the mAb. The mAb glycosylation profile can differ 
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depending on the expression host and play a critical role in mAb structure, stability, 

and functions [10, 11]. Oxidations at specific methionine moieties result in a 

destabilization of the CH2 domain and decrease neonatal fragment crystallizable 

receptor binding [12, 13]. Deamidation can decrease the antibody-dependent 

cellular cytotoxicity activity [14], and reduced disulfide bridges affect the mAbs 

thermal stability and domain stability [15, 16]. Even though C-terminal lysin [17] 

and N-terminal pyroGlu [18] have no impact on mAb structure and function, these 

variants are also closely monitored, especially between batches, to detect changes 

in the heterogeneity profile and to guarantee product safety.  

1.2 Stra tegies for the characterization of monoclonal antibod ies  

Monoclonal antibodies can be analyzed on multiple levels with different amounts 

of sample preparation. Especially when coupled with MS (detailed information in 

chapter 1.4), sample preparation can be crucial regarding the informational output.  

The intact level allows the determination of the overall mAb composition including 

all modifications. The analysis of mAbs and mAb variants at an intact level is a 

relatively fast approach. As illustrated in Figure 1.3 no sample preparation is 

needed except that sometimes mAbs are rebuffered before the analysis [19ï21]. 

Due to the minimal sample preparation, artifact formation is low. However, the 

informational output of the intact approach is limited since the separation of mAb 

variants is more challenging especially whenever multiple variants are present on 

the mAb. Unseparated variants can cause ion suppression in the MS and reduced 

spectral quality especially if the overall mass of the variant is not significantly 

different from the main form. For more information fragmentation of the intact mAb 

is possible, however it requires special instrumentation and the fragmentation 

coverages are limited [22ï24].  
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Figure 1.3: Different sample preparation approaches for mAb analysis. Each approach takes a different 
amount of time (intact level<subunit level< peptide level) and can provide different informational output. HC: 
heavy chain, LC: light chain, Fd: N-terminal half of the heavy chain, Fc/2: C-terminal half of heavy chain, 
F(abô)2: antigen-binding fragment.  

Compared to the intact level the peptide level shown in Figure 1.3 allows the exact 

determination of the mAb variant within the peptide. This approach is time-

consuming, requires the most sample preparation steps, and artifacts can be 

introduced during the sample preparation if not executed properly [25, 26]. The 

sample preparation procedure involves five general steps; cleanup and initial 

sample dilution are not counted. The steps are (I) protein denaturation, (II) protein 

reduction, (III) protein alkylation, (IV) tryptic digest, and (V) sample cleanup, 

quench, or dilution [25, 27ï29]. Especially the tryptic digest is time-consuming, 

increasing sample preparation time to hours [29] or even days [25, 27, 28]. 

Although sample preparation is excessive and the overall mAb information is lost, 

detailed mAb variant information is gained because peptides can be easily 

fragmented in the MS. Additionally, the complexity of the whole mAb is reduced, 

and the peptides can be analyzed by standard reversed-phase liquid 

chromatography (RPLC) using a relatively simple C18 RPLC-MS and MS/MS 
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approach [25, 26, 29]. A compromise and a combination of the benefits of the intact 

and peptide levels is the subunit level. Similar to the peptide level, this approach 

reduces sample complexity by digesting the mAb to smaller subunits, making them 

more accessible for fragmentation and simplifying the separation. Similar to the 

intact approach the sample preparation is kept to a minimum to prevent artifact 

formation and to reduce sample preparation time to a few hours. As shown in 

Figure 1.3 the subunit level is reached whenever a mAb is either enzymatically 

digested [30, 31], reduced [32, 33], or a combination of both [30, 34ï36]. 

Depending on the approach, the 150 kDa mAb is broken down to 25 kDa ï 

100 kDa subunit moieties. The final approach has to be chosen based on the 

analytical question. In this thesis, mAbs were analyzed on the intact and subunit 

level (enzymatically digested and reduced) to keep sample preparation to a 

minimum and prevent artifact formation.  

1.3 Separation approaches  

Separation is key for ultraviolet (UV) or MS detection and identification of mAb 

variants. Antibody variants can be analyzed with almost every liquid-based 

separation technique as long as the selectivity of the separation is sufficient. 

Variants can be analyzed using RPLC, hydrophilic interaction liquid 

chromatography (HILIC), hydrophobic interaction liquid chromatography (HIC), 

size exclusion chromatography (SEC), ion exchange chromatography (IEX), 

capillary zone electrophoresis (CZE), capillary isoelectric focusing (CIEF), and in 

various combinations including multidimensional approaches [37]. This chapter 

aims to introduce the three separation techniques CZE, IEX, and CIEF used for 

mAb charge variant separation in this thesis.  

1.3.1 Capillary zone electrophoresis  

As discussed in chapter 1.1.2 many mAb variants are size and charge 

modifications which make them prone to CZE separation. A widely applied, 

generic, selective, and efficient CZE-UV system for mAb variant separation was 

published a decade ago by He et al. [38]. A typical CZE set-up consists of a 

capillary filled with a conductive liquid, the so-called background electrolyte (BGE), 

whose ends are immersed in vials of BGE (inlet and outlet reservoirs). Detection 

is mostly done using UV or MS. A schematic CZE-UV setup is shown in Figure 1.4.  
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Figure 1.4: Simple capillary electrophoresis setup using an UV detector. Both capillary ends are immersed in 
BGE to close the electric circuit. Capillaries are coated to prevent protein adsorption to the capillary wall. 
Migration order neutral coated capillary (no electroosmotic flow (EOF)): positively charged species (neutral 
and negatively charged analytes do not reach the detector); Migration order positive last layer coated capillary 
(strong EOF): negative>neutral>positive species. 

Samples are either injected electrokinetically or hydrodynamically from a sample 

reservoir [39]. For electrokinetic injection, a voltage is applied to a sample reservoir 

while hydrodynamic injection uses pressure to inject the sample [40]. After 

injection, the separation voltage is applied to the inlet and outlet reservoir via the 

electrodes. In CZE molecules are separated based on their mobility in an electric 

field. Small, highly charged species have a higher mobility and migrate faster 

compared to large, minimally charged species [39]. This can be used for mAb 

variant separation. However, proteins can not be analyzed in a fused silica capillary 

since they tend to stick to the silica surface. Therefore, the capillary wall is coated 

for mAb variant analysis [41]. Neutral coatings like polyethylene oxide (PEO) 

suppress protein adsorption [42] and the migration is solely based on the mobility 

of the variants in the electric field (compare Figure 1.4; neutral coating (PEO)). As 

a result, in an acidic BGE, negatively charged and neutral components will not be 

detected since they either migrate to the inlet reservoir (negatively charged 

components) or do not migrate at all (neutral components). Positively charged 

mAbs and mAb variants on the other hand migrate towards the detector and can 

therefore be separated and analyzed. E.g. mAbs with sialylated glycans will 

migrate later (acidic variants) compared to other variants since the overall positive 
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charge of the protein is reduced by the sialic acid and the molecule size is slightly 

increased. Other capillary coatings like the successive multiple ionic-polymer layer 

(SMIL) provide a strong electroosmotic flow (EOF, compare Figure 1.4; positive 

last layer (SMIL)). The EOF is a bulk flow that develops when the electric field is 

applied and a diffuse double layer is created [39]. The EOF is strongly pH-

dependent and varies based on the capillary coating [39, 43]. In EOF-based 

separation systems using an acidic BGE, the migration behavior is therefore highly 

influenced by that EOF and the migration order is reversed compared to the PEO-

coated capillary [44]. Negatively charged components are migrating first because 

they are migrating with the EOF, followed by neutral species which are transported 

by the EOF. Positively charged mAbs and mAb variants migrate against the EOF. 

E.g. sialylated glycans will now elute earlier compared to other variants since the 

reduced positive charge reduces the ability of the variant to migrate against the 

EOF. By adjusting the EOF strength the resolution can therefore be optimized to a 

certain extent [43]. Both neutral and positive last-layer coated capillaries were used 

in this thesis for mAb variant analysis. 

1.3.2 Ion exchange chromatography  

Charge differences of mAb variants can also be separated by IEX. In IEX, charged 

and immobilized stationary phases are used, and the separation is achieved due 

to electrostatic interactions of the molecules with that stationary phase. Even 

though anion exchange columns can be used for the separation of mAb variants 

[45, 46] this chapter will focus on the more commonly applied cation exchange 

columns. Cation exchange columns have a negatively charged stationary phase 

material mostly sulfopropyl or carboxymethyl for strong and weak cation exchange 

respectively, which interacts with the cations in the sample [47]. Strong cation 

exchange chromatography (SCX) and weak cation exchange chromatography 

(WCX) can be used, however, SCX columns are fully ionized over a broad pH 

range while WCX columns are only partially ionized over a narrow pH range [47]. 

