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Man merkt nie, was schon getan wurde, man sieht immer nur, was noch zu tun bleibt. 

– Marie Curie – 
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Summary 

Demands imposed on analytical techniques are constantly increasing, especially for 

the analysis of complex samples. In this regard, capillary electrophoresis (CE) coupled 

to mass spectrometry (MS) is becoming more and more important in the academic 

field as well as in the pharmaceutical industry. This is mainly due to the separation 

mechanism of CE based on the electrophoretic mobility of ions in liquid phase, which 

is for instance well-suited for the separation of intact proteins with only small 

structural differences. However, certain restrictions still remain impeding the broader 

application of CE-MS: (i) considerable interference with electrospray ionization (ESI) 

of many commonly applied electrolytes, (ii) low concentration sensitivity due to minor 

injection volumes (typically few nL), and (iii) deficient resolution and separation in 

particular cases. Multidimensional separation methods coupled to MS, including 

capillary zone electrophoresis (CZE) as one separation dimension, represent an 

auspicious approach to overcome these challenges and their development and 

application were the core objective of the presented thesis. 

The first part of this thesis was dedicated to the development of CZE-CZE-MS 

methods. In the 1st dimension, ESI-interfering CZE methods were applied. Analytes 

of interest were transferred to the 2nd dimension using a mechanical 4-port valve as 

CE-CE interface. There, co-transferred ESI-interfering electrolyte compounds were 

separated from the analyte prior to MS detection. Reliable and precise sample transfer 

from the 1st to the 2nd separation dimension represents the crucial part of this 

CE-CE-MS system, which was realized by implementing a hydrodynamic heart-cut 

sample transfer strategy. In this way, interference-free mass spectra could be 

obtained despite the utilized ESI-interfering electrolytes. The first application involved 

the identification of previously unknown degradation products resulting from the 

combination of acetylsalicylic acid and ascorbic acid in effervescent tablets. 

Subsequently, a CZE-CZE-MS method was developed for monoclonal antibody (mAb) 

charge variant characterization utilizing an exceedingly efficient, but ESI-interfering 

electrolyte as 1st dimension. In this way, separation and mass spectrometric 

differentiation between main and deamidated forms of a model mAb (Δm = 1 Da) on 

intact protein level was achieved for the first time. The CE-CE-MS system is expected 
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to be applicable to any kind of CE method as 1st dimension, making online MS 

detection accessible for a wide range of ESI-interfering CE electrolytes. 

The second part of the thesis involved the development of a heart-cut nano liquid 

chromatography (nanoLC)-CZE-MS method, utilizing the aforementioned 4-port valve 

interface, to improve sensitivity and separation performance in regards to intact 

(glyco)protein analysis compared to direct CZE-MS. The hyphenation of nanoscale 

reversed phase liquid chromatography (nanoRPLC) and CZE is of major interest in the 

scientific/industrial community due to their nearly orthogonal separation mechanism 

as well as their matching geometries and dimensions. In a proof-of-concept study, a 

model protein mix was first separated by nanoLC followed by efficient sample transfer 

of individual protein species and subsequent separation and characterization of their 

proteoforms, e.g. from ribonuclease B, by CZE-MS. Besides utilizing the higher 

loading capacity of the nanoLC system, improved separation efficiency for intact 

proteins was achieved compared to the individual separation dimensions.  

In addition, the combination of CZE and drift-tube ion mobility mass spectrometry 

(DTIM-MS) technology was investigated as an interesting and auspicious alternative 

to traditional 2D liquid based separation. Prior to this work, the hyphenation of CZE 

and DTIM-MS has not been investigated in detail. A CZE-DTIM-MS method was 

developed for the characterization of native and labeled N-glycans exhibiting superior 

separation performance compared to the 1D methods. Each individual glycan signal 

separated in CZE resolved in an unexpectedly high number of peaks in the arrival 

time distribution of the DTIM-MS. Furthermore, without initial separation by CZE, the 

complexity of certain N-glycans could not be resolved by DTIM-MS alone.  

Summarized, the different 2D methods developed during this thesis embody 

compelling analytical tools to strongly improve the power and possibilities of CZE-MS. 
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Zusammenfassung 

Die Anforderungen an analytische Techniken nehmen stetig zu, insbesondere 

hinsichtlich der Analytik von komplexen Proben. Kapillarelektrophorese (CE) 

gekoppelt mit Massenspektrometrie (MS) gewinnt dabei zunehmend an Bedeutung, 

sowohl im akademischen als auch pharmazeutisch industriellen Umfeld. Der 

Trennmechanismus von CE, der auf der unterschiedlichen elektrophoretischen 

Mobilität von Ionen in der flüssigen Phase basiert, spielt dabei eine wichtige Rolle. CE 

ist beispielsweise für die Trennung von intakten Proteinen mit nur geringen 

strukturellen Unterschieden gut geeignet. Es gibt jedoch gewisse Limitierungen, die 

die breitere Anwendung von CE-MS erschweren: (i) Störung der Elektrospray 

Ionisierung (ESI) einer Vielzahl der häufig verwendeten Elektrolyte, (ii) niedrige 

Konzentrationsempfindlichkeit aufgrund der geringen Injektionsvolumina 

(üblicherweise wenige nL), und (iii) in bestimmten Fällen unzureichende Auflösung 

und Trenneffizienz. Zweidimensionale Trennmethoden, unter Verwendung von 

Kapillarzonenelektrophorese (CZE) als eine der Trenndimensionen, stellen einen 

vielversprechenden Ansatz dar, um diese Herausforderungen zu bewältigen. Die 

Entwicklung und Anwendung solcher Methoden bilden den Kern dieser Arbeit. 

Während des ersten Teils dieses Projekts stand die Entwicklung und Anwendung von 

CZE-CZE-MS Methoden im Vordergrund. In der 1. Dimension wurden CZE Methoden 

verwendet, die auf ESI-störenden Elektrolyten basieren. Analyte wurden mit einen 

mechanischen 4-Wege Ventil in die 2. Dimension übergeben. Dort wurden die 

kotransferierten ESI-störenden Elektrolytbestandteile der 1. Dimension vor der MS 

Detektion vom Analyten abgetrennt. Ein wichtiger Aspekt des CE-CE-MS Systems ist 

die zuverlässige und präzise Probenübergabe von der 1. in die 2. Trenndimension. 

Dies wurde durch die Implementierung einer hydrodynamisch basierten „heart-cut“ 

Probenübergabe realisiert. Trotz der Verwendung von ESI-störenden Elektrolyten 

konnten störungsfreie MS-Spektren generiert werden. In der ersten Anwendung 

konnten zuvor unbekannte Abbauprodukte von Acetylsalicylsäure und Ascorbinsäure 

in Brausetabletten identifiziert werden. Anschließend wurde eine CZE-CZE-MS 

Methode für die Charakterisierung von Ladungsvarianten monoklonalen Antikörper 

entwickelt. In der 1. Trenndimension wurde hier ein sehr effizienter, aber ESI-

störender Elektrolyt verwendet. Die Trennung und massenspektrometrischer 
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Differenzierung von Hauptform und deamidierten Varianten eines Modellantikörpers 

(Δm = 1 Da) war auf diese Weise möglich. Dies konnte erstmals auf intakter 

Proteinebene erreicht werden.  Das CE-CE-MS System ist grundsätzlich für jede 

beliebige CE Methode in der 1. Dimension zugänglich, um damit online MS Detektion 

für eine große Bandbreite an ESI-störenden CE Elektrolyten zugänglich zu machen. 

Im zweiten Teil dieser Thesis wurde eine „heart-cut“ nano-Flüssigkeitschromato-

graphie (nanoLC)-CZE-MS Methode entwickelt. Hier wurde ebenfalls das 4-Wege 

Ventil als Interface verwendet. Ziel war es die Sensitivität und Trennleistung für die 

Analyse von intakten (Glyko-)Proteinen im Vergleich zur direkten CZE-MS zu 

verbessern. Aufgrund der nahezu orthogonalen Trennmechanismen als auch den 

zueinander passenden Geometrien ist die Kopplung von nano-Umkehrphasen-

chromatographie (nanoRPLC) und CZE sowohl im wissenschaftlichen als auch 

industriellen Umfeld von besonderem Interesse. In einer „Proof-of-Concept“ Studie 

wurde ein Modellproteinmix zunächst mittels nanoLC getrennt und einzelne 

Proteinspezies (z.b. RNAse B) in die 2. Dimension übergeben. Anschließend wurden 

Proteoformen mittels CZE-MS getrennt und charakterisiert. Neben der höheren 

Beladbarkeit des nanoLC Systems wurde eine höhere Trenneffizienz für intakte 

Proteine im Vergleich zu den individuellen Trenndimensionen erreicht. 

Als vielversprechende Alternative zur klassischen zweidimensionalen Trennung in 

flüssiger Phase wurde die Kombination von CZE und Driftrohr-Ionenmobilitäts-

Massenspektrometrie (DTIM-MS) getestet. Die Kopplung dieser beiden Trenn-

techniken wurde bisher noch nicht im Detail untersucht. In der hier vorgestellten 

Arbeit wurde eine CZE-DTIM-MS Methode zur Charakterisierung von nativen und 

derivatisierten N-Glykanen entwickelt. Die CZE-DTIM-MS Methode wies ebenso eine 

verbesserte Trennleistung im Vergleich zu den jeweiligen 1D Methoden auf. Für jedes 

in der CZE detektierte Glykansignal wurde eine unerwartet hohe Anzahl an Peaks in 

der „Arrival Time Distribution“ des DTIM-MS beobachtet. Ohne die vorrangegangene 

Trennung in der CZE überlagern bestimmte Signale im DTIM-MS und könnten somit 

nicht aufgelöst werden. 

Zusammengefasst konnten während dieser Thesis neuartige und effiziente 2D 

Methoden entwickelt werden um die Leistung und Möglichkeiten von CZE-MS 

erheblich zu verbessern. 
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Introduction & methods 

The presented thesis can be divided into 5 major parts: (i) an introduction to proteins 

and related post-translational modifications such as glycosylation followed by the 

separation, hyphenation and detection techniques applied in this work including an 

overview of state-of-the-art technology; (ii) the core objectives of this work; (iii) 

relevant publications accompanied by a brief summary and candidate’s contributions; 

(iv) a discussion section focusing on accomplishments in the overall context of the 

project; (v) a conclusion and future perspectives following this project.  

1 Protein structure and synthesis 

Peptides and proteins are polymers of amino acids (AAs) which are chained together 

covalently via amidation called “peptide bond” as depicted in Figure 1. These chains 

are composed of up to 20 different types of standard (proteinogenic) AAs which 

possess characteristic side chains [1] (pp. 108-112). In addition, the non-standard 

AAs L-selenocysteine and L-pyrrolysine can be incorporated by particular translation 

mechanisms [2]. Peptides consist of at least 2 AAs (dipeptide) up to several 

thousands. The transition between peptide and protein is fluent and thus not exactly 

defined. Still, if the mass of the AA sequence exceeds 10,000 Da and tertiary or 

quaternary structures are formed, these macromolecules are typically referred to as 

proteins [1] (pp. 108-112). Proteins are involved in a majority of biological functions 

including (i) biochemical reactions, (ii) transport/storage of small ions and molecules, 

(iii) immune response, (iv) transition of signals to coordinate biological processes, 

and (v) structure and support of cells [1] (pp. 201-303). It is highly remarkable that 

the combination of 20 (or 22) different AAs results in such a variety of structures and 

characteristics. The biosynthesis of proteins in eukaryotes is considered one of the 

most complex biological processes. Nevertheless, it can be simplified and divided into 

three major steps as illustrated in Figure 2: (1) transcription, (2) translation, and (3) 

post-translational modification [1] (pp. 1409-1467). The transcription takes place in 

the nucleus where the double-stranded deoxyribonucleic acid (DNA) is untangled and 

transcribed into single-stranded messenger ribonucleic acid (mRNA) by the enzyme 

RNA polymerase. 
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Figure 1: Basic structural composition of peptides and proteins. Peptides (< 100 AAs) and proteins 

(> 100 AAs) are composed of amino acids which are linked covalently via peptide bonds involving 

elimination of water. 