As a result, stronger eluents might have to be applied to the SCX column. Figure 

1.5 shows the cation exchange chromatography principle.  
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Figure 1.5: Cation exchange principle. First positively charged molecules interact with the stationary phase of 
the column. The elution is done by changing the pH (reducing the positive charge of the molecule) or 
introducing salts (displacement of molecules from the column). A combination of both elution mechanisms can 

be used. 

The positively charged proteins bind via the electrostatic interaction to the 

negatively charged column material. The strength of this bond depends on the 

PTMs of the mAb and on the pH of the eluents which both directly affect the charge 

of the protein. For example, on a cation exchange column, mAbs with sialylated 

glycans will elute earlier (acidic variants) compared to other mAbs since the overall 

positive charge of the protein is reduced by the sialic acid. Proteins are eluted from 

the strong cation exchange column by either increasing the pH and therefore 

reducing the charge of the protein or by adding salts that displace the proteins from 

the column (compare elution principles in Figure 1.5). Studies compared pH and 

salt-based elution gradients and showed good separation of mAb variants no 

matter which approach was used [48ï50]. However, especially salt gradients are 

often a problem when it comes to MS detection due to the use of involatile 

substances like 2-(N-morpholino)ethanesulfonic acid (MES) [48, 50] or sodium 

chloride [49]. This is why MS-based separation approaches mainly work with 

ammonium acetate-based eluents which are often used as combined salt and pH 

gradients [31, 51]. 
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1.3.3 Capillary isoelectric focusing  

The differences in mAb variant pI values can be used to separate them in the pH 

gradient and electric field of a CIEF method. This approach, done in neutrally 

coated capillaries to prevent protein adsorption and EOF formation, consists of two 

distinct steps which are illustrated in Figure 1.6.  

 

Figure 1.6: Simple capillary isoelectric focusing setup using UV detection. First step: Focusing (F). The 
capillary is fully flushed with antibody (A) and ampholyte solution. Negative species migrate to the anode and 
positive ones toward the cathode when a separation voltage is applied. Second step: Chemical mobilization 
(M). The cathode vial is switched from an alkaline to an acidic solution which successively dissolves the pH 
gradient.  

For the first step, the focusing step, a homogeneous pH gradient is needed. This 

homogenous pH gradient is achieved by first fully flushing the capillary with an 

antibody-ampholyte mixture, followed by dipping the ends in acidic and alkaline 

solutions and applying a separation voltage. In the beginning, the ampholytes are 

cationic or anionic depending on their pI values and the pH of the antibody-

ampholyte mixture. After the voltage is applied, the ampholytes start to separate. 

Negatively charged ampholytes migrate toward the positive electrode (anode) and 

positively charged ampholytes toward the negative electrode (cathode) which 

causes a high pH at the cathode and a low pH at the anode [52]. Ampholytes will 

stop moving in the electric field at their respective pI and are ideally evenly 

distributed over the whole pH range [53]. The establishment of the pH gradient and 

the focusing of the antibody are done at the same time [52]. The antibody will stop 
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migrating, similar to the ampholytes, once it reaches its pI. The second step, the 

mobilization step, transfers the focused antibodies to the UV detector. For this 

pressure can be applied (hydrodynamic mobilization) or the pH gradient can be 

dissolved (chemical mobilization) by exchanging the alkaline solution for an acidic 

solution [54]. When pressure is used for the mobilization, the hydrodynamic flow 

profile can lead to peak broadening which can be counteracted by applying the 

focusing voltage during mobilization [52]. Nevertheless, pressure-driven 

mobilization often reduces the resolution. The chemical mobilization prevents peak 

broadening since there is no hydrodynamic flow or EOF and the focused antibodies 

migrate according to the charge they get due to the dissolving of the pH gradient 

[54]. Still, some resolution might be lost whenever focused analytes are mobilized. 

There are CIEF systems available, that do not mobilize the separated mAbs at all 

which provides faster and higher resolved analysis results. These imaged capillary 

isoelectric focusing (ICIEF) systems monitor the whole separation channel via UV 

which makes mobilization redundant [55, 56]. Even though CIEF and ICIEF are 

great methods for variant separation when UV detection is used, MS detection is 

still challenging due to the mostly non-volatile ampholytes and the necessary 

mobilization. However, in recent years approaches have shown that CIEF and 

ICIEF can successfully be coupled to MS [21, 57ï59]. 

1.4 Mass spectrometry  

After the mAb variant separation using one of the previously discussed techniques, 

mAb variants must be identified and characterized. UV enables the visualization of 

charge variant separation and the analysis of a relative charge variant distribution, 

however, lacks any information on the nature of a separated variant. Therefore, 

MS is highly desirable to characterize charge variants in detail. The overall 

antibody composition as well as changes in mass due to mAb variants can be 

identified using MS. For site-specific information, the mAb has to be further 

fragmented using MS/MS experiments. The following chapter will briefly introduce 

the electrospray ionization (ESI) process, the CZE-MS and CIEF-MS coupling 

using the nanoCEasy interface (IEX was coupled using a standard ESI source), 

and the mass spectrometers and fragmentation approaches used in this thesis. 
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1.4.1 Electrospray ionization of proteins  

Whenever a liquid-based separation system is coupled to MS, the ions have to be 

transferred from the liquid to the gas phase, for which the ESI process is widely 

used. The ESI process consists of three steps: (I) droplet creation in an electric 

field, (II) desolvation and shrinking of droplets, and (III) formation of charged gas-

phase ions [60]. In the first step, the so-called Taylor Cone is formed. This happens 

as soon as the critical field strength is reached and the surface tension is overcome 

by the electrostatic forces [61]. This leads to a fine jet of charged droplets. On their 

way to the counter electrode, the charged droplets get dried, for which a dry gas 

can be used. The shrinking of the droplets increases the charge density on the 

surface. As soon as the surface charge density overcomes the surface tension 

(Rayleigh limit), Coulomb repulsions occur, resulting in smaller but still charged 

droplets. This process is repeated several times until, in the last step, charged gas 

phase ions remain [60, 61]. For this last step, two main models are accepted, the 

ion evaporation model and the charge residue model (CRM) [60, 61]. Antibodies 

follow the CRM (compare Figure 1.7). This model assumes that at the end of a 

cascade of Coulomb repulsions, a sufficiently small droplet remains that only 

contains one analyte molecule [61]. This molecule then retains part of the droplet 

charge and becomes a free gas-phase ion [60]. 

 

Figure 1.7: Charge residue model (CRM) of the ESI process. 

1.4.2 CZE-MS coupling  

CZE-MS coupling is challenging due to two aspects. First, the CZE effluent is 

variable depending on the EOF, and second, both CZE and MS require a specific 

voltage in different orders of magnitude. Various concepts are available which were 

discussed by Naumann et al. [62], but here only a short introduction is given. Some 

interfaces are commercially available, but they all suffer from drawbacks. The 

coaxial sheath flow ESI-MS interface (Agilent: triple tube sprayer) suffers from high 
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sample dilution because the full sheath liquid (SL) flow has to go to the MS [63]. 

Porous Tip interfaces are limited in BGE composition because the BGE is also 

used as a conductive liquid and therefore must be a compromise between the 

optimal conditions for the CZE separation and the ESI process [63]. Interfaces 

commercialized by specific vendors are often only applicable to specific MS 

instruments. A few years ago, the working group of Christian Neusüß came up with 

the nanoCEasy interface, a universally applicable interface that reduces sample 

dilution while being fully flexible [64]. A schematic of the interface setup can be 

found in Figure 1.8.  

 

Figure 1.8: Basic setup of the nanoCEasy CE-MS coupling. The two capillaries are introduced to the glass 
emitter in the interface unit via the positioning unit. The platinum electrode closes the electric circuits and 
enables the application of up to 30 kV separation voltage while using 1500 V ES voltage.  

The interface consists of two 3D-printed polymer blocks, the interface and the 

positioning unit [64]. A glass emitter is introduced into the interface unit and the 

separation and SL capillary are placed at the tip of that glass emitter via the 

positioning unit. The setup is completed by a platinum electrode and a PEEK tubing 

for the drain. This plug-and-play design enables fast and easy interface setup [64]. 