In fact, the mRNA is complementary to the original single-stranded transcribed DNA 

and able to leave the nucleus to migrate towards the ribosomes located at the rough 

endoplasmic reticulum in the cytosol. It is translated by the ribosome to a protein 

sequence with the help of transfer-RNA (tRNA). Three bases of the mRNA represent 

one codon for the recognition of a tRNA which transports a specific AA. This AA is 

transferred to the next tRNA, the AA chain is prolonged and the protein is released 

after the stop codon is reached. The protein gets folded either during or after the 

primary peptide chain is synthesized. Subsequently, additional post-translational 

modifications (PTMs) occur. PTMs are covalent and generally enzymatic modification 

of proteins usually taking place after the translation and help to regulate localization, 

activity, and interactions with other cellular molecules [3]. They can occur at any time 

at the life cycle of a protein. Many proteins are modified after the translation process 

is completed to mediate correct folding, increase stability or help to localize the 

protein to a distinct cellular compartment. Other PTMs can occur after the folding 

process is completed. These PTMs serve to alter the biological activity of the protein, 

e.g. activation or deactivation of catalytic activity. Thus, PTMs represent a common 
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mechanism to regulate the overall cellular activity. PTMs include e.g. methylation [4], 

acetylation [5], phosphorylation [6], lipidation [7] and glycosylation [8]. 

 

Figure 2: Simplified concept of protein synthesis divided into three major steps: (1) transcription, (2) 

translation, and (3) posttranslational modification. 

1.1 Glycosylation of proteins 

Glycosylation is one of the most common PTMs, usually taking place in the 

endoplasmatic reticulum and the Golgi apparatus [9]. Approximately 50% of all 

proteins are glycosylated in eukaryotic organisms [10]. Glycoproteins exhibit at least 

one potential glycosylation site with a covalently attached glycan. Generally speaking, 

glycans are “oligosaccharide trees” comprised of different monosaccharides linked 

together via α- and β-glycosidic bonds [11, 12]. The most common monosaccharides 

are N-acetylglucoseamine (GlcNAc), mannose (Man), galactose (Gal), fucose (Fuc) 

and N-acetylneuraminic acid (NeuNAc). Glycans are attached either on asparagine 

(N-glycans) or on serine/threonine (O-glycans) residues [13]. Each N-glycan is 

derived from the same core structure of Manα1–6(Manα1–3)Manβ1–4GlcNAcβ1–

4GlcNAcβ1-Asn as shown in Figure 3. N-glycosylation represents a sequence-specific 

modification and can only be found at asparagine (Asn) residues followed by any 

amino acid (except for proline) and serine or threonine (Asn-X-Ser/Thr) [14]. 

N-glycans are divided in three basic structure classes: (i) high-mannose type, 

containing further mannose units extending the branches, (ii) complex type, in which 



Introduction & methods    

 

4 

 

“antennae” instigated by N-acetylglucosaminyl-transferases are attached to the core 

and (iii) hybrid type, a combination of the two previous ones. In general, a distinction 

is made between macro- and micro-heterogeneity of glycosylation [15]. Macro-

heterogeneity describes which potential glycosylation sites are occupied. On the other 

hand, micro-heterogeneity is related to the variety of N-glycan structures themselves. 

In addition, even glycans with the same elemental composition can exhibit highly 

complex micro-heterogeneity due to stereoisomers of monomer units, several 

potential linkage sites, anomeric configurations of glycosidic bonds, and the presence 

of multiple branching patterns [16]. Thus, the analysis of glycosylation still remains 

a challenging task usually requiring several orthogonal analytical methods. 

 

Figure 3: Three general types of N-glycans: high-mannose, complex and hybrid type. All N-glycans are 

derived from the same core structure (left side). Each type of N-glycan can be potentially fucosylated. 

Several biological functions are associated with protein glycosylation including 

immune response, protein regulation and interactions, apoptosis and recognition of 

signals on the cell surface [17]. In addition, glycosylation is known to be involved in 

the development and progression of human diseases especially cancer, inflammatory 

diseases, rheumatoid arthritis, and Alzheimer’s disease [18]. Increased insight in the 

molecular and structural characteristics of glycans in biological processes led to the 

development of biotherapeutics, e.g. monoclonal antibodies (mAbs) with well-defined 

glycoforms [19]. For the above-mentioned reasons, the analysis of glycosylation 

represents one of the most important endeavors of glycoprotein characterization with 

plenty of scope for methodological and technical improvements. 
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1.2 Glycoproteins of the immune system: antibodies  

Antibodies, also known as immunoglobulins (Igs), are glycoproteins that are an 

essential part of our body’s immune system against pathogens and cancer cells [20] 

(pp. 225-241). They are produced and secreted by plasma cells (B-cells) and are 

based on a small number of building blocks that are exposed to somatic recombination 

and hypermutation during cell maturation. Though very similar in structure, these 

processes enable an extreme variability of antibodies with only a limited number of 

antibody coding genes in the progenitor B-cell. In this context, B-cells producing high 

affinity antibodies proliferate more frequently by antigen stimulation, referred to as 

affinity maturation. This results in the selection of antibodies with increasing affinities. 

The process to develop specific antibodies in our body usually takes around two weeks 

and the memory (dendritic) cells will remember the pathogenic antigen for the rest 

of the host’s life. 

The most common and archetypical Ig in mammals is the immunoglobulin G (IgG) 

illustrated in Figure 4. IgGs exhibit a molecular weight of approximately 150 kDa 

based on four polypeptide chains: two light chains (2x 25 kDa) and two heavy chains 

(2x 50 kDa) leading to its typical “Y” shape [21]. Both, light and heavy chains contain 

a variable and a constant region. Light chains comprise one variable domain (VL) and 

one constant domain (CL), whereas heavy chains contain one variable (VH) and three 

constant (CH1-3) domains. The variable regions of the IgG contain the antigen-binding 

site, referred to as paratope. In general, antigens (“antibody generating”) are 

defined as any pathogenic molecule stimulating antibody production by the immune 

system. In some cases antigens are part of the host itself, e.g. considering 

autoimmune diseases or cancer cells. The shape of a paratope is specific to only one 

site of an antigen, called epitope, enabling these two structures to bind together 

precisely. In this way, an antibody can mark an infected cell or a microbe for attacks 

by other parts of the immune system, such as macrophages. Alternatively, it can 

neutralize a pathogen directly, such as affecting the target’s metabolism.  
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Figure 4: (A) Three-dimensional depiction of IgG class. (B) Scheme of general structure of IgG: Two 

heave and two light chains connected via disulfide bonds resulting in a characteristic “Y” shape. Both, 

heavy and light chains possess a constant (CH1-3 and CL) and a variable region (VH and VL). 

Many antigens exhibit multiple epitopes. As a consequence, different B-cells produce 

antibodies that bind to different epitopes of the same antigen to create a more 

effective immune response, known as polyclonal antibodies. Contrary, monoclonal 

antibodies (mAbs) are formed from one type of B-cell and always bind to a single 

epitope. 

1.3 Monoclonal antibodies as biotherapeutics 

Antibodies, including mAbs, are highly effective for treating a variety of different 

diseases, due to their important immunologic characteristics. In fact, biotherapeutics 

based on mAbs represent the fastest growing group of pharmaceuticals already 

achieving sales of almost $75 billion in 2013 [22] and are expected to reach nearly 

$125 billion in 2020 [23]. Starting with the first therapeutic mAb in 1986, 76 mAbs 

are currently available on the market and approved by the US Food and Drug 

Administration and the European Medicine Agency in 2017 [24]. The fields of 

application of mAbs encompass, among other things, the treatment of cancer, 

transplantations and cardiovascular, infectious or chronic inflammatory diseases [25].  

Polyclonal antibodies are rather simple to produce by injection of an antigen into a 

living organism, drawing blood after few weeks followed by subsequent purification. 
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This process gets extensively more complex concerning mAbs. It is desired to target 

specific antibodies arising from a single type of B-cell, however, their isolation from 

an organism quickly leads to cell death [26]. To overcome this issue, immortal plasma 

cells are used derived from a type of cancer cell called multiple myeloma, which can 

proliferate indefinitely outside a living organism. This approach, referred to as 

hybridoma technology, is considered a major revolution in the entire pharmaceutical 

field and can be divided into four major steps [27]: (i) injection of a target antigen 

into an animal and incubation followed by (ii) extraction of spleen cells containing 

high concentrations of B-cells. (iii) Myeloma cells are mixed with the extracted spleen 

cells. The resulting hybrid cells incorporate features of both originator cells, including 

immortality and immunologic activity. (iv) These cells are screened with various 

assays to determine and isolate the antibody of interest. However, animal derived 

mAbs produced in this way (e.g. murine mAbs) exhibited severe side effects that 

could not be neglected, including allergic reactions, immune response against the 

applied mAb and decreased therapeutic efficacy [28]. Over the years, the 

development of mAbs based on genetic engineering was improved leading to 

chimeric, humanized, and finally to full-human mAbs which are illustrated in Figure 5. 

[29]. Most therapeutic mAbs on the market are humanized and produced in 

genetically modified Chinese Hamster Ovary cells [30]. In this way, the therapeutic 

efficacy and safety can be increased minimizing the aforementioned side effects [31]. 

Besides the selection of a desired cell line, the development of the large-scale 

production (upstream) and purification methods (downstream) is an essential part for 

the manufacturing of therapeutic mAbs [32]. After initial filtration, the downstream 

process typically contains three chromatographic purification steps: (i) protein A 

affinity, (ii) cation exchange, and (iii) anion exchange chromatography [33]. Protein 

A chromatography is applied to capture the mAb, whereas the subsequent ion 

exchange columns are additional clean-up steps to remove impurities, including host 

cell proteins, aggregates, endotoxins, DNA, and viruses [34]. 
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Figure 5: Graphical representation of four general types of biotherapeutic mAbs, including the ratio of 

human protein sequence and the corresponding suffix. The risk of immunogenicity is decreased ranging 

from murine to full-human mAbs. 

Despite all these efforts, product- and degradation-related impurities of mAbs 

represent a common issue during synthesis, purification and storage of these complex 

glycoproteins. Impurities include, among others, aggregation, denaturation, 

fragmentation. In addition, unintended chemical modifications comprise e.g. disulfide 

bond scrambling, change in glycosylation pattern, deamidation, pyroglutamate 

formation, loss of C-terminal lysine, oxidation and amino acid substitution [35]. The 

characterization of such variants is crucial regarding product quality including 

technical development, release testing, control of manufacturing processes and safety 

of the drug [36]. In his context, deamidation represents the most common chemical 

degradation pathway of therapeutic mAbs originating from the hydrolysis of the amide 

side-chains of glutamine (Gln) and/or Asn [37]. Deamidation of therapeutic mAbs is 

well characterized on peptide and fragment level and it has been demonstrated to 

decrease potency, activity and stability of mAbs [38]. Yet, the characterization of 

intact mAb charge variants, especially deamidated forms, is highly desired due to the 

risk of artificially induced modifications caused by sample preparation such as 

digestion procedures. One promising and already applied technique to not only 

achieve an effective separation of intact mAb charge variants, but also in regards to 

glycosylation analysis, represents capillary electrophoresis which is described in the 

following chapter. 
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2. Electrophoretic based separation systems 

The general concept of electrophoresis describes the differential movement of 

charged molecules by attraction and repulsion in a medium applying an electric field 

[39] and was already introduced by Tiselius in 1937 earning him the Nobel Prize [40]. 

Nevertheless, separation efficiency in free solution was limited by convection and 

diffusion caused by Joule heating (heat generated by electric current flowing through 

a conductive medium) [41]. Therefore, traditional electrophoresis is performed in slab 

gels based on polyacrylamide or agarose. Though being considered one of the most 

widely applied techniques for protein separation up to date, these methods are 

time-consuming, labor-intensive, suffer from low efficiencies, and are difficult to be 

automated. Open tubular capillaries with small inner capillary diameters (≤150 µm) 

generate only minor portions of heat and thus can be considered anti-convective. This 

approach was first described by Hjerten et al. in 1967 [42] and later improved by 

Jorgenson et al. in the early 1980s [43]. Techniques that emerged from these early 

works are generally referred to as capillary electrophoresis (CE). 

2.1 Capillary zone electrophoresis 

Capillary zone electrophoresis (CZE) is the simplest but also the most versatile form 

of CE. The generic instrumental setup is based on a narrow-bore, fused-silica (FS) 

capillary filled with a conductive liquid, the background electrolyte (BGE), as 

illustrated in Figure 6 [39]. Both ends of the capillary are dipped into different BGE 

reservoirs, respectively. Electrodes are placed in the BGE reservoirs closing an 

electrical circuit comprised of the capillary, the reservoirs and a high voltage (HV) 

source. Injection is performed by either applying small pressure (hydrodynamic) or 

HV (electrokinetic) for a short time resulting in injection volumes in the low to mid 

nL-range [44]. Typical separation voltages are in the range of -30 to +30 kV, resulting 

in relatively low currents in the low to mid µA-range. Even today, optical detection 

(e.g. UV-Vis) is mostly performed. 
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Figure 6: Scheme of general CZE setup: Fused-silica capillary is dipped into different BGE reservoirs 

(inlet and outlet) including electrodes connected to an HV power supply. For hydrodynamic/electrokinetic 

injection, the BGE inlet is replaced by a sample vial. Afterwards, a voltage up to ±30 kV is applied for 

separation. (Optical) detection is performed near the outlet of the separation capillary. 

These detectors are placed in proximity to the capillary outlet to maximize the 

effective separation length. The velocity (𝑣) of ions in an electric field can be described 

mathematically as shown in equation 2.1 [39]: 

 𝑣 = 𝜇𝑒  ∙  𝐸 
(2.1) 

 

   

𝑣  : ion velocity  

𝜇𝑒 : electrophoretic mobility  

𝐸 : electric field strength  

 

The electric field strength (𝐸) is the quotient of applied voltage and capillary length 

(V/cm). The electrophoretic mobility (𝜇𝑒) is constant for the same type of ions in a 

defined conductive medium. This constant can be derived from balancing the electric 

force an ion is exposed by the frictional force it experiences while traversing the given 

medium. This mathematical relationship can be substituted and solved for the 

electrophoretic mobility resulting in equation 2.2: 
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 𝜇𝑒 =  
𝑞

6 ∙ 𝜋 ∙ 𝜂 ∙ 𝑟
 

(2.2) 

 

   

𝑞  : ion charge  

𝜂 : viscosity of medium  

𝑟 : hydrodynamic radius of ion  

 

Consequently smaller, highly charged ions exhibit a higher electrophoretic mobility 

than larger, minor charged ions. An important factor that needs to be addressed is 

that this equation strictly applies to fully dissociated molecules. Thus, the dissociation 

rate (𝛼𝑖) in a given medium needs to be considered resulting in the so called effective 

electrophoretic mobility (𝜇𝑒𝑓𝑓) described in equation 2.3: 

 𝜇𝑒𝑓𝑓 = 𝛼𝑖 ∙ 𝜇𝑒  
(2.3) 

 

   

𝜇𝑒𝑓𝑓  : effective electrophoretic mobility  

𝛼𝑖 : degree of dissociation of molecule  

 

A major factor in CZE represents the electroosmotic flow (EOF), which is a 

concomitant of CE in general as shown in Figure 7. The surface of the inner wall of FS 

capillaries is comprised of silanol groups. At weak acidic to basic pH the silanol groups 

are partly to entirely deprotonated, carrying a negative charge. Consequently, cations 

of the electrolyte are attracted by the deprotonated silanol groups forming a fixed 

layer, referred to as “Stern layer”. Additional cations are attracted creating a second, 

diffuse mobile layer containing an excess of cations. If HV is applied, the positively 

charged diffuse layer creates a bulk flow towards the cathode end of the capillary, 

called EOF. It is evident that the pH of the electrolyte plays a crucial role considering 

the strength of the EOF. 
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Figure 7: Formation of EOF in FS capillaries: Cations accumulate at the deprotonated silanol groups of 

the capillary wall building an immobile layer, the “Stern layer”. In proximity a diffuse layer is formed 

containing an excess of cations. If HV is applied, the diffuse layer moves towards the cathode resulting 

in the EOF. 

A unique characteristic of EOF is the formed flat “stamp-like” flow profile, which is 

beneficial in comparison to the laminar flow profiles obtained by applying pressure 

e.g. utilized in chromatographic based approaches. As a consequence, the EOF does 

not contribute to the dispersion of the sample zone leading to comparable narrow 

signals. In addition, eddy diffusion and mass transfer phenomena as described for 

liquid chromatography (see chapter 3) are not affecting peak widths in CE. However, 

a major limitation of CZE is its sensitivity, which can be primarily attributed to the 

small injection volumes (low to mid nL range). Nevertheless, there has been major 

progress regarding improvement of sensitivity, especially considering the 

hyphenation with MS instrumentation [45]. Due to the above-mentioned 

characteristics of CZE and recent technical developments, CZE gained more 

importance lately as an alternative separation technique to the well-established liquid 

chromatography systems. This is particularly true for the characterization of proteins. 

Minor differences in the protein structure, e.g. deamidation, result in considerable 

changes in electrophoretic mobilities. Thus, CZE based methods exhibit high 

separation performance for charge variants of intact proteins often superior to 



  Introduction & methods 

 

13 

 

chromatographic based methods [46]. An additional example represents the analysis 

of glycan profiles which is routinely performed using CZE coupled to laser-induced 

fluorescence (LIF) detection [47]. 

3. Chromatographic based separation systems 

Over the last decades liquid chromatography (LC) has been the method of choice for 

the separation of compounds in non-volatile samples. The instrumental setup of a 

basic LC system comprises the following components: pumps, degasser, sampling 

unit, column (and LC oven) and detection unit. The pumps usually deliver a constant 

flow of a defined mobile phase composition through the LC system. The sampling unit 

is used to inject a specified volume of sample into the mobile phase flow which carries 

it into the column. The detector generates a signal proportional to the amount of 

sample compound eluted from the column. The separation mechanism of LC is based 

on the partition of analyte molecules between a mobile and a stationary phase. The 

longer a molecule resides in the stationary phase the longer it takes to reach the 

detector. This phenomenon is described by the retention factor (𝑘) and can be 

expressed by the following equation: 

 𝑘 =
𝑡𝑅 − 𝑡0

𝑡0
=

𝑡′
𝑅

𝑡0
 

(3.1) 

 

   

𝑘  : retention factor  

𝑡𝑅 : retention time  

𝑡0 : void time  

𝑡′
𝑅 : adjusted retention time  

 

Presuming there is no interaction with the stationary phase, the time it takes for a 

molecule to reach the detector is defined as void time (𝑡0). The retention factor is the 

quotient between adjusted retention time (𝑡′𝑅) and void time and represents an 

independent parameter to describe the elution of compounds. The selectivity (𝛼) is 

used to determine the elution relationship between two different compounds as shown 

in equation 3.2: 
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 𝛼 =
𝑘2

𝑘1
 

(3.2) 

 

   

𝛼  : selectivity  

 

However, the selectivity does not take the respective peak widths into consideration. 

Therefore, the resolution (𝑅) has been established to describe the quality of 

separation (see equation 1.5). 

 𝑅 =
𝑡𝑅2 − 𝑡𝑅1

1
2

(𝑤1 + 𝑤2)
= 1.18 ∙ (

𝑡𝑅2 − 𝑡𝑅1

𝑤0.5ℎ,1 + 𝑤0.5ℎ,2
) 

(3.3) 

 

   

𝑅  : chromatographic resolution  

𝑤𝑖  : peak width at baseline of compound i  

𝑤0.5ℎ,𝑖  : full width at half maximum of compound i 

 

The resolution can be calculated either based on the peak width at baseline or the full 

width at half maximum (FWHM). For poorly resolved peaks (R ≤ 1.5), it is oftentimes 

easier to determine the FWHM. The peak width is dependent on three major 

phenomena which are described by the Van-Deemter equation devised in 1956 [48]: 

 𝐻𝐸𝑇𝑃 = 𝐴 +
𝐵

𝑢
+ 𝐶 ∙ 𝑢 

(3.4) 

 

   

𝐻𝐸𝑇𝑃  : height equivalent to a theoretical plate  

𝐴  : Eddy diffusion parameter  

𝐵  : longitudinal diffusion coefficient 

𝐶  : mass transfer coefficient 

𝑢  : linear flow rate 

 

The Eddy diffusion (𝐴) describes the peak broadening occurring due to the multiple 

potential flow paths through a column packed with particles. Longitudinal diffusion 
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(𝐵) refers to diffusion of individual analyte molecules in the mobile phase along the 

longitudinal direction and is inversely proportional to the linear flow rate (𝑢). 

Contrary, the mass transfer term (𝐶) describes molecule interchange from the mobile 

to the stationary phase and vice versa. Thus, the faster the flow rate the larger the 

peak broadening attributed to mass transfer. It is aspired to minimize the HETP in 

order to improve the separation performance, which can be achieved e.g. by 

decreasing the particle diameter. This is associated with a significant increase in 

backpressure and led to the development of high-performance liquid chromatography 

(HPLC) and finally ultra-high-performance liquid chromatography (UHPLC) systems 

exhibiting improved peak capacities [49]. The latter ones are capable to handle 

pressures exceeding 1000 bar. 

3.1 Reversed-phase liquid chromatography 

Reversed-phase liquid chromatography (RPLC) still represents the most commonly 

applied mode of LC. In RPLC, the stationary phase is typically based on silica gel which 

is functionalized with C4, C8 or C18 chains to generate a hydrophobic particle surface 

[50]. Consequently, hydrophobic molecules are stronger retained than hydrophilic 

compounds. Samples are injected at aqueous conditions and the hydrophobicity of 

the mobile phase is increased over time to elute compounds from the stationary 

phase. The exact separation mechanism is still under discussion but it is assumed 

that both partitioning and adsorption play a critical role [51]. RPLC is one of the 

standard separation techniques for the characterization of proteins and peptides [52]. 

Still, the field of proteomics is constantly improving due to the increasing demand for 

better analytical performance including e.g. nanoRPLC or multidimensional concepts, 

which is one of the objectives of the here presented work [53]. 

4. Mass spectrometry 

Nowadays, mass spectrometry (MS) represents one of the most important analytical 

techniques not only in proteomics but in the entire field of separation science [54]. 