The nanoCEasy interface can e.g. significantly increase the signal intensity of HC 

and LC of mAbs compared to the coaxial sheath flow ESI-MS interface which was 

shown by Höcker et al. [63]. The interface is flexible in BGE choice as it was applied 

for multiple separation systems [43, 58, 65, 66] and can be coupled so far to MS 

instruments from Thermo and Bruker [64]. Additionally, MS contamination can be 

reduced because the interface has a kind of valving functionality given by the 

movable SL and CZE capillary [67]. In the conditioning mode, the CZE capillary is 

positioned behind the SL capillary and the CZE effluent is flushed into the drain. 

This prevents MS contamination with incompatible solutions like capillary coating 

reagents or sample matrix components. In the separation mode, the capillary 
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positions are switched. Recently the interface was tested for robustness regarding 

the applied electrospray voltage, emitter distance, and capillary distance [64] and 

was even further characterized regarding its total flow rate in the context of sample 

dilution [68]. 

1.4.3 Time of flight mass spectrometry  

The time of flight (TOF) principle is fairly simple. As shown in Figure 1.9 all ions 

from the ion source are forced into a beam which enters the orthogonal accelerator 

if no fragmentation or precursor selection is done in the quadrupole or collision cell 

of the instrument. A package of this beam is then orthogonally accelerated (pulsed) 

into the flight tube. While this ion package covers the distance of the flight tube the 

orthogonal accelerator can be filled with ions again [61]. In the flight tube, the ions 

travel the distance according to their mass. The velocity of the ions (v) is inversely 

proportional to the square root of their mass (m) as given by Equation (1) meaning 

that lighter molecules will reach the detector faster compared to heavier masses 

[61].  

This difference in time is measured at the detector and translated to the mass of 

the ion. As soon as the last ion has reached the detector the next ion package can 

be pulsed into the flight tube. TOF-MS are high-resolution devices with theoretically 

no m/z limit [69, 70]. Especially the introduced IEX separation of mAb variants 

under native conditions (compare chapter 1.3.2) results in a mAb charge envelope 

of 4000-7000 m/z which can not be measured with e.g. the Orbitrap fusion Lumos 

that only covers an m/z range up to 6000 m/z [71] (for more information on the 

orbitrap compare chapter 1.4.4). In this work, a MaXis QTOF from Bruker Daltonics 

was mostly used. 

ὺ
ςὩᾀὟ

ά
 (1) 
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Figure 1.9: Simplified TOF setup equipped with a reflectron to prolong the flight distance without enlarging the 

flight tube. 

1.4.4 Orbitrap mass spectrometry and fragmentation  mechanisms  

The orbitrap mass analyzer basically consists of three electrodes, the two outer, 

cup-shaped electrodes separated by a dielectric ring and the inner, spindle-shaped 

electrode as schematically illustrated in Figure 1.10 [72]. The outer electrodes are 

held at a fixed potential, while a potential is applied to the inner electrode [72]. 

When ions enter the orbitrap, they start a radial movement around the central 

electrode as well as an axial movement along the z-axis due to the shape of the 

orbitrap [73]. Stable trajectories are obtained because the electrostatic attraction 

toward the center is counteracted by the centrifugal force from the rotational 

movement [72]. Theoretically, the three frequencies of radial oscillation, axial 

oscillation, and rotation frequency could be used for detection. Since the radial 

oscillation and the rotation frequency depend on the energy and the position of the 

ion only the axial frequency is used for detection [74]. The axial movement induces 

an image current in the outer electrodes which is detected by a differential amplifier 

[75]. A frequency spectrum is then obtained via Fourier transformation and the 

frequencies are converted to m/z values [73].  
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Figure 1.10: Simplified orbitrap setup only showing the main parts of the instrument including a schematic 
illustration of the ion motion within the orbitrap. IRM: Ion routing multipole. 

The Orbitrap fusion Lumos provides multiple fragmentation options that can be 

used to identify proteins and determine site-specificities of mAb variants. Four 

fragmentation options namely collision-induced dissociation (CID), electron-

transfer dissociation (ETD), higher-energy collisional dissociation (HCD), and 

combined ETD and HCD (EThcD) fragmentation were applied in this thesis. CID is 

done in the high-pressure cell [71] of the Orbitrap fusion Lumos where the ions 

collide with helium ions and get fragmented [61]. With CID the weakest bond 

breaks resulting mostly in the generation of b- and y-ions. The ETD fragmentation 

is also done in the high-pressure cell [71] but fragmentation is achieved differently. 

First fluoranthen is ionized via electron capture chemical ionization with methane. 

The positively charged peptide and negatively charged fluoranthen are then 

accumulated in the ion trap and the peptides are fragmented by the electron 

transfer to the peptide [61]. In ETD mostly, c- and z-ions are generated. The 

orbitrap also offers a special collision-induced dissociation method the HCD 

mechanism. Compared to the CID this fragmentation is done in the ion routing 

multipole (IRM) [71]. Ions are accelerated into the IRM and collide with the nitrogen 

atoms which results in mainly b- and y-ions [61]. EThcD combines ETD and HCD 

and therefore occurs in both the ion trap and the IRM [71]. Ions are first fragmented 

by ETD in the ion trap and then in addition to that by HCD in the IRM. Depending 

on the predominant fragmentation type b-, c-, y-, and z-ions are received. 

Depending on the fragmentation technique, the precursor selection, and the 

fragmentation parameters different fragmentation coverages can be achieved [76]. 
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1.4.5 Ion mobility mass spectrometry  

Ion mobility (IM) mass spectrometry devices have gained massive attention in the 

last few years. More importantly, trapped ion mobility spectrometry (TIMS) 

separates ions based on their size and charge in the gas phase and therefore adds 

another separation dimension to the already chromatographically or 

electrophoretically separated mAb variants. The schematic illustration of the 

timsTOF SCP including the dual-TIMS technology is shown in Figure 1.11.  

  

Figure 1.11: Simplified timsTOF setup only showing the main parts of the instrument including a schematic 
illustration of the TIMS separation principle. 

The TIMS cell is composed of stacked ring electrodes and ions entering the tunnel 

experience two forces [77]. The ions are dragged into the TIMS tunnel by a gas 

flow (e.g. nitrogen) while at the same time, a counteracting electric field is applied 

[78, 79]. The electric field strength is increasing over the TIMS tunnel length. How 

far ions migrate into the TIMS tunnel is based on their size and charge in the gas 

phase. Ions are trapped at the position where the ion drift velocity (vd) is large 

enough to prevent the ions from being further dragged into the tunnel by the gas 

flow velocity (vg) as given by Equation (2) [78].  

The ion drift velocity (vd) depends on the mobility of the ion (K) and the electric field 

strength (E) as given by Equation (3) [78]. 

ὺὨ ὺὫ π (2) 

ὺὨ ὑ Ὁz (3) 
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Based on these two equations large ions with a low mobility and therefore a low 

velocity get dragged far into the TIMS tunnel if the electric field strength is low (like 

at the beginning of the TIMS tunnel). Small ions with a high mobility and therefore 

a high velocity get trapped at the beginning of the TIMS tunnel. To release ions 

from the TIMS tunnel the electric field strength only has to be reduced below this 

trapping field strength. The dual-TIMS technology of the timsTOF SCP allows the 

accumulation in the first section, while ions are sequentially released from the 

second TIMS which results in a near 100% duty cycle [80]. RPLC and TIMS were 

already studied regarding their orthogonality and showed a quite good 

orthogonality value [81ï83]. So far a few studies combined CZE with IM-MS [84ï

96], only one of them dealing with protein separation [95] and none of them doing 

a systematic evaluation of liquid and gas phase mobility and orthogonality.   
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2 Aim of this work   

Many mAb variants can be present within one mAb sample and separation and 

identification are of utmost importance. The key to unequivocal identification of 

mAb variants with MS is a generic, selective, and efficient separation technique. 

Therefore, the overall aim of this thesis was the development and evaluation of 

several separation techniques (CZE, IEX, and CIEF) directly coupled with MS for 

the characterization of mAb variants.  

mAb variants were analyzed on the subunit level using CZE-MS. The sample 

complexity was reduced, by mAb digestion and reduction, to gain detailed site-

specific information on the mAb variant by MS/MS fragmentation. Additionally, the 

generic application of the developed method was evaluated by measuring a set of 

ten mAb samples. The development of a generic sample preparation approach and 

the results for mAb variant evaluation are described in manuscripts I  and III. 

Ion mobility is known to enhance separation however it has so far rarely been used 

coupled to CZE since the separation principles are similar. This thesis aimed to 

evaluate the orthogonality of CZE and trapped ion mobility mass spectrometry. For 

this, a tryptic HeLa digest was used and the results are summarized in manuscript 

II. The IM was used to separate mAb variants as shown in manuscript I . 

In addition to the subunit level mAbs variants were also analyzed on the intact level. 

For this, an IEX-MS and a CIEF-MS method were developed for selective and 

generic mAb variant separation. Similar to the subunit approach generic application 

was evaluated by measuring a set of ten mAb samples. The advantages and 

drawbacks of the two methods were systematically evaluated and compared to a 

new intact CZE-MS approach under acidic conditions. The individual method 

discussions and the overall method comparisons are described in manuscript IV .  
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3 Results and Discussion  

The analysis of mAb variants, especially the detection of small mass differences 

on the intact mAb level is challenging and no site-specific information of the variant 

can be obtained. Therefore, mAbs were first analyzed on the subunit level (chapter 

3.1) including fragmentation experiments for mAb variant localization and ion 

mobility as an additional separation dimension. Intact analysis, however, can 

minimize sample preparation time and reduce artifact formation. Based on the 

commonly applied CZE-UV system for the separation of charge variants of intact 

mAb by He et al. [38] (chapter 3.2) the benefits and drawbacks of CZE-UV systems 

are discussed. Following this, intact CZE-, IEX-, and CIEF-MS approaches are 

presented and discussed individually and comparatively (chapter 3.3). Finally, the 

results from the intact approaches are compared with the results from the subunit 

approach.  

3.1 CZE-MS and MS/MS of mAb s ubunits  

3.1.1 Initial sample preparation  

As described in chapter 1.2 three general subunit states can be generated 

depending on the digestion and reduction approach. For this thesis, the mAb was 

digested and reduced to 25 kDa subunits by enzymatic digestion followed by 

reduction. While antibody digestion using the immunoglobulin G-degrading 

enzyme of Streptococcus pyogenes (IdeS) is very well established the reduction is 

not uniformly done. Different reduction chemicals are used and the reduction is 

carried out at room temperature or elevated temperatures, with or without 

chaotropic salt, for 5-60 min (for detailed information compare manuscript I ). The 

reduction is sometimes followed by further steps like acidification, rebuffering, and 

desalting. Since no uniform sample reduction is available the initial sample 

reduction in manuscript I  was done using dithiothreitol (DTT) in water at 37°C for 

1 hour. The separation of the subunits was carried out in a PEO-coated capillary 

using an acidic BGE. The total ion electropherogram (TIE) and the subunit-specific 

extracted ion electropherograms (EIE) in Figure 3.1A show several separate 

signals for each subunit moiety. However, the deconvolution of the individual 

signals does not show mAb variants but instead indicates incomplete sample 

reduction using the initial sample reduction approach. This is also indicated by a 
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shift in the m/z charge envelope towards lower m/z values over time which is 

exemplarily shown for the LC subunit in Figure 3.1B. (same MS spectra for the N-

terminal half of the heavy chain (Fd) and the C-terminal half of heavy chain (Fc/2) 

can be found in ESM1 of manuscript I ). The first LC signal at 16.4 min has a 

charge envelope distribution between 1200 and 2250 m/z with its maximum at 

1379.70 (z=+17) while the last LC signal at 20.5 min has a charge envelope 

distribution between 800 and 2250 m/z with its maximum at 938.71 (z=+25). After 

deconvolution of the individual signals the first signal in the EIE of each subunit 

has a mass that is 4 Da smaller than the expected fully reduced subunit mass. The 

second signal in the EIE of each subunit has a deconvoluted mass that is 2 Da 

smaller than the expected fully reduced subunit mass. Interestingly, for LC the 

signals at 18.0 min and 19.3 min have the same deconvoluted mass but they are 

very well separated in the CZE. The same result is obtained for the signals at 

18.5 min and 19.1 min in the EIE of the Fd subunit. Only the small signals at 

20.5 min (LC) and 20.0 min (Fd) have the expected fully reduced subunit mass. 

For Fc/2 no fully reduced species is detected. 

 

Figure 3.1: A: Separation of trastuzumab subunits using CZE-MS. EIEs for each subunit are generated based 
on the sum of the two most intense m/z values for each reduction state (total of 6 m/z values). B: The choice 
of m/z (red star) for subunit EIE generation in A is exemplarily shown for the LC subunit. Blue arrows highlight 
the charge envelope of the subunit moiety. Figure and figure caption adapted from Figure 1 and ESM1 of 

manuscript I . 
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Top-down fragmentation experiments were performed to further investigate the 

nature of the detected masses, in particular the two LC and Fd baseline-separated 

signals with the same deconvoluted mass. For this CID, HCD, ETD, and EThcD 

were tested and compared regarding their fragmentation coverage for each subunit 

and possible reduction state. The highest fragmentation coverage was achieved 

with EThcD fragmentation. A small compromise between fragmentation coverage 

and generic subunit application had to be made, as the highest fragmentation 

coverage was obtained with slightly different fragmentation energies for different 

subunits and reduction states. The final fragmentation parameters used for the 

analysis reveal that the two LC and Fd baseline-separated signals with the same 

deconvoluted mass are positional isomers (manu scri pt I ). Figure 3.2 shows all 

fragmentation results grouped by subunit moiety (A: LC, B: Fd, and C: Fc/2). The 

first signal for each subunit moiety (blue lines in Figure 3.2) belongs to the 

completely oxidized subunit and fragmentation is limited due to both disulfide 

bridges being intact. The second and third signals in each EIE (signals are marked 

with grey arrows in yellow lines in Figure 3.2) contained a reduced and an oxidized 

disulfide bridge, respectively. For LC and Fd these two positional isomers are 

identified via the EThcD fragmentation with a very good fragmentation coverage. 

The Fc/2 subunit only shows one of these positional isomers since the disulfide 

bond in the CH3 domain is the least susceptible one to break [97]. The last signal 

in each EIE (green line in Figure 3.2) contains two reduced disulfide bridges. Here, 

fragmentation coverage is limited since the signal intensities are relatively low. This 

sample preparation-induced increase in heterogeneity was not intended, 

nevertheless, it proves the selectivity of the CZE separation and the power in 

combination with MS/MS fragmentation and identification. This makes this method 

especially valuable for variant analysis. 
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Figure 3.2: EIEs for the different reduction states for each trastuzumab subunit. The EIE is generated based 
on the most intense m/z for each reduction state of each subunit. Based on the MS/MS experiment 
fragmentation map, fragmentation coverage (FC) and P-Score are given for each reduction stage. Red lines 
indicate closed disulfide bridges. Figure and adapted figure caption of Figure 2 of manuscript I . Consult 

manuscript I  for high resolution image. 

3.1.2 CZE-TIMS orthogonality evaluation f or mAb variant separation  

Since the initial sample reduction is not sufficient to completely reduce the mAb 

subunits, creating a large induced heterogeneity with most likely superimposed 

variants, a further separation using ion mobility (IM) is considered. However, first, 

an evaluation of the CZE-IM orthogonality has to be performed as hardly any data 

on the combination of CZE and IM-MS exists and a different selectivity might not 

be obtained due to the same separation principle. TIMS TOF MS has so far not 

been studied in coupling with CZE. Unfortunately, the subunits are not suitable to 

evaluate this orthogonality properly. Instead in manuscript I I, the CZE-TIMS 

orthogonality evaluation is performed using a commercially available tryptic digest 

of human proteins from HeLa cells. HeLa cells are a continuous cancer cell line 

named after Henrietta Lack [98]. In 1951, the tissue sample was given to George 

Gey who successfully cultivated the cells together with Margret Gey and Mary 

Kubicek [98]. Today HeLa cells are used in research for multiple purposes, which 

is why this cell line is very well characterized. To increase peak capacity and 

reduce overlapping signals a 1.5 m long CZE-capillary is used for the orthogonality 

evaluations. Using the parallel accumulation serial fragmentation (PASEF) 

algorithm the peptides are fragmented based on their mobility in the gas phase. 

Following the MS measurement peptides are identified by a Mascot search 

(detailed separation and data processing parameters can be found in manuscript 
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II) which allows a detailed evaluation of the peptides by size, amino acid 

composition, and charge state in the liquid and gas phase. The heat map of 

migration time (liquid phase mobility) and peptide mass shown in Figure 3.3A leads 

to the formation of distinct areas (curved patterns). These areas can be correlated 

to the charge state of the peptides in the liquid phase, which at the given pH of the 

BGE mostly correlate with the amount of basic amino acids in the peptide. In the 

gas phase, such a distinct separation based on the amount of basic amino acids 

is not achieved (compare Figure 3.3B). A small offset remains, which is most likely 

because a higher gas phase charge state leads to a larger CCS value due to the 

repulsive forces of the positive charges within one peptide. Nevertheless, the high 

orthogonality of CZE and IM is already indicated in Figure 3.3C (charge-normalized 

inverse mobility ï migration time plot), where only the Mascot-identified peptides 

are visualized. A quite high orthogonality is obtained for CZE-IM-MS if all measured 

signals are examined as is done in Figure 3.3D. Since the Mascot search is 

performed for peptides with a charge state between +2 and +4, excluding all the 

other possible charge states, the final CZE-IM orthogonality of around 80% is 

calculated based on the area of all measured signals, as shown in Figure 3.3D.  