The type of ionization and mass spectrometers that were used during this project are 

described in the following. 
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4.1 Electrospray ionization 

Electrospray ionization (ESI) is used to generate and transfer ions from liquid phase 

to the gas phase at atmospheric pressure and was introduced by Yamashita and Fenn 

in 1984 [55]. ESI is a “soft” ionization technique and is considered the gold standard 

for hyphenation of liquid separation techniques with MS, such as LC or CE. The general 

concept of ESI in positive ion mode in combination with preceding CE separation as 

applied in this thesis is depicted in Figure 8. 

 

Figure 8: ESI process in positive ion mode applying CE-MS: (a) tip of coaxial sheath liquid interface, (b) 

Taylor cone, (c) nebulization resulting in multiple charged droplets, (d) desolvation until Rayleigh limit 

is reached, (e) smaller multiple charged droplets formed after coulomb explosion, and (f) transition of 

ions to gas-phase before entering the orifice to the MS instrument. 

ESI is produced by applying an electric field (typically 3-6 kV) between a metal needle 

filled with liquid and the inlet of an MS instrument. Typical flow rates of LC are in the 

range of 1-1000 µL/min which is sufficient to generate an adequate electrospray. 

Contrary, the flow rates in CE are considerably lower (<200 nL/min). In order to close 

the contact of the CE circuit and electrospray while increasing the flow rate, an 

additional make-up liquid is usually implemented for CE-MS coupling referred to as 

sheath liquid (SL) [56]. The CE capillary is positioned in the needle tip of a coaxial 

sheath liquid sprayer surrounded by SL (a). In addition, through an outer tube a hot 

nitrogen stream is applied, supporting the nebulization process. The electric field 

extracts electrons from the liquid, continuously generating additional cations. Due to 

the excess of cations and the electric field force a so called “Taylor cone” (b) is formed 

at the tip of the needle. The edge of the Taylor cone gets nebulized and multiple 
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charged droplets are produced (c). The charges are mainly located at the surface of 

the droplets. Because of the high temperature of the source the droplets shrink until 

they reach a point where the repulsion of the charges is exceeding the surface tension 

of the droplets, referred to as “Rayleigh limit” (d). At this moment, a coulomb 

explosion takes place generating smaller multiple charged droplets. This process is 

repeated a few times depending on the initial droplet size (typically around 1.5 µm), 

until very small charged droplets are produced (e). The final step of the ESI process 

(f) is still critically discussed. Nevertheless three different models are acknowledged 

depending on the type of analyte ion: (i) ion evaporation model (IEM), (ii) charge 

residue model (CRM), and (iii) charge ejection model (CEM) illustrated in Figure 9. 

 

Figure 9: Three major models describing the final step of the ESI process: ion evaporation model (IEM), 

charge residue model (CRM) and charge ejection model (CEM). IEM involves direct evaporation of small 

ions from charged droplets. In CRM, the solvent evaporates completely and the charge remains on the 

molecule, considered the major mechanism for (native) proteins. In CEM, rather non-polar polymer 

chains (e.g. unfolded proteins) are ejected from the droplet over time entraining charge. 

Small analyte ions usually behave according to the IEM. Hence, the ion migrates 

towards the droplet surface and is directly ejected/evaporated leaving the remaining 

solvent droplet behind. In the case of native proteins (compact, hydrophilic) the CRM 
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is regarded appropriate. Here, a single protein resides in the droplet while the 

remaining solvent evaporates until dryness leaving the charges on the protein as it is 

transferred to the gas-phase. However, if a protein is denatured, non-polar residues 

are exposed and accessible to the solvent. For unfolded proteins (extended, 

hydrophobic) the CEM is considered a fitting mechanism. In this case, the unfolded 

protein moves to the droplet surface followed by sequential ejection. It is apparent 

that the CEM shares similarities to the IEM but is clearly distinct from the CRM. 

For large molecules, such as proteins, multiple charged ions are commonly produced 

by ESI. This is highly beneficial as it does not only improve sensitivity at the detector, 

but also makes protein analysis accessible to mass analyzers with an m/z cut-off. For 

this reason, ESI represents a highly suitable ionization technique for proteins that 

were previously separated by liquid separation techniques such as CE or LC. 

4.2 ESI-interfering CE electrolytes 

Efficient ESI premises the absence of non-volatile constituents, in order to avoid ion 

suppression and contamination of the MS instrument [57]. However, in CE certain 

non-volatile electrolyte compounds are often required to achieve sufficient selectivity 

and separation efficiency. These compounds include, among others, the electrolyte 

itself, ampholytes, polymeric compounds for sieving, complexing agents and 

surfactants. As a consequence, interference with the electrospray ionization process 

represents a common issue, impeding direct coupling of such systems to MS. In 

certain CE modes, including capillary gel electrophoresis (CGE) or capillary isoelectric 

focusing (CIEF), ESI-interfering compounds are even essential components of the 

general separation mechanism. Though CZE is the separation mode that often allows 

the application of volatile electrolytes, such as acetic acid (HAc) or formic acid (FAc) 

based BGEs, there is a variety of efficient and routinely applied CZE methods based 

on ESI-interfering constituents. The application of ESI-interfering electrolytes in CZE 

is not limited to a particular class of compounds but ranging from small 

(manuscript I) to large molecules, such as mAbs (manuscript II). Still, several 

options exist to obtain adequate mass spectra after separation, including off-line 

fractionation, alternative ionization, dilution of ESI-interfering compounds, or the 

change to volatile constituents, which are discussed critically in more detail in 

manuscript III. 
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However, all these options are a compromise between separation performance and 

sensitivity of mass spectrometric detection. Contrary, CE-CE-MS systems represent a 

promising alternative to overcome the aforementioned challenges, as they allow the 

use of existing methods with optimized separation performance in combination with 

sensitive mass characterization. In this regard, the development and application of 

such CE-CE-MS methods represents one of the core objectives of this work. 

4.3 Time-of-flight mass analyzer 

Time-of-flight (TOF) is considered the most straightforward concept of mass 

analyzers. Designs of first instruments have already been introduced in 1955 [58]. 

Still, due to the challenges regarding electronics and handling of large amounts of 

generated data TOF-MS instruments started to play a major role in the late 1980s 

[59] (pp. 126-142). In the TOF mass analyzer ions are accelerated into a field-free 

flight path and separated based on their different velocities. Hence, the electric 

potential energy (𝐸𝑒𝑙) gained from the acceleration unit is converted to kinetic energy 

(𝐸𝑘𝑖𝑛) leading to equation 4.1: 

 𝑒 ∙ 𝑧 ∙ 𝑈 = 𝐸𝑒𝑙 = 𝐸𝑘𝑖𝑛 =
1

2
∙ 𝑚 ∙ 𝑣2 

(4.1) 

 

   

𝐸𝑒𝑙 : electric potential energy  

𝑒  : elementary charge  

𝑧  : charge number 

𝑈  : acceleration potential 

𝐸𝑘𝑖𝑛  : kinetic energy 

𝑚  : mass of ion 

𝑣  : velocity of ion 

 

Since the velocity (𝑣) is the quotient between the separation length (𝐿) and time (𝑡), 

it can be substituted accordingly and equation 4.1 can be solved for mathematical 

term of time resulting in the following connectedness: 
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 𝑡2 =
𝑚

𝑧
∙ (

𝐿2

2 ∙ 𝑒 ∙ 𝑈
) 

(4.2) 

 

   

𝑡 : time to traverse the flight path   

𝐿  : length of separation section  

 

The time it takes for an ion to traverse the flight path is proportional to the square 

root of its mass-to-charge ratio (m/z). Consequently, the flight time is measured and 

converted to the respective m/z of the detected ion species. All other factors are 

either a natural constant (𝑒) or kept constant as instrument parameters (𝐿, 𝑈). 

Advantages of TOF-MS instruments include the following: (i) generation of mass 

spectra in micro-seconds, resulting in comparable high sensitivity; (ii) high mass 

accuracy (error < 5 ppm) and resolution (R > 10000 m/Δm); and (iii) a theoretical 

infinite mass range [60]. Therefore, TOF-MS instruments are well-suited for protein 

analysis. 

4.4 Quadrupole mass analyzer 

A quadrupole (Q) mass analyzer consists of four parallel aligned metal rods acting as 

electrodes. Alternating current (AC) and direct current (DC) voltages are applied 

between these rods in order to affect the trajectory of ions passing through [61]. For 

specific AC/DC settings only ions with a certain m/z ratio (mass window of ~1 Da) 

are able to pass the mass analyzer. By scanning the AC/DC settings for stable 

trajectories from low to high m/z ratios a mass spectrum of the desired m/z range is 

obtained. However, the scan rate and thus the generation of a full mass spectrum is 

rather slow compared to above-mentioned TOF-MS instruments. Nevertheless, the 

opportunity to select ions with a specific m/z ratio, referred to as selected ion 

monitoring, represents a big advantage of this type of mass analyzer. In addition, if 

only AC voltages are applied, which is called “radio frequency (RF) only” mode, the 

quadrupole acts as an ion guide enabling a broad m/z range to pass. For this reason, 

multipoles are oftentimes applied as mass filter, ion guides, or collision cells in other 

types of MS instruments [62]. 
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4.5 Quadrupole time-of-flight mass spectrometer 

The combination of Q- and TOF-MS technology represents one of the most successful 

types of MS instrumentation, especially for the analysis of protein samples. A scheme 

of the general setup of an electrospray ionization (ESI)-QTOF-MS instrument as 

applied in this thesis is depicted in Figure 10. First and foremost, through the entire 

ion path region (a-e) prior to the TOF section a DC potential cascade is applied guiding 

the desired type of ions (anions or cations) towards the orthogonal acceleration unit 

of the flight tube (f). The instrument is equipped with an ESI source (a), where the 

effluent of a hyphenated separation technique or the sample itself is nebulized and 

ionized. The generated ions enter the transfer capillary (b) through a narrow orifice. 

Remaining solvent is dried while traversing through the transfer capillary. In modern 

ESI-QTOF-MS instruments, ion funnels are applied directly after the transfer capillary 

section as part of the ion guides (c). Ion funnels are stacked ring electrodes with 

decreasing diameter in direction of the ion path [63]. Repulsive RF potentials are 

applied to adjacent electrodes, focusing the ions radially to the center of this ion 

guide. An additional DC gradient is used to route the ions through the funnel. Ion 

funnels exhibit higher transfer efficiencies compared to the previously applied ion 

skimmer technology. In addition, they enable the implementation of a vertical offset 

of the ion path, which is especially beneficial to remove remaining neutral molecules. 

Following the ion funnels is a multipole (hexa- or octupole) in RF only mode before 

entering the next section. The subsequent isolation Q (d) is either operated in RF only 

mode to function as a simple ion guide or used to isolate certain m/z species prior to 

the collision cell (e). The collision cell is typically another Q that is operated at higher 

pressures (~10-3 mbar) to fragment incoming ions by collision induced dissociation if 

desired.  
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Figure 10: Scheme of ESI-QTOF-MS setup: Ions are generated by ESI (a), enter the instrument through 

the transfer capillary (b), and traverse the ion guides (c) towards the isolation Q (d) where a certain m/z 

species can be isolated if desired. The following quadrupole is operated at higher pressure and acts as 

collision cell (e) for potential fragmentation experiments before entering the orthogonal acceleration (g) 

into the field-free flight path (h). Ions are deflected vertically by the reflectron (i) and detected by a 

microchannel plate (j). 

Afterwards, intact and/or fragment ions enter the flight tube (f) where they are 

accelerated orthogonally (g) into a field-free region (h) in a pulsed manner. 

Separation of ions in dependence of their m/z value takes place as described above. 

One issue of the pulsed orthogonal acceleration is that the kinetic energy is not 

absolutely the same for each ion, due to various factors such as the exact spatial 

position when the electric pulse is initiated. This results in a distribution of the flight 

time of ions having the same m/z, negatively affecting the obtainable resolution. 

Therefore, most modern QTOF-MS instruments possess a reflectron unit (i) on the 

opposite site to the orthogonal acceleration electrodes [64]. Reflectrons are 

comprised of stacked ring electrodes where increasing repulsing potentials are 

applied. Incoming ions penetrate the reflectron until their kinetic energy is nullified 

and get accelerated to the opposite direction towards the microchannel plate 

detector (j). 
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Conclusively, the reflectron setup provides two major advantages: (i) the separation 

path length is increased considerably and (ii) a correction of the flight time narrowing 

the kinetic distribution for each m/z species. Both of these characteristics result in 

improved resolution and mass accuracy. Nevertheless, ESI-QTOF-MS instruments 

need to be mass calibrated frequently (daily or weekly basis) to correct e.g. minor 

temperature fluctuations. 

Due to their high mass accuracy and resolution, ESI-QTOF-MS systems are well-suited 

for the characterization of high-molecular weight species such as glycoproteins. In 

this context, the obtainable mass accuracy for mAbs (~150 kDa) was critically 

evaluated in manuscript II. In this work, an additional mass calibration of the 

developed CZE-CZE-MS method for mAb charge variant characterization was 

performed for each analysis by infusing via SL. In this way, the achievable mass 

accuracy and precision was even increased resulting in mass errors in the lower ppm 

range. A more detailed description can be found in the discussion section. 

5 Ion mobility spectrometry based separation 

A recent trend in the field of separation science represents the hyphenation of MS 

detection with preceding separation by ion mobility spectrometry (IMS) technology. 

IMS is an analytical technique that separates ions in the gas-phase based on their 

size-to-charge ratios as well as their interactions with buffer gas in an applied electric 

field [65]. Briefly, compact, highly charged molecules travel faster through an IMS 

cell than more extended, less charged ones. IMS can be considered the gas-phase 

equivalent of CE, where ions are separated in a similar way but in condensed phase. 

IMS bares the potential to separate structural isomers, conformers and even chiral 

components with high duty cycles. Since both IMS and MS require gas-phase ions 

and their duty cycles complement each other (IMS: ms; TOF-MS: µs) they can be 

coupled successively in one instrument. These instruments are referred to as ion 

mobility mass spectrometers (IM-MS). 

Although IMS is a relatively old analytical technique, first coupled to MS already in 

1962 [66], it has become significantly more important in the last few years. This 

conclusion can be derived from the number of yearly publications related to IMS as 

illustrated in Figure 11 [67]. Among others, this development can be attributed to the 
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pioneering work of protein conformer separation demonstrated by Clemmer et al. 

[68]. Development and commercialization of novel instrumentation utilizing different 

IMS techniques coupled to MS has generated recent interest in the scientific 

community. Four general types of commercial IM-MS devices are distinguished: field-

asymmetric ion mobility spectrometry mass spectrometry (FAIMS-MS), travelling 

wave ion mobility mass spectrometry (TWIM-MS), drift time ion mobility mass 

spectrometry (DTIM-MS), and the most recently introduced trapped ion mobility 

spectrometry mass spectrometry (TIMS-MS) [65, 69]. 

 

Figure 11: Number of peer-reviewed papers published annually. Data was generated using Web of 

Science with the search term “ion mobility spectrometry” [67]. The arrows mark the year the different 

IMS technologies were made commercially available. 

5.1 Drift-tube ion mobility mass spectrometry 

DTIM-MS instruments are the most straightforward concept of IMS technology. Ions 

are introduced into a drift tube, filled with a drift gas such as nitrogen. The drift tube 

consists of stacked ring electrodes, where a static uniform electric field is applied 

along the drift tube and guiding ions axially towards the MS detector [70].  
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Figure 12: General principle of DTIMS. The DTIMS cell consists of stacked ring electrodes where a 

homogenous electric field is applied. It is filled with drift gas (e.g. N2) streaming against the ion 

movement. 

The drift velocity (𝑣𝑑) of an ion traversing through the drift tube is directly related to 

its mobility (𝐾) and the resulting electrical field (𝐸) as expressed in the following 

equation: 

 𝑣𝑑 = 𝐾 ∙ 𝐸 (5.1) 

 

𝑣𝑑 : drift velocity   

𝐾  : mobility of ion  

 

An important parameter of IMS in general is the so called “collisional cross section” 

(CCS). The CCS describes the averaged rotational area covered by a molecule 

depending on its size, charge and shape [70]. Ions with an elongated structure 

interact with drift gas molecules more frequently than ions with more compact 

structures, consequently leading to longer drift times. CCS (𝛺) values are calculated 

based on the work of Mason and Schamp in 1958 [71] as illustrated in equation 5.2. 

However, there are certain limitations to this mathematical approach, since it can 

only be applied for lower electric fields typically between 5-100 V. This threshold is 

referred to as the “low field limit”. Nevertheless, DTIM-MS is the only ion mobility 

technique that allows the direct determination of CCS values.  
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𝐾0
 

(5.2) 

 

   

𝛺 : collisional cross section   

𝑁  : number density of drift gas  

𝜇  : reduced mass of ion-neutral drift gas pair  

𝑘𝑏  : Boltzmann constant  

𝑇  : drift gas temperature  

𝐾0  : reduced mobility (standard conditions)  

 

In combination with its comparable high resolving power (R > 100 Ω/ΔΩ), DTIM-MS 

is well-suited to obtain structural information about ions, e.g. folding conformations 

of proteins or isomer characterization of small molecules. In the past, DTIM-MS 

suffered from poor duty cycles, due to the dispersion of the ions during the transfer. 

In this particular case, duty cycles describe the percentage of ions that could be 

detected compared to those generated by the ionization source. Nevertheless, 

sensitivity has been considerably improved by the application of ion trapping funnels 

in front of the drift cell, which can accumulate ions prior to the injection into the drift 

cell [72]. 

6 Two-dimensional separation systems 

Two-dimensional (2D) separations represent a powerful and common strategy for the 

analysis of complex samples by improving peak capacity, resolving power and 

separation efficiency compared to their one-dimensional (1D) counterparts [73]. In 

this context, two hyphenated analytical techniques should ideally possess orthogonal 

separation mechanisms in order to obtain maximum peak capacity [74]. A general 

aspect of 2D separation is that the solvent of fractions that are transferred from a 

1st dimension needs to be compatible with the 2nd separation dimension. In the case 

of off-line 2D systems, fractions from a 1st separation dimension are collected and 

later injected individually to a 2nd dimension for further analysis [75]. Though these 

systems enable additional sample treatment in-between, e.g. buffer exchange, they 

are very time-consuming and labor-intensive. Furthermore, CE peak volumes are 



  Introduction & methods 

 

27 

 

typically in the low nL range but have to be collected at least in a few µL of solvent. 

Consequently, if CE effluent is collected off-line, high dilution factors need to be 

accepted.  

A more elegant but at the same time more challenging approach is to hyphenate two 

analytical separation techniques directly, referred to as on-line coupling. First, pure 

chromatographic based separation techniques were on-line hyphenated, e.g. 2D gas 

chromatography or 2D LC and there exists a wide range of methods and applications 

[76, 77]. It is evident that the hyphenation of electrophoretic separation techniques 

is more complex due to their smaller dimensions and the application of electrical fields 

[73]. The most crucial step of an on-line 2D system represents the sample transfer 

from the 1st to the 2nd dimension. Three general strategies are distinguished as 

illustrated in Figure 13: (i) single heart-cut: “-” symbol, (ii) multiple heart-cut: “+” 

symbol, and (iii) comprehensive: “x” symbol [75].  

 

Figure 13: Overview of 2D transfer strategies: (i) single heart-cut, where only on fraction is transferred 

to the 2nd dimension; (ii) multiple heart-cut, where few fractions are forwarded; and (iii) comprehensive, 

where the entire first dimension is transferred fraction-wise. 

Applying single heart-cut strategies, only one peak or fraction of the sample is 

transferred from the 1st to the 2nd separation dimension. Consequently, the separation 

time of the 2nd dimension is not limited, which allows to optimize the method for the 
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analyte of interest without run time restrictions in order to achieve best separation 

performance. Still, only a small fraction of sample can be analyzed per run. These 

methods are of particular interest if only few but difficult to separate analytes are 

characterized. In comprehensive 2D approaches, the entire 1st dimension is forwarded 

to the 2nd dimension at high sampling frequencies. As a result, the 2nd dimension 

needs to be considerably faster than the 1st dimension, oftentimes exhibiting method 

run times of less than a minute. This demand strongly restricts the options concerning 

combinations of separation techniques coupled in this way. Nevertheless, the entire 

sample is analyzed per run, e.g. applied for non-target analysis of complex samples. 

A compromise between these two strategies represents multiple heart-cutting by 

transferring few peaks or fractions of interest per 2D run. 

6.1 CE-CE-MS 

Besides the traditional idea behind 2D separation to improve resolution and 

separation efficiency, CE-CE-MS can be used to enable MS detection of samples 

previously separated in an ESI-interfering BGE as 1st dimension (see chapter 4.2). In 

general, it is possible to perform 2D CE in a single capillary without the need of an 

additional coupling device [78]. Hence, a first CE separation takes place until a 

majority of matrix left the capillary and the analyte of interest is located near the 

capillary outlet. Subsequently, the analyte is transported backwards and positioned 

again at the capillary inlet either by reversing the polarity or applying a hydrodynamic 

flow. The electrolyte is exchanged and the second CE separation is performed. Though 

this concept is technically straightforward, the coupling with MS is not possible due 

to the need of a (pressurized) outlet vial [75]. 

In the last years, various types of CE-CE interfaces were developed including, among 

others, dialysis membranes, porous junctions, tee-unions, flow gating, nicked-sleeve, 

hanging droplet interfaces, and mechanical valves described in more detail elsewhere 

[73, 75]. Thus far, only few CE-CE interfaces were applied in combination with MS 

detection, due to additional challenges such as (i) the lack of a (pressurized) outlet 

electrolyte reservoir. Flow gating types are not only the most frequently applied CE-

CE interfaces in general, but were also implemented in CE-CE-MS setups by the 

Dovichi group [79, 80]. The general concept and principle of transverse flow gating 

interfaces is illustrated in Figure 14 A1. Two capillaries are positioned in a connector 



  Introduction & methods 

 

29 

 

device with a small gap in-between. A transverse liquid flow can be applied at the 

cross section. Heart-cut sample transfer takes place as shown in Figure 14 A2: 

Initially, the 1st dimension separation is performed while the transverse flow is 

switched on directing the effluent to waste (step 1). When an analyte of interest 

reaches the gap the transverse flow is switched off for injection (step 2). 

 

Figure 14: Generic designs and sample transfer process of transverse flow gating (A1, A2) and hybrid 

capillary microchip interface (B1, B2). A more detailed description can be found in the main text.  

Due to the applied electrical field the analyte ions migrate towards the entrance of 

the 2nd dimension capillary. The transverse flow is switched on again after the 

injection is finished (step 3). Despite flow gating interfaces possess an elegant design 

and low dead volumes, the accurate amount of sample which is injected into the 2nd 

dimension usually cannot be determined and low transfer efficiencies are critical 

parameters. If the 2nd dimension is coupled to an MS instrument, coating procedures 

are often challenging to perform due to the missing (pressurized) outlet vial. 