 

Figure 3.3: Evaluation of the Mascot search identified peptides. A: Migration time-mass plot; B: Mass-charge 
normalized inverse mobility plot; C: Migration time-charge normalized inverse mobility plot; D: Orthogonality 
of all signals from CZE-TIMS analysis. In each diagram, peptides are colored according to the number of basic 
amino acids in the peptide. Yellow circle: One, light blue triangle: Two, dark blue square: Three, grey diamond: 
Four basic amino acids. Numbers in B and C indicate the charge state of the peptide in the gas phase. 
Combined figure and figure caption from Figures 3,4 and 5 of manuscript I I.  
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The promising results of the orthogonality assessment raise the hope that CZE-IM 

coupling will further separate the incompletely reduced subunits to obtain more 

information about the mAb variants even with incompletely reduced subunits being 

present. The exact method parameters are available in manuscript I . The different 

reduction states indeed show different mobilities in the gas phase. As shown 

exemplarily for the LC in Figure 3.4 (for Fd and Fc/2 compare Figure 4 in 

manuscript I ) the non-reduced LC shows a higher mobility than the partly reduced 

LC, and the partly reduced LC shows a higher mobility than the fully reduced LC.  

 

Figure 3.4: Inverse gas phase mobilities of differently reduced LC subunits. Since charge envelopes only 
overlap poorly, different m/z values were chosen for comparison of reduction states. Blue: non-reduced form; 
yellow: partly-reduced form (N-terminal disulfide closed); red: partly-reduced form (C-terminal disulfide closed); 
green: fully-reduced form. Adapted figure and adapted figure caption of Figure 4 of manuscript I . 

This result is also obtained for the Fd subunit and can be explained by the different 

shapes of the subunits within the gas phase. The gas phase shape is influenced 

by the presence of oxidized and reduced disulfide bridges leading to the separation 

of these isomers. However, the gas phase mobilities only differ slightly and show 

a quite broad mobility distribution which is especially evident for the positional 

isomers. While the positional isomers are baseline separated by the CZE (compare 

Figure 3.2) the IM separation is significantly reduced. These broad gas-phase 

mobility signals would make positional isomers indistinguishable if they had not 

been previously separated by CZE. Even though the CZE is successfully coupled 

to the IM and CZE-IM has a high orthogonality it is concluded that possible variants 

will not be further separated using this sample and separation approach. After this 

evaluation in manuscript I , it became clear that proper sample reduction is needed 

to avoid non-reduced variants in the subunit analysis of mAbs. IM is a great tool to 

add another separation dimension which was proved by the tryptic HeLa digest 

however for this separation problem it was not as beneficial as the CZE separation.  
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3.1.3 Optimiz ation of  mAb reduction  

The previous results of manuscript I  show that no proper mAb variant evaluation 

can be achieved with incompletely reduced subunits. Even the combination of CZE 

and TIMS was not selective enough to further separate the variants of this highly 

complex and incompletely reduced mAb sample. In addition to that variant signal 

intensities are decreased since they are distributed between the different reduction 

states. So, sample reduction approaches are further examined (manuscript I ). The 

water-based, initial reduction approach is applied in the literature but either the 

different reduction states were not separated [99, 100] or the mass shift was not 

conclusive [101, 102]. As it turns out a chaotropic salt is mandatory in the reduction 

step for proper sample reduction [103]. After testing different reduction 

temperatures and two chaotropic salts a reduction using DTT in the presence of 

4 M urea at 37°C for 1 hour is proposed to generate fully reduced subunit moieties. 

Urea and guanidinium hydrochloride can both be used to generate completely 

reduced subunits. However, in the CZE-MS system using the low-EOF system 

(PEO-coated capillary and an acidic BGE), guanidinium hydrochloride migrates 

toward the MS and causes high background signals. In contrast, urea as a neutral 

component is not migrating in this system and is simply removed from the capillary 

after the separation is done. The optimized urea-based reduction approach is 

applied to the set of ten mAb samples (compare manuscript s III) and full reduction 

is achieved for eight mAb samples. Even though all mAbs are IgG1-type 

antibodies, the sample preparation is not complete for mAb4 and mAb5. These two 

mAbs still show highly intense signals for partly reduced and even unreduced 

subunit moieties (listed in the supplementary material of manuscript III ). Why 

these two mAbs behaved differently can not be clarified conclusively. This 

deviation of mAb4 and mAb5 is certainly not related to the formulation buffer of the 

mAb, as mAb1-mAb5 are all formulated identically. Nevertheless, this shows the 

importance and separation efficiency of the CZE-MS system. Without the 

separation efficiency of CZE, this incomplete sample reduction might have been 

overseen so CZE-MS is a great tool to separate and identify sample preparation-

induced variants. In combination with MS/MS, a detailed analysis can be performed 

enabling the detailed characterization of heterogeneities and mAb variants caused 

by sample preparation.  
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3.1.4 mAb variant evaluation  

Since the CZE-MS/MS approach was advantageous to separate and determine 

the sample preparation induces positional isomeres of mAb subunits this approach 

was also used for mAb variant evaluation. As introduced in chapter 1.1.2 a 

multiplicity of variants can be present on one mAb. The subunit level is reducing 

that heterogeneity because not all variants are located at the same mAb subunit. 

Even though this makes an overall mAb variant evaluation impossible this allows 

detailed site-specific identification. Detailed information on the method and the data 

evaluation can be found in manuscript III . The overall variant evaluation results in 

12-27 identified variants and 12-40 other possible variants depending on the mAb 

analyzed (compare Table 2 in manuscript III ). These variants are identified by 

migration time shifts and mass differences compared to the unmodified subunits. 

Many mAb variants are related to the mAb glycosylation at the asparagine in the 

CH2 domain of the mAb. Depending on the mAb up to 10 different glycoforms can 

be identified. The ten different glycoforms of mAb1 are exemplarily shown in Figure 

3.5B and the three main glycoforms Fc/2+G0F, Fc/2+G1F, and Fc/2+G2F are 

identified for all mAbs. Figure 3.5A shows the separation of the ten identified 

glycoforms and the aglycosylated Fc/2 subunit of mAb1. The glycosylation is in 

most cases only changing the mass (+162 Da) and size of the antibody but not its 

charge. Although this purely size-based shift in migration time is small, these 

glycoforms are slightly separated from each other. Compared to that the absence 

of a glycan results in Fc/2 being the first subunit to migrate through the capillary. A 

large shift in migration time is also detected as soon as sialic acids are part of the 

glycan. The introduced negative charge from the sialic acid significantly reduces 

the mobility of the mAb which leads to roughly one minute longer migration times. 

The very well-separated subunit moieties allow the identification of minor 

glycosylation variants as well. As illustrated in Figure 3.5C mAb1 glyoforms with a 

relative abundance below 2% compared to Fc/2+G0F are detected.  
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Figure 3.5: A: Separation of different glycosylation variants on Fc/2 of mAb1. Each EIE was generated based 
on 6 m/z values. Positional isomers are correctly annotated in B.; B) Most common glycan structures and 
possible isomeric structures. Blue square: N-Acetylglucosamine, green circle: mannose; yellow circle: 
galactose, pink diamond: sialic acid, red triangle: fucose; C) Glycan distribution of mAb1 relative to G0F (n=4). 
Separation conditions can be taken from manuscript I II. Figure and adapted figure caption of Figure 2 of 

manuscript III.  

Other quite abundant variants are lysine variants. mAb lysine variants carry an 

additional lysine at the C-terminus of the heavy chain so lysine is detected at the 

Fc/2 subunit using the approach from manuscript s I and III . Lysine increases the 

mass and the positive charge of the subunit by 128 Da and one unit respectively, 

which leads to faster migration times (compare Figure 3.6A). The lysine variants 

are baseline-separated from their Fc/2 variants without lysine. Because of this 

separation, the low-abundant Fc/2+G1F+Lys of mAb1 with a relative intensity of 

0.59±0.11% compared to Fc/2+G1F can still be detected.  