An alternative type of interface that was applied for CE-CE-MS represent hybrid 

capillary-microchip devices. A generic 2D setup including a typical cross-channel 

section is illustrated in Figure 14 B1. The microfluidic chip comprises 4 channels 
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converging at the cross-section. Capillaries are connected to the respective ports of 

the channels (e.g. by adherence) including the inlet of the 1st dimension (CE1), the 

inlet of the 2nd dimension (CE2), an outlet waste vial, and the capillary hyphenated 

to the MS instrument. In Figure 14 B2, sample transfer is exemplarily shown for 

isotachophoresis (ITP)-CZE-MS: An electrical field is applied between the CE1 inlet 

and the waste vial for ITP separation (step 1). When an analyte of interest reaches 

the cross-channel section the direction of the electrical field is changed (CE1 to MS) 

for injection to the CZE dimension (step 2). Subsequently, HV is applied between the 

CE2 inlet and the MS instrument to perform separation in the 2nd dimension towards 

the MS (step 3). Such a design was developed and applied for ITP-CZE-MS by the 

Huhn group [81, 82]. A critical part of this hybrid setup was the connection between 

the CE capillaries and the microfluidic chip, resulting in additional dead volumes and 

consequently peak broadening. In a consecutive study an advanced design was 

introduced using selective laser induced etching processes during manufacturing of 

the glass chips to create circular channels [83]. In addition, dead volumes of capillary 

connections could be reduced significantly. In this way, peak tailing/broadening was 

improved and demonstrated for the separation of L-argenine and L-lysine. Still, only 

ITP was performed as 1st dimension and thus other CE modes should be evaluated in 

further studies. Moreover, similar to flow gating interfaces, the 1st and 2nd dimension 

are not physical separated and transfer volumes cannot be determined accurately. 

Contrary, defined sample volumes can be transferred applying a mechanical valve as 

CE-CE interface. Furthermore, both dimensions are physically separated enabling 

independent operation e.g. rinsing or coating steps, which represents a great benefit 

especially if the 2nd dimension is coupled to MS detection (open system without an 

outlet vial). Mechanical 6-port-valves, traditionally utilized in LC, were applied to 

couple CIEF and capillary electrochromatography for the analysis of proteins and 

peptides [84, 85]. However, no MS detection was performed and rather large sample 

volumes (130 and 500 nL) were transferred from 1st to 2nd dimension, well-suited for 

CEC but too large for typical CZE. 

In our working group, a mechanical 4-port-valve (VICI AG International: Schenkon, 

Switzerland) was tested as CE-CE interface for CE-CE-MS as illustrated in Figure 15 A 

[86]. This 4-port-valve consists of three major parts: (1) motor, (2) rotor comprising 

a 20 nL sample loop, and (3) stator including four capillary connections. Rotor and 
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stator are manufactured from polymer material (Valcon E®, PEEK/PTFE composition). 

The general concept of heart-cut sample transfer is illustrated in Figure 15 B. During 

separation in the 1st dimension the valve is kept in loading position, where the sample 

loop is connected to the inlet of a CE instrument (CE1) and the outlet is placed in a 

grounded external vial (EV) filled with BGE. An external UV detector is positioned a 

few cm in front of the valve in order to determine the correct time when an analyte 

of interest is located in the center of the sample loop. A more detailed description of 

this procedure can be found in the discussion section. Subsequently, the voltage in 

the 1st dimension is turned off and the valve is switched to inject position. 

Consequently, the sample loop is connected to the inlet of the second CE instrument 

(CE2) and the MS instrument. HV is applied in the 2nd dimension and separation takes 

place. Preliminary results were achieved indicating the promising perspective of this 

approach [86]. Hence, a simple phosphate based BGE was utilized as 1st CZE 

dimension for the separation of peptides to demonstrate the general functionality of 

the 4-port valve as CE-CE interface. In this case, a similar separation could be 

achieved using a volatile BGE system. Consequently, real applications still have to be 

developed, especially using more challenging BGEs as 1st separation dimension. 

 

Figure 15: (A) Scheme of mechanical 4-port valve consisting of three major part: (1) motor, (2) rotor 

incorporating a sample loop, and (3) stator including capillary connections. (B) General principle of 

heart-cut sample transfer including loading and injection positions. A more detailed description can be 

found in the main text. 
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Moreover, the 2D setup needs to be improved further, including e.g. implementation 

of precise heart-cutting procedures. These two aspects were the first core objective 

of the presented thesis. Applications developed during this project include the 

characterization of degradation products of small pharmaceuticals (manuscript I), 

as well as the in-depth MS characterization of mAb charge variants (manuscript II). 

In addition, all CE-CE-MS setups and applications developed in our working group 

related to the aforementioned 4-port valve were summarized and critically discussed 

in a trend article (manuscript III). 

6.2 LC-CE-MS 

LC-CE-MS systems are expected to possess high separation efficiency for a wide range 

of molecules, including the analysis of intact glycoproteins in complex biological 

samples [87]. In this context, the hyphenation of RPLC (hydrophobic interaction) and 

CZE (electrophoretic mobility) is of particular interest, since these two techniques 

possess nearly orthogonal separation mechanisms. In addition, LC-CE-MS benefits 

from the larger injection volumes of LC systems compared to traditional CE-MS, 

potentially resulting in improved sensitivity. For an adequate hyphenation of LC and 

CE technology certain demands need to be fulfilled: (i) compatibility of LC and CE 

conditions including flow rates, geometries and eluent constitution (ii) transfer of LC 

peaks in the low to mid-nL range, and (iii) electrical insulation required in CE. 

Online coupling of chromatographic and electrophoretic separation with optical 

detection was pioneered by the Jorgenson group using a grounded 6-port valve in the 

early 90’s [88, 89]. Nonetheless, a majority of the sample of the LC dimension was 

lost due to the large transfer volumes (sample loop: 10 µL), whereby only a minor 

fraction could be injected into the CZE dimension. Yet, in a majority of works flow 

gating types of LC-CE interfaces have been applied in a similar fashion to CE-CE 

coupling described in the previous chapter [87]. However, as stated before, these 

interfaces are often difficult to combine with MS e.g. considering coating procedures 

of the CE dimension or the desire to have complete independent operation of both 

separation dimensions. Due to the aforementioned challenges, only a couple of 

studies have been published performing LC-CE-ESI-MS [90–94]. In 1997, Jorgenson 

et al. demonstrated the application of a classical transverse flow gating interface for 

the analysis of tryptic peptides [90]. Based on the application of capillary RPLC (flow 
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rate: 15 µL/min) as 1st dimension in combination with the flow gating interface, only 

a minor fraction of sample could be transferred to the 2nd dimension. Bergström et al. 

developed a modified version of a flow gating interface which exhibited reduced dead 

volumes and a simplified fabrication process [91, 92]. Still, the general characteristics 

remained the same and no follow-up work has been published since 2006. The 

Ramsey group demonstrated LC-CE-MS using microfluidic devices. [93, 94]. 

Microfluidic chips provide unique characteristics, such as near-zero dead volume 

connections and potentially exceptional fast CE separations. Nevertheless, these 

systems are less flexible and individual separation dimensions are not physically 

separated as addressed in chapter 6.1. 

The aforementioned mechanical 4-port valve represents an interesting alternative as 

LC-CE interface coupled to subsequent MS detection, allowing the application of 

nanoRPLC as 1st dimension, perfectly matching the geometries of subsequent CZE-MS 

analysis. Furthermore, the auspicious analysis of intact proteins by LC-CE-MS has not 

been described in the literature up to date. Therefore, the development and 

application of a nanoRPLC-CZE-MS system for intact glycoprotein analysis was the 

second core objective of the presented thesis. Results of a proof-of-concept study can 

be found in manuscript IV. 

6.3 CE-IM-MS 

As addressed in chapter 5.1, the combination of separation based on electrophoretic 

mobility in the liquid (CE) and gas phase (IM-MS) highlighted in a recent trend article 

is highly auspicious [95]. Yet, this interesting topic was covered in only few studies 

[96]. CE was hyphenated with FAIMS-MS [97] and TWIM-MS [98, 99]. However, in 

these works IMS was not particularly applied as additional separation dimension but 

more to reduce spectral noise (FAIMS) or to gain information about enzyme kinetics 

(TWIM-MS). Preliminary attempts to perform CE-DTIM-MS were carried out in the late 

80’s by the Hill group analyzing model substances such as caffeine [100]. However, 

spray instability was a common issue and hindered its further application at that time. 

Thus far, the orthogonality of CE and IM-MS has not been evaluated carefully.  

In the last decade, IM-MS based approaches such as DTIM-MS have been particularly 

useful for the analysis of released glycans, including isomer characterization [101]. 
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Nonetheless, there is still room for improvement regarding peak capacity and 

separation efficiency especially considering larger glycan structures. In some cases, 

the combination of LC and IM-MS technology was applied to gain an additional 

separation dimension [96, 102]. However, considering the high polarity of glycans, 

RPLC is not well-suited for their separation and more adequate LC modes such as ion 

exchange chromatography still need to be examined in detail considering the 

hyphenation to IM-MS. In this context, CE-IM-MS represents an interesting and 

auspicious alternative to improve separation capabilities which has not been 

investigated for glycan analysis thus far [95]. A CZE-DTIM-MS method was developed 

for the characterization of released native and derivatized N-glycans as described in 

detail in manuscript V. 
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Objectives 

Demands imposed on analytical techniques are constantly increasing. In this regard, 

CE hyphenated to MS technology is becoming more and more important, especially 

for the analysis of proteins in a biological and/or pharmaceutical context. This is 

mainly due to the separation mechanism of CE based on the electrophoretic mobility 

of ions in liquid phase, which is ideal e.g. for separating proteins with minor structural 

differences. However, certain limitations are associated with CE-MS analysis including 

the following: (i) many CE methods are highly ESI-interfering and thus usually 

restricted to optical detection. Nevertheless, these electrolyte systems are essential 

to achieve the required selectivity leading to sufficient separation performance. (ii) 

Sensitivity in CE-MS is often limited, attributed to a major extend to the minor 

injection volumes (few nL) in standard CE analysis. (iii) Though often exhibiting high 

separation efficiency, the selectivity and peak capacity of CE-MS is not sufficient in 

particular cases, e.g. considering complex protein samples. In this regard, 

multidimensional separation techniques coupled to MS represent an auspicious 

approach to overcome these challenges. The thesis can be divided into three major 

parts: 

 

1) The first and main part of this thesis is dedicated to development and application 

of a fully functional CZE-CZE-MS system utilizing a mechanical 4-port valve as CE-CE 

interface based on previous works in our group [86]. Hence, the focus is set to enable 

MS characterization of analytes priorly separated in validated and routinely applied 

ESI-interfering electrolyte systems (1st dimension) ranging from small molecules to 

intact proteins such as mAbs (manuscript I to III). 