Apart from the glycosylation and the lysine variant other variants like glycation, 

oxidation, the loss of water or ammonia, and carbamylation can be detected. LC 

glycation results in a slightly higher migration time (compare Figure 3.6A and B) 

which follows the migration order of the system. The level of LC glycation is 
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relatively low compared to the LC subunit. For NIST and mAb2 shown in Figure 

3.6, the relative intensity of LC glycation is around 4.5% (detailed values can be 

found in manuscript III ). Fd glycation is only detected for mAb1 with a relative 

intensity of 3.4%. Fc/2 glycation is possible however it is challenging to distinguish 

between a glycated Fc/2+G0F and a Fc/2+G1F subunit. Subunit oxidation mostly 

happens at methionine. In Figure 3.6B the oxidation of mAb2 LC is shown which 

causes a minimal migration time shift towards higher values. In manuscript III 

mAb3 oxidation is discussed in detail since this mAb shows intense and multiple 

oxidation of the LC and Fd subunit. The loss of water or ammonium which causes 

a mass shift of either -18 Da or -17 Da respectively is also detected multiple times. 

As shown by the LC and Fd in Figure 3.6A this loss sometimes causes no migration 

time shift. However, in Figure 3.6B the loss of 17 Da causes a large migration time 

shift for the FdpyroQ subunit but only a small migration time shift for the LC subunit. 

The detected 43 Da mass difference, indicating carbamylation, is inconclusive 

because it could be caused by the 4 M urea concentration needed for sample 

reduction.  

 

Figure 3.6 EIEs of identified variants of A: NIST mAb and B: mAb2. Only the three main glycosylation forms 
G0F, G1F, and G2F are shown. Separation conditions can be taken from manuscript III. Adapted figure and 

adapted figure caption of S5 and S11 of manuscript II I.  
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So far modifications were identified by differences in deconvoluted mass (MS1 

level) and migration time shifts compared to the unmodified subunits. For more 

detailed, positional information, the respective subunit moieties were fragmented 

by EThcD fragmentation as previously done for the positional isomers in 

manuscript I.  The individual MS/MS spectra were deconvoluted and compared to 

the sequence of the mAb by using ProSight Lite (detailed parameters can be found 

in manuscript s I and III ). Site specificity can be easily determined by the middle-

down experiments for baseline-separated variants, such as the lysine variant, or 

for variants that cause a large mass difference compared to the main variant, such 

as glycosylation variants. However, the subunit approach using middle-down 

fragmentation has limitations. In general, several modification sites are present 

within a subunit, as the subunits are still quite large e.g. oxidation can happen at 

multiple amino acids like methionine, histidine, and tryptophan (compare 

discussion in manuscript III ). Even though positional isomers can theoretically be 

separated as shown in manuscript I  the fragmentation results for monooxidized 

positional isomers show simultaneous migration. The fragmentation is therefore 

inconclusive because fragments for all possible modification sites are detected. So 

here fragmentation can not determine an unequivocal site specificity. This once 

again highlights the importance of separation for mAb variant identification. If the 

separation approach is sufficient to separate positional isomers as shown for the 

disulfide bridges in manuscript I , site-specific information can be gained. If the 

separation is not sufficient fragmentation can not determine the variant position 

unequivocally. Generally, the subunit CZE-MS/MS approach is a fast analysis 

method for mAb variant analysis without risking artifact generation and still being 

able to determine site specificity whenever the mAb variants are separated.  

3.2 UV-based CZE approaches for intact mAb charge variant 

analysis  

Even though the developed CZE-MS approach on the subunit level is suitable for 

mAb variant separation, characterization, and identification some sample 

preparation is needed which could cause artifacts like the incompletely reduced 

subunits described in manuscr ipt I  and the detected carbamylation described in 

manuscript III . As previously mentioned intact mAb analysis approaches allow the 

determination of the overall mAb composition with minimal sample preparation and 
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a low risk of artifact formation. A very well-known CZE-UV system for mAb variant 

separation on an intact level was published a few years ago by He et al. [38]. The 

exceptionally good separation of basic and acidic mAb variants of this method is 

based on a quite complex BGE composition of 400 mM 6-aminocaproic acid 

(EACA), 0.05% hydroxypropyl methylcellulose, and 2 mM triethylenetetramine 

(TETA) at pH 5.7. These BGE components are necessary to suppress the EOF, 

prevent protein adsorption to the capillary wall, and improve peak shape and 

resolution [38]. Therefore, in manuscript IV  for initial mAb variant evaluation, a 

slightly modified CZE-EACA-UV method regarding the flushing pressure due to the 

much longer capillary is used. Figure 3.7 shows the ten mAb samples measured 

with that CZE-EACA-UV system with clearly marked areas for acidic and basic 

variant migration behavior. Acidic variants migrate later compared to the main peak 

and basic variants migrate earlier than the main variant. Each mAb shows at least 

one acidic and one basic variant separated from the mAb main form and in many 

cases, more than one variant is detected. Most importantly the results of the ten 

mAb samples in Figure 3.7 show that the method is generic and can be widely 

applied (mAb pI range between 7.3 and 8.7) for selective and efficient mAb variant 

separation, even for highly heterogeneous mAbs like Cetuximab and pH stressed 

mAb1. Additionally, the method showed a high reproducibility and repeatability e.g. 

the migration time of the mAb1 main variant is 18.05 ± 0.11 min for 18 

measurements.  
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Figure 3.7:Separation of ten mAb samples using a slightly adapted method from He et al. [38]. 60 cm (50 µm 
ID / 365 µm OD) fused silica separation capillary, BGE: 400 mM EACA, 2 mM TETA, 0.05% hydroxypropyl 
cellulose pH 5.7. Spectra were acquired at 214 nm. M: Main variant, blue areas: basic variants, red areas: 
acidic variants. 

However, over the years some inconsistencies were observed when the CZE-

EACA-UV system was performed. A recent interlaboratory study concluded, that 

these inconsistencies can be attributed to non-intended changes in the method 

[104]. This led to the development of CZE-UV systems using other dynamic coating 

agents, additives, and polymeric compounds to find a combination with similar or 

even better mAb variant separation selectivity. For more information on possible 

substitutes compare the ñCZE-UV and CZE-MS for mAb variant analysisò 

discussion in manuscript IV . Even though all CZE-UV methods mentioned in 

manuscript IV  separate mAb variants to a certain degree, the high molar 

concentrations of additives and dynamic coating materials in the BGE prevent the 

MS coupling. Therefore, MS-compatible approaches are here tested using static 

capillary coatings (Polyvinyl alcohol (PVA) and PEO) in combination with acidic 

BGEs (formic acid (FA) or acetic acid (HAc)). However, as shown in Figure 3.8 

(exemplarily shown for mAb1 and one of the tested separation options) none of 
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these approaches are suited to separate mAb variants as selectively as the CZE-

EACA-UV system for mAb variant separation does. 

 

Figure 3.8: Separation of mAb1 variants using a 60 cm PEO-coated capillary. BGE: 2 M HAc, separation 

voltage 30 kV, injection: 50 mbar, 9 seconds (1% capillary volume), SL: IPA: H2O 1:1 + 0.5% FA. 

This shows the importance of the capillary coating and BGE composition for mAb 

variant separation. Especially without a proper capillary coating mAb variant 

separation can not be done on an intact level. This coating was developed within 

another project [43] and will be briefly discussed in chapter 3.3.1.  

3.3 CZE-MS, IEX-MS, and CIEF-MS of intact mAb variants  

Until now MS analysis of mAb variants was performed at the mAb subunit level, 

since the neutral-coated capillary CZE-MS approaches at the intact level 

mentioned in chapter 3.2 have not provided the desired selectivity for mAb variant 

separation. In parallel to this thesis, new capillary coatings and separation systems 

were developed which provided the selectivity needed for mAb variant separation 

using CZE-MS under acidic conditions [43] and under near-native conditions [65]. 

The acidic system is used to compare the results with the IEX-MS and CIEF-MS 

methods developed in this work. The individual methods are described in chapter 

3.3.1, chapter 3.3.2, and chapter 3.3.3 respectively. 

3.3.1 CZE-MS for mAb variant analysis on an intact level  

As previously mentioned in chapter 3.2 a proper capillary coating is key to mAb 

variant separation on the intact level. Since the CZE-EACA-UV-based separation 

approach is not MS compatible a SMIL-coated capillary operated under acidic 

conditions is used. This CZE-MS system published by Höchsmann et al. [43] 

prevents protein adsorption and creates an EOF within the capillary. This allows 

the separation of mAb variants without any MS-interfering components in the BGE 

and allows MS detection in a mass range of 2500-4000 m/z. This method is applied 
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here to all ten mAb samples without any method development. Figure 4 in 

manuscript IV  illustrates the variant separation achieved for all ten mAb samples 

three of which are exemplarily shown in Figure 3.9. As visible from the base peak 

electrophreogram (BPE) in Figure 3.9 most mAbs in the sample set show at least 

one separated acidic variant that migrates earlier than the main peak and at least 

one basic variant that migrates later than the main peak. Only for highly 

heterogeneous samples (cetuximab and stressed mAb1), no variant separation is 

achieved. Several mAb variants can be detected using this CZE-MS method, a 

detailed list of which can be found in the supplementary information of manuscript 

IV. Generally, for all mAb samples, the glycosylation pattern including minor 

glycosylation species can be detected in the main peak as exemplarily shown for 

the three mAbs in Figure 3.9. The EIEs of the different glycosylation species reveal 

a small shift in migration time depending on the size of the glycans (compare 

Höchsmann et al. [43]). Although this purely size-based shift in migration time is 

small, these glycoforms are slightly separated from each other. The basic variants 

in Figure 3.9 of NIST mAb (B1 and B2) are lysine variants while the basic variants 

of mAb1 (B2) and mAb2 (B1) indicate a loss of water or ammonium. A shift towards 

higher migration times is also detected for monoglycosylated species (B1 of mAb1 

and mAb2 and B2 of NIST mAb), aglycosylated species (B3 of mAb2), and 

presumably mAb fragments (compare 148770 Da signal of B2 of mAb2). A shift 

towards lower migration times is detected as soon as sialic acids are part of the 

glycan (A1 of mAb1). Additionally, all mAbs show an acidic species with a shift of 

around 2 Da after deconvolution. Even if this shift of 2 Da could be due to 

deamidation, it rather indicates an open disulfide bridge [43]. After a closer look at 

the mass spectrum and the charge envelope distribution, a shift was noticed 

compared to the main peak charge envelope distribution supporting the reduced 

disulfide bridge theory. This CZE-MS system is very valuable since such a good 

separation has not been achieved by any acidic separation system so far especially 

not by using a standard CZE system (a detailed comparison can be found in 

manuscript IV ). A better separation is only possible under near-native conditions 

as recently shown by van der Zon et al. [65] and multiple chip-based methods [19, 

105ï110].  
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Figure 3.9:CZE-MS separation and identification of mAb1, mAb2, and NIST mAb all measured on the Orbitrap 
Fusion Lumos instrument. Top row: Base peak electropherograms (BPE) from 2000 to 4000 m/z (smoothed). 
Following rows: Deconvoluted spectra of separated variants. A: acidic variant, M: main variant, B: basic variant. 
Figure is generated analog to Figure 5 in manuscript IV . 
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3.3.2 IEX-MS for mAb variant analysis on an intact level  

Apart from CZE charge variants can also be separated by IEX. For IEX and CIEF 

discussed in chapter 3.3.3 a TOF-MS (MaXis Bruker Daltonics) was used and not 

the Orbitrap Fusion Lumos. This change in MS is further discussed in chapter 

3.3.4. As described in chapter 1.3.2 ion exchange is a great method for mAb variant 

separation and manuscript IV  discusses the detailed method development and 

the parameters used for IEX-MS measurements. Briefly, the initial IEX-UV-based 

method with a flow rate of 0.3 mL/min and 160 mM ammonium acetate in eluent B 

was optimized regarding MS coupling by first reducing the ammonium acetate 

concentration to 100 mM. After that the flow rate was reduced to 0.1 mL/min and 

the gradient was adjusted for mAb variant separation. This separation system was 

coupled to the MS either directly (native conditions) or after post-column 

acetonitrile (ACN) and formic acid (FA) addition (acidic conditions). Post-column 

ACN and FA addition results in the detection of the mAb in an m/z range between 

2000 and 4000 m/z. However, the post-column addition of ACN and FA heavily 

dilutes the sample and results in low signal intensities which makes direct and 

native detection more desirable. Native MS spectra are acquired between 4500 

and 7000 m/z. For all ten mAb samples a separation of mAb variants is achieved 

even though the mAbs span a pI range from 7.3 to 8.7. Three mAbs are exemplarily 

shown in Figure 3.10 while the full mAb set is available in Figure 2 in manuscript 

IV. No mAb-specific method development is done and different resolutions (R) are 

obtained between the main form (M) and the lysine variant (B1) of USPmAb003, 

NISTmAb, and infliximab. For USPmAb003 (pI: 8.1) a resolution of R=0.85, for 

NIST mAb (pI: 8.6) a resolution of R=1.38, and for infliximab (pI: 7.3) a resolution 

of R= 2.66 is calculated. As discussed in manuscript IV  this difference in resolution 

most likely correlates with the pH gradient of the method. A linear pH gradient is 

highly desired to achieve a reproducible and high-resolution separation. When an 

ammonium acetate-based buffer system is used the pH response as a function of 

the base content is not linear [49, 51]. This can result in different resolutions for 

different mAbs with different pI values. The antibody variant separation and 

identification are exemplarily shown in Figure 3.10 for mAb1, mAb2, and NISTmAb. 

A full list of all mAb variants determined for these three mAbs as well as all other 

mAbs of the sample set can be found in the supplementary information of 
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manuscript IV . The IEX-MS method can detect the general glycosylation pattern 

including minor glycosylation species in the main peak as shown for mAb1 and 

NISTmAb in Figure 3.10. For mAb1 the main peak also contains 

monoglycosylation, which is not separated since the charge is not changed by this 

variant. The basic variant that migrates later than the main form was identified for 

NIST mAb (B1) as a lysine variant. An unknown mass shift of -13 Da was detected 

for the basic variant of mAb1 (B2). Acidic species that migrate earlier than the main 

form with a small mass shift of +2 Da compared to the main form (A1 of mAb1) 

could theoretically be assigned to a deamidation however this is equivocal due to 

the poor spectral quality. Unambiguous assignment of deamidated species is 

always challenging and often not feasible due to the small mass shift that could not 

be resolved by the MS on an intact level even if the spectral quality is good [50, 

51, 111ï113]. A final answer if A1 of mAb1 is a deamidation can not be given. All 

other separated, but low-abundant species are challenging with this IEX-MS 

method. It was not possible to detect minor variants even though IEX-MS is 

generally able to detect variants like sialylated glycans [111], succinimide [113], 

and pyroGlu [51]. These variants are most likely present below the peaks that were 

detected via the online UV detection but could not be identified by MS due to the 

low spectral quality in combination with the native ionization and the generally low 

abundance. Nevertheless, IEX-MS is a promising technique for mAb variant 

separation and identification.  



38 
 

 

Figure 3.10: IEX-MS separation and identification of mAb1, mAb2, and NIST mAb all measured on the Bruker 
MaXis TOF instrument. Top row: Extracted ion chromatograms from 4500 to 7000 m/z. Following rows: 
Deconvoluted spectra of separated variants. A: acidic variant, M: main variant, B: basic variant. Figure is 
generated analog to Figure 5 in manuscript IV . 
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3.3.3 CIEF-MS method devel opment for mAb variant analysis on an intact 
level  

Apart from CZE and IEX charge variants can also be separated by CIEF. As 

described in chapter 1.3.3 CIEF and ICIEF separate mAbs variants based on their 

pI values. Coupling CIEF to MS is a relatively new development since CIEF-UV 

often contains MS-incompatible substances like methylcellulose or high molar 

concentrations of carrier ampholyte or urea [114ï116]. These substances either 

can be removed by 2D approaches [117, 118] or the systems can be modified to 

be more MS compatible as shown in Table 2 in manuscript IV . The initial CIEF-

MS approach was published by Naghdi et al. [58]. To reduce MS contamination 

and interfering substances as much as possible the amount of ampholyte and 

formamide in the master mix was reduced as described in manuscript IV . In 

ICIEF-UV systems no mobilization is necessary for detection. For MS coupling the 

focused mAbs have to be transported to the MS, which can be done by chemical 

or pressure-driven mobilization. Pressure-driven mobilization can significantly 

reduce the resolution compared to chemical mobilization [119], which makes 

chemical mobilization highly desirable for MS coupling. Chemical mobilization can 

be done with the nanoCEasy, which was previously shown by Naghdi et al. [58]. 

This setup was slightly modified by using a valve instead of a T-union. By using 

two syringes in syringe pumps and a valve shown in Figure 3.11, the flow of the 

catholyte and SL to the emitter can be regulated. During focusing the MS voltage 

is off to prevent MS contamination and the emitter is flushed with catholyte. After 

focusing the valve is switched and SL is flushed to the emitter. Now the MS spray 

voltage is turned on and the measurement can be done. This measuring setup was 

used for the results generated in manuscript I V. 
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Figure 3.11: Schematic setup of CIEF-MS coupling using the nanoCEasy interface. 