 

2) The application of the aforementioned 4-port valve interface for the hyphenation 

nanoLC and CZE-MS technology should be investigated for two main reasons: (i) 

utilizing the increased injection volumes of the nanoLC system (up to few µL) to 

increase sensitivity compared to traditional CE-MS, and (ii) improvement of 

separation performance for protein analysis by benefiting from the combination of 

both, selectivity of chromatography and electrophoresis (manuscript IV). 
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3) The detailed evaluation of the combination of CZE and DTIMS-MS as an alternative 

multidimensional approach to take advantage of electrophoretic mobilities in the 

liquid and gas-phase. This method is of particular interest for the characterization of 

protein (e.g. mAb) glycosylation (manuscript V). 
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Manuscript I 

S. Neuberger, K. Jooß, C. Ressel, C. Neusüß (shared first author) 

Quantification of ascorbic acid and acetylsalicylic acid in effervescent tablets by 

CZE-UV and identification of related degradation products by heart-cut CZE-CZE-MS 

Analytical and Bioanalytical Chemistry (2016) 408(30):8701-8712 

 

Manuscript II 

K. Jooß, J. Hühner, S. Kiessig, B. Moritz, C. Neusüß (paper in forefront) 

Two dimensional capillary zone electrophoresis-mass spectrometry for the detailed 

characterization of intact monoclonal antibody charge variants, including deamidation 

products 

Analytical and Bioanalytical Chemistry (2017) 409(26):6057-6067 

 

Manuscript III 

J. Schlecht, K. Jooß, C. Neusüß 

Two-dimensional capillary electrophoresis-mass spectrometry (CE-CE-MS): coupling 

MS-interfering capillary electromigration methods with mass spectrometry 

Analytical and Bioanalytical Chemistry (2018) 410(25):6353-6359 

 

Manuscript IV 

K. Jooß, N. Scholz, J. Meixner, C. Neusüß 

Heart-cut nanoLC-CZE-MS for the characterization of proteins on the intact level 

Electrophoresis (2018) DOI: 10.1002/elps.201800411 
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Manuscript V 

K. Jooß, S. W. Meckelmann, J. Klein, O. J. Schmitz, C. Neusüß (paper in forefront) 

Capillary zone electrophoresis coupled to drift tube ion mobility-mass spectrometry 

for the analysis of native and APTS-labeled N-glycans 

Analytical and Bioanalytical Chemistry (2018) DOI: 10.1007/s00216-018-1515-7 
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I. Setup of CZE-CZE-MS system and first application 

to small pharmaceuticals 

Quantification of ascorbic acid and acetylsalicylic acid in 

effervescent tablets by CZE-UV and identification of related 

degradation products by heart-cut CZE-CZE-MS 

S. Neuberger, K. Jooß, C. Ressel, C. Neusüß (shared first author) 

Analytical and Bioanalytical Chemistry (2016) 408(30):8701-8712 

A CZE-UV method was developed and validated for the simultaneous quantification of 

acetylsalicylic acid (ASA), ascorbic acid (ASC) and related degradation products in 

effervescent tablets. Due to the highly ESI-interfering BGE (100 mM tricine, pH = 8.8) 

a direct coupling to MS was not possible. Therefore, the first fully functional 

CZE-CZE-MS system, utilizing a mechanical 4-port valve as CZE-CZE interface, was 

developed to enable mass spectrometric characterization of the observed degradation 

products. In this context, a generally applicable hydrodynamic heart-cut strategy was 

implemented for sample transfer from the 1st to the 2nd CZE dimension. Besides the 

initial real application of CZE-CZE-MS utilizing the 4-port valve interface, relevant 

degradation products originating from the combination of ASA and ASC (one- and 

twofold acetylation of ASC by ASA) could be identified. These degradation products 

have not been described in the literature up to this point.  

Candidate’s contribution: 

Planning of validation and degradation study experiments and (statistical) data 

evaluation considering the CZE-UV method. Development of the CZE-CZE-MS setup, 

especially the hydrodynamic heart-cut sample transfer strategy, which consequently 

lead to a functional 2D system. Performance of CZE-CZE-MS experiments, data 

evaluation, literature search and preparation of manuscript was divided equally 

between S. Neuberger and myself. 
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II: Extension of CZE-CZE-MS applications towards 

intact protein analysis 

Two dimensional capillary zone electrophoresis-mass spectrometry 

for the detailed characterization of intact monoclonal antibody 

charge variants, including deamidation products 

K. Jooß, J. Hühner, S. Kiessig, B. Moritz, C. Neusüß (paper in forefront) 

Analytical and Bioanalytical Chemistry (2017) 409(26):6057-6067 

CZE-UV methods utilizing ε-aminocaproic acid (EACA) based electrolytes are routinely 

applied as biopharmaceutical applications for the separation of monoclonal antibody 

(mAb) charge variants. Though being highly ESI-interfering, these electrolytes are 

necessary to achieve sufficient separation efficiency of the various potential mAb 

charge variants. Thus, these CZE methods represent an ideal challenge to expand the 

application field of the CZE-CZE-MS setup towards intact protein analysis. In this 

regard, a generic EACA based CZE-UV method was applied as first dimension. It was 

possible to generate interference-free, highly precise mass data of Trastuzumab 

charge variants. In this way, the first on-line generated MS data of mAb variants was 

generated applying an EACA-based electrolyte system. Furthermore, it was possible 

to differentiate between main and deamidated forms of mAbs (Δm = 1 Da) on the 

intact level for the first time. This approach has the potential to become a compelling 

analytical tool for MS characterization of mAb charge variants.  

Candidate’s contribution: 

Planning of experiments and development of CZE-CZE-MS method. Performance of 

majority of experiments. Entire interpretation and evaluation of data. Literature 

search and preparation of major parts of the manuscript including creation of figures.
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III: Overview of CE-CE-MS applications developed 

for ESI-interfering electrolytes 

Two-dimensional capillary electrophoresis-mass spectrometry 

(CE-CE-MS): coupling MS-interfering capillary electromigration 

methods with mass spectrometry 

J. Schlecht, K. Jooß, C. Neusüß 

Analytical and Bioanalytical Chemistry (2018) 410(25):6353-6359 

Based on the success of the CE-CE-MS system utilizing the mechanical 4-port valve 

interface, we were invited to submit a trend article involving the coupling of 

MS-interfering CE methods with mass spectrometry. In the first section, alternative 

approaches to CE-CE-MS are critically discussed including off-line fraction collection, 

alternative ionization, dilution, or the change to volatile electrolyte constituents. 

Nevertheless, all of these options represent a compromise between separation 

efficiency and sensitivity of MS detection. The second part of the article revolves 

around the advantages, limitations and applications of the CE-CE-MS system including 

future perspectives.  

Candidate’s contribution: 

Preparation of second part of the manuscript (CE-CE-MS section) including literature 

search. Creation of all presented figures in the manuscript. 
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IV: Setup of LC-CE-MS system and first application 

to intact glycoprotein analysis 

Heart-cut nanoLC-CZE-MS for the characterization of proteins on 

the intact level 

K. Jooß, N. Scholz, J. Meixner, C. Neusüß 

Electrophoresis (2018) DOI: 10.1002/elps.201800411 

The demands for the analysis of complex samples, especially in proteomics, are 

constantly increasing. In this context, the combination of RPLC in the nanoscale and 

CZE is of highest interest due to their nearly orthogonal separation mechanism and 

well-suited geometries/dimensions. Here, a heart-cut nanoLC-CZE-MS setup was 

developed utilizing a mechanical 4-port valve as LC-CE interface to increase 

separation performance for glycoprotein analysis. As desired, this 2D setup exhibits 

higher separation efficiency compared to the 1D methods. A model protein mix was 

first separated by nanoLC followed by heart-cut transfer of individual LC peaks and 

subsequent characterization of their glycoforms by CZE-MS. Additionally, higher 

sensitivity was achieved due to the exploitation of the injection volumes (200 nL) of 

the nanoLC system compared to traditional CZE (few nL), which resulted in estimated 

LODs in the low µg/mL range. Furthermore, this proof-of-concept study represents 

the first application of an LC-CE-MS system for intact protein analysis. 

Candidate’s contribution: 

Development of nanoLC-CZE-MS setup based on preliminary results. Planning of 

experiments. Partial performance of experiments. Data evaluation including 

validation. Preparation of manuscript including creation of figures. 
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V: Development of a CZE-DTIM-MS method for the 

analysis of protein glycosylation 

Capillary zone electrophoresis coupled to drift tube ion mobility-

mass spectrometry for the analysis of native and APTS-labeled 

N-glycans 

K. Jooß, S. W. Meckelmann, J. Klein, O. J. Schmitz, C. Neusüß (paper in forefront) 

Analytical and Bioanalytical Chemistry (2018) DOI: 10.1007/s00216-018-1515-7 

In recent years, drift tube ion mobility mass spectrometry (DTIM-MS) has emerged 

as a fast alternative to traditional separation techniques. The combination of CZE 

based on electrophoretic mobility in the liquid phase and DTIM-MS based on mobilities 

in the gas-phase represents an interesting approach for a two-dimensional separation 

concept. Here, the first on-line coupling of CZE and DTIM-MS was performed as an 

alternative to traditional two-dimensional liquid phase separation. The aim was to 

further improve separation capabilities for the analysis of native and APTS-labeled 

N-glycans released from different protein sources including monoclonal antibodies. 

Each individual glycan signal separated in CZE exhibited an unexpectedly high number 

of peaks observed in the IMS dimension. Their origin could be explained by the 

presence of isomeric forms, including different linkages, and/or gas-phase conformers 

which do not interconvert on the time-scale of the ion mobility separation. Without 

prior separation in the CZE dimension, the complexity of some N-glycans could not 

be resolved by DTIM-MS alone. This highlights the benefits obtained by the 

combination of these powerful analytical techniques. Summarized, the combination 

of CZE and DTIM-MS technology displays a high potential and is expected to find 

various applications in the future. 

Candidate’s contribution: 

Planning and performance of experiments, data evaluation, literature search, 

preparation of manuscript including creation of figures. 
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Discussion 

The following section contains a discussion about the key findings of the presented 

work described in the thesis relevant manuscripts, especially in the context of the 

over-all project.  

7. Setup of CZE-CZE-MS system and first application 

to small pharmaceuticals 

7.1 CZE-CZE-MS of small pharmaceuticals 

Acetylsalicylic acid (ASA), known as aspirin, is one of the most commonly applied 

active ingredients in pharmaceuticals due to its analgesic, antipyretic, and anti-

inflammatory properties. In order to counteract serious adverse drug effects caused 

by oxygen radicals formed during the metabolism of ASA, ascorbic acid (ASC, referred 

to as AA in manuscript I) is oftentimes added to the pharmaceutical formulation 

[103]. Both, ASA and ASC are known to degrade relatively fast if exposed to oxygen 

and/or humidity [104, 105]. Conclusively, the quantification of ASA, ASC and related 

degradation products including preceding identification is of utmost importance to 

ensure the quality of pharmaceutical products. In this context, different HPLC 

methods have been developed for the quantification of ASA and ASC. However, 

considering degradation products, either resolution was not sufficient [106], or they 

have not been detected in general [107]. ASA and ASC are small polar molecules, 

dissociated at neutral to basic pH. For this reason, CZE appears to be a promising 

approach for the separation of these analytes. Thus far, no CZE method has been 

reported for the simultaneous determination of ASA and ASC, let alone related 

degradation products. Therefore, in the context of another PhD project, the first 

CZE-UV method was developed for the quantification of ASA, ASC and potential 

degradation products in effervescent tablets. During method development, several 

different BGE systems were tested analyzing fresh and degraded effervescent tablet 

samples including typical volatile BGEs, such as ammonium formate or acetate. In 

fact, only a BGE containing high amounts of ESI-interfering tricine (100 mM, 

pH = 8.8) delivered sufficient resolution and separation performance. A more detailed 
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description of method conditions can be found in manuscript I. Concerning 

degradation products, salicylic acid could be easily identified by spiking experiments. 