Variants are separated for all mAb samples according to the online UV detection 

(compare Figure 3 in manuscript IV ) with basic variants migrating earlier than the 

main peak and acidic variants migrating later. However, only six mAbs can be 

detected in the MS. Infliximab, mAb3 (both pI 7.3), and USP mAb003 (pI: 8.1) are 

not identified in the MS (compare Figure 3 in manuscript  IV) which indicates a 

solubility problem at the emitter tip when the nearly native mAb is transferred to the 

acidic sheath liquid. Since this behavior is not present for all mAb samples this 

seems to be a mAb-specific behavior. Even though this method needs further 

improvement some variants could already be detected. As shown in Figure 3.12 

the major glycosylation pattern as well as some minor glycoforms can be detected. 

Similar to IEX the unseparated monoglycosylation for mAb1 and mAb2 can be 

detected in the main peaks. Basic variants and acidic variants for all mAbs show 

no mass difference compared to the main form. Nevertheless, the online UV 

detection shows the strength of CIEF for mAb variant separation which is why this 

technique is further developed in the following project. 
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Figure 3.12: CIEF-MS separation and identification of mAb1, mAb2, and NIST mAb all measured on the Bruker 
MaXis TOF instrument. Top row: Extracted ion electropherograms from 2000 to 4000 m/z (smoothed). 
Following rows: Deconvoluted spectra of separated variants. A: acidic variant, M: main variant, B: basic variant. 
Figure is generated analog to Figure 5 in manuscript IV . 
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3.3.4 Comparison of variant analysis approaches  

A detailed comparison and discussion of IEX, CIEF, and CZE on an intact and 

subunit level can be found in manuscript IV . A summary of the discussion done 

there shall be given here starting with the direct comparison of all three intact and 

MS-coupled methods. Generally, all tested intact methods determine the overall 

mAb variant composition and separate acidic, main, and basic mAb variants. MS-

based mAb variant identification like the glycosylation profile including minor 

glycosylation species and monoglycosylation is possible with all intact methods. 

However, the variant assignment is highly method-dependent. IEX-separated 

variants suffer from low spectral quality when introduced into the MS and CIEF-

mediated variant separation is slightly lost towards the MS. Even though CIEF-MS 

and IEX-MS generally seem to have a significantly lower spectra quality compared 

to the CZE-MS approach the different mass spectrometers used, lead to changing 

declustering abilities. In QTOF instruments increased skimmer and fragmentor 

voltage enhance salt and water declustering which improves sensitivity [120]. In 

Orbitrap instruments, a too-high trapping voltage leads to a decline in sensitivity 

[121]. These characteristics result in different sensitivity and thus, make a direct 

comparison complicated. The lysine variant of three mAbs can be used to compare 

the resolution of the techniques. The detailed values and a detailed discussion can 

be found in manuscript IV  but the MS incompatible CZE-EACA-UV method 

provides the highest resolution followed by all MS compatible approaches. The 

different selectivity of the methods also becomes evident for monoglycosylation 

which is found in the main variant peak using IEX and CIEF and is separated from 

the main variant peak using the CZE. Table 4 in manuscript IV shows that almost 

every variant was at least once unequivocally identified for some mAb in the 

literature by one of these selective separation approaches.  

As previously mentioned intact mAb analysis allows the determination of the overall 

mAb composition while keeping sample preparation and the risk of artifact 

formation to a minimum. Even though this information is partly lost at the subunit 

level the subunit approach enables a more detailed analysis (discussed in 

manuscript III  and manuscrip t IV) regarding the location of the variant within the 

mAb. The subunit approach narrows down the modification site, enables MS/MS 

fragmentation, and therefore allows the detection of several variants all described 
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in manuscript III . Informational output is only narrowed down when positional 

isomers are not properly separated and several possible modification sites are 

available within the subunit. For this thesis, mAb subunits were only analyzed by 

CZE-MS since the chaotropic salt mandatory in the reduction process is interfering 

with the IEX, and CIEF is commonly used for the intact analysis of mAbs possibly 

because subunits cover a broad pI range. 

Lastly, manuscript IV  discusses instrumental parameters and sample-specific 

requirements. Both have an enormous impact on the selective and sensitive 

separation and identification of mAb variants. Sample-specific requirements are 

especially evident in the previously discussed solubility problem for some mAbs in 

CIEF (compare chapter 3.3.3). Instrumental parameters are most evident for the 

presented IEX method which suffers from the use of a standard LC sprayer and 

the high flow rate towards the MS. As evident from Table 1 in manuscript IV  IEX-

MS approaches tend to minimize the amount of eluent by using a post-column flow 

splitter, nanoflow-IEX columns, and special nanoflow and microspray ionization 

sources. Miniaturization and nanospray sources are also generally applied for 

CIEF-MS and CZE-MS methods as shown in Table 2 and Table 3 in manuscript 

IV. Short cartridges and nanospray sources are preferred in CIEF. Even though all 

approaches in Table 2 in manuscript IV  provide quite high mass spectra quality 

the separation is always impaired by the mobilization step. Similar to CIEF, CZE 

benefits from chip applications. The fast and efficient separation of mAb variants 

can however be compromised when coupled to the MS. Sample dilution due to 

excessive SL consumption can significantly reduce the signal intensity [63] which 

is the main reason for coupling CZE rather with low-flow sheath liquid CZE-MS 

interfaces or sheathless CZE-MS interfaces [62].  

In addition to the general considerations regarding informational output, these 

instrumental parameters can prevent selective MS detection and identification. All 

aspects discussed in manuscript IV  prove that the method and instrumental setup 

for mAb variant analysis have to be chosen carefully. 
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Conclusion  and Outlook   

In conclusion, it can be said that each analytical approach, no matter if done on the 

intact or subunit mAbs level, separated by CZE, CIEF, or IEX, detected by UV or 

MS, has its benefits and drawbacks, and the method for variant separation and 

identification has to be chosen accordingly. While the intact approach allows the 

overall analysis of the mAb and its variants while keeping sample preparation and 

artifacts to a minimum, the subunit approach gives a more detailed mAb picture 

due to the reduction of the mAb complexity by generating subunit moieties and 

making them available for MS/MS experiments. Some methods are better platform 

methods (CZE and IEX to a certain extent) while others (CIEF) need further method 

development. CZE-MS separated and identified multiple variants and reduced 

variants on the intact and subunit levels. With only injecting ng of a sample, 

proteoforms with a relative intensity of 0.5% compared to the respective main form 

were determined. Incomplete sample reduction was initially introducing artificial 

heterogeneity to the sample using the CZE-MS subunit approach. Even though this 

was later solved by adding urea as a chaotropic salt to the sample reduction, this 

initial artificial heterogeneity was successfully separated and identified by CZE-MS 

(MS/MS). In general, fragmentation by EThcD proved to be a valuable tool for the 

site-specific characterization of mAb variants, achieving an overall fragmentation 

coverage of up to 30% depending on the subunit. The subunits were additionally 

separated by TIMS, which has so far not been done, and different subunits and 

reduction states could be separated in the gas phase. To evaluate the orthogonality 

of CZE and TIMS, which has so far not been done methodically, a complex peptide 

mixture (tryptic digest of HeLa proteins) was analyzed. The resulting very high 

orthogonality of around 80% is most likely related to solvation effects leading to 

different charges and sizes in the liquid phase compared to the gas phase. 

Antibody variant separation on the intact level by CZE-MS has so far mostly been 

done under native conditions. By using novel capillary coatings in combination with 

the sensitive nanoESI ionization, intact mAb variants could be separated using 

acidic separation conditions. IEX-MS and CIEF-MS could be used to separate and 

identify some minor mass changes of the antibody, but compared to CZE-MS on 

the intact and subunit level, the informational output was limited. All tested methods 

have different selectivities; nevertheless, the selective separation of mAb variants 
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with very high resolving powers could be achieved with all methods. A sample set 

of ten mAb samples was applied to all methods without any mAb-specific method 

optimization, which proves the generic application of these methods within the 

tested pI range.  

All methods have considerable potential in the future for in-depth mAb variant 

characterization and identification. Capillary coatings can be further improved or 

modified to even better separate the mAb variants, with the additional option to 

separate under less acidic (ñnativeò) conditions. CIEF chemical mobilization using 

the nanoCEasy interface already showed promising results but surely can benefit 

from improved handling and robustness. The already really good IEX separation 

can benefit from MS optimization by using e.g. a post-column flow splitter or a 

nanoESI interface. Generally, when analyzing mAb variants, a combination of 

different methods should always be considered. This combination of different 

approaches complements the mAb picture, which can not be gained by solely 

relying on one method. A combination of all these methods and the detailed 

characterization of the peptide level is highly beneficial when analyzing mAb 

variants to get the overall mAb composition. Nevertheless, each method alone can 

already give quite important information to characterize mAb variants.  
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