In addition, two other prominent peaks were generated over storage time as 

illustrated in Figure 16 (peak #1 and #2). These peaks did not match with any known 

degradation product of ASA or ASC. Therefore, MS characterization was mandatory 

to identify these unknown substances. The tricine-based CZE-UV method represented 

the ideal showcase not only to evaluate and improve the CE-CE-MS system further 

but also to identify important, but previously unknown degradation products of ASA 

and ASC. 

 

Figure 16: CZE-UV electropherogram of degraded ASA + ASC tablet sample. Original concentrations: 

800 mg/mL ASC, 2400 mg/mL ASA and 70 mg/mL 2-naphthalenesulfonic acid (NSA) applied as internal 

standard. Detection was performed at 220 nm (blue) and 270 nm (red) wavelength. Tablets were 

exposed to a relative humidity of 52% at 30 °C for 72 h. Separation was performed using FS capillaries 

(50 cm), 100 mM tricine (pH = 8.8) as BGE, and +20 kV separation voltage. Non-assignable peaks 

(#1, #2) were observed. More detailed method information can be found in manuscript I. 

7.2 CE-CE-MS utilizing a 4-port valve interface 

The CE-CE-MS setup utilized during this thesis was based on our previous work [86]. 

A scheme of the general 2D setup can be found in Figure 17 A. The 1st dimension 

(CE1 instrument) is comprised as follows: An inlet capillary (1.Dinl) is connected 

through the external UV cell to channel S of the mechanical 4-port valve. An outlet 

capillary (1.Dout) is jointed to channel W and placed in a grounded external vial filled 

with BGE to close the electrical circuit. The inlet (2.Dinl) and outlet (2.Dout) of the 

2nd dimension (CE2 instrument) are connected to channel C and P, respectively. In 

addition, the outlet is linked to the ESI source of the QTOF-MS instrument. The length 
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and type of the capillaries (coated, non-coated) vary depending on the application 

and can be found in the methods & materials section of the respective manuscripts. 

The motor, rotor and stator were pushed tight together via two screws, in order to 

avoid leakages during the measurements.  

 

Figure 17: (A) Scheme of general CE-CE-MS setup. The inlet of the 1st dimension (1.Dinl) is connected 

through the external UV cell to channel S of the 4-port valve. The outlet (1.Dout) is jointed to channel W 

and placed in a grounded external vial filled with BGE. The inlet and outlet of the 2nd dimension (2.Dinl) 

are connected to channel C and P, respectively. The outlet (2.Dout) is linked to the ESI source of the 

QTOF-MS instrument. A more detailed description of operation can be found in the main text. (B) 

Photographic picture of applied CE-CE-MS setup. 
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The stator and rotor are comprised of a mixture of polyether ether ketone and 

polytetrafluoroethylene exhibiting a dielectric constant of approximately 22 kV/mm 

[86]. Thus, considering the rotor geometries and material properties, a voltage 

between ±10 to 15 kV is usually applied in order to prevent current breakthroughs 

and ensure stable operation of the 2D system. A picture of the CE-CE-MS setup is 

shown in Figure 17 B. 

7.3 Development of heart-cut strategy 

As stated earlier, the crucial part of the CZE-CZE-MS method represents the sample 

transfer from the 1st to the 2nd separation dimension. In this context, two different 

heart-cut sample transfer strategies were evaluated experimentally as depicted in 

Figure 18. The most straightforward approach to position a desired peak within the 

sample loop of the 4-port valve is to utilize the electromigration in the 1st dimension 

(Figure 18 B). Initially, separation is performed in the 1st dimension (step 1). Based 

on the time it takes for an analyte to migrate towards the external UV detector, its 

electrophoretic velocity (𝑣𝑒𝑙) [cm/min] can be determined as described in equation 

7.1 (step 2).  

 
𝑣𝑒𝑙 =

𝐿𝑒𝑓𝑓

𝑡𝑚
 

(7.1) 

 

   

𝑣𝑒𝑙 : electrophoretic velocity of analyte  

𝐿𝑒𝑓𝑓  : effective capillary length from CE inlet to UV detector  

𝑡𝑚  : migration time of analyte  

 

Subsequently, the cutting time (𝑡𝑐𝑢𝑡) is calculated using the electrophoretic velocity 

(𝑣𝑒𝑙) and the remaining length between the detector and the center of the sample 

loop of the 4-port valve as shown in equation 7.2. The standard sample loop of the 

4-port valve has a volume of 20 nL correlating approximately to a length of 1 cm for 

a 50 µm inner diameter capillary. Consequently, the equivalent length to the center 

of the loop is 0.5 cm which needs to be considered and thus is added to the numerator 

of the equation.  
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𝑡𝑐𝑢𝑡 =

𝐿𝑡𝑜𝑡 − 𝐿𝑒𝑓𝑓 + 0.5

𝑣𝑒𝑙
 

(7.2) 

 

   

𝑡𝑐𝑢𝑡 : time to switch 4-port valve  

𝐿𝑡𝑜𝑡 : total capillary length   

 

Separation is prolonged until the cutting time (𝑡𝑐𝑢𝑡) is reached and the analyte is 

located in the sample loop (step 3). Afterwards, the valve is switched and separation 

in the 2nd dimension is performed (step 4). This strategy was already applied in the 

previous proof-of-concept study [86]. However, this heart-cut strategy has displayed 

fundamental drawbacks. It is necessary that the electrophoretic velocity remains 

constant throughout the whole separation in the 1st dimension. Therefore, the 

conductivity of the sample and the BGE need to be similar, to avoid field 

inhomogeneities after injection. In fact, this is not always the case including the 

tricine-based CZE-UV method. 

 

Figure 18: Principle of heart-cut strategies utilizing 4-port valve as CE-CE interface: (A) Definition of 

different lengths in the 1st dimension. (B) Strategy I, utilizing only electromigration to position analyte 

in sample loop. (C) Strategy II, including hydrodynamic positioning of analyte from UV detector to 

sample loop. A more detailed description can be found in the main text.  
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In addition, potential dead volumes at the capillary junctions and changes in the 

geometry and surface properties attributed to the 4-port valve might influence the 

electrophoretic velocity. In fact, the appropriate cutting time can also be determined 

empirically by stepwise alteration until the highest peak intensity is obtained in the 

2nd dimension. Consequently, the calculation can be adapted for a specific type of 

sample accordingly.  

Another way to solve this issue is to use two external detectors in proximity to the 4 

port-valve in the 1st dimension. In this way, the electrophoretic velocity can be 

determined more precisely based on the migration time difference and known 

distances between the detectors. Such a method was successfully applied for CIEF-

CZE-MS utilizing an external UV and conductivity detector [108]. However, it is very 

elaborate to position two optical detectors directly in front of the 4-port valve, and 

the setup is fragile due to the need of two capillary windows.  

For this reason, an alternative heart-cut strategy was developed as depicted in Figure 

18 C. First, separation is performed in the 1st dimension as described for strategy I 

(step 1). Separation is stopped as soon as the analyte of interest reaches the external 

UV detector (step 2). Subsequently, low pressure (50 mbar) is applied to position the 

analyte accurately in the sample loop of the 4-port valve (step 3). The flow rate (𝑉̇𝑝) 

is determined prior to the 2D analysis e.g. by injecting a UV active standard and 

applying low pressure (50 mbar) until it passes the external UV detector. The required 

time is used to calculate 𝑉̇𝑝 as described in equation 7.3.  

 
𝑉̇𝑝 =

𝑉𝑒𝑓𝑓

𝑡𝑈𝑉
 

(7.3) 

 

   

𝑉̇𝑝 : flow rate (50 mbar)  

𝑡𝑈𝑉   : time for analyte to pass UV detector  

 

The cutting time (𝑡𝑐𝑢𝑡) is calculated based on equation 7.4. After positioning of the 

peak, the valve is switched and separation in the 2nd dimension is performed (step 4). 

This heart-cut strategy was evaluated empirically and proofed to be more reliable and 

precise compared to the electromigration based approach. 
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𝑡𝑐𝑢𝑡 =

𝑉𝑡𝑜𝑡 − 𝑉𝑒𝑓𝑓 + 𝑉𝑐𝑙

𝑉̇𝑝

 
(7.4) 

 

   

𝑉𝑡𝑜𝑡 : total volume of capillary   

𝑉𝑒𝑓𝑓  : effective capillary volume from CE inlet to UV detector  

𝑉𝑐𝑙  : volume from capillary connection to center of sample loop  

 

Peak broadening is expected to be low, due to the small applied pressure (50 mbar) 

and the short distance from the external UV detector to the center of the sample loop 

(typically 4.5 cm). Differences in the conductivity of the sample and the BGE do not 

represent a potential issue anymore. Furthermore, this strategy is applicable for any 

kind of CE method in the 1st dimension as described in manuscript III. In case of 

the tricine-based CZE method the analyte was additionally flushed out of the sample 

loop into the 2nd dimension (50 mbar for 30 sec) and the valve was switched back to 

loading position prior to the application of HV in the 2nd dimension (manuscript I). 

Initially, it was believed that this procedure results in a more stable separation. 

However, follow-up studies revealed that this step is not necessary and HV can be 

directly applied in the 2nd dimension while the analyte is still located in the sample 

loop (manuscript II). 

7.4 Identification of ASA/ASC degradation products 

Besides accurate sample transfer, the separation of the co-transferred tricine from 

the analyte in the 2nd CZE dimension is essential prior to MS detection. In this regard, 

various BGE systems were tested by 1D CZE-MS analyzing an ASC standard 

(1000 mg/L) solved in tricine BGE of the 1st dimension. Separation could be achieved 

using 25 mM ammonium acetate (pH = 6.0) as BGE in reversed polarity mode. The 

EOF had to be suppressed using poly(vinyl alcohol) (PVA) coating to avoid suction of 

SL into the separation capillary, creating unstable CE currents. As mentioned before, 

two distinct peaks were observed in the CZE electropherogram (peak #1 and #2, 

Figure 16) which could not be attributed to known degradation pathways of neither 

ASA nor ASC. 
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Applying CZE-CZE-MS, these peaks could be identified as monoacetylated (#2) and 

diacetylated (#1) ASC based on their accurate mass and shifts in migration time as 

illustrated in Figure 19. This conclusion fits well with a proposed reaction mechanism. 

 

Figure 19: Overview of degradation products originating from ASC in the presence of ASA. ASC is 

acetylated by ASA forming monoacetylated (mAc)-ASC and diacetylated (diAc)-ASC. Detected m/z 

values are added below their structure, respectively. 

The 3-hydroxy group of ASC is known to be prone to acetylation due to its vinylogous 

structure [109]. In addition, ASA is capable to acetylate reactive hydroxy groups 

[110]. Moreover, the pKA value of the 2-hydroxy group of ASC is lowered from 11.5 

to around 5.5 after acetylation of the 3-hydroxy group [109]. Thus, a second 

acetylation of ASC by ASA is quite plausible. 

8. Extension of CZE-CZE-MS applications towards 

intact protein analysis 

8.1 CZE-CZE-MS of mAb charge variants 

The characterization of product- and storage-related impurities (e.g. degradation 

products) of mAbs is an important task of technical development, release testing, 

control of manufacturing processes, and to ensure the safety of the drug [36]. CZE is 

well-suited for the analysis of mAb charge variants, due to its high selectivity, 

resolving power, and low sample consumption. Because of the small deviation in 

molecular mass between mAb charge variants, the difference in charge and not in 

hydrodynamic radius is often the important factor regarding separation efficiency. In 
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recent years, CZE methods were introduced utilizing electrolytes containing, among 

others, high concentrations of ε-aminocaproic acid (EACA) [36, 111, 112]. These 

EACA-based CZE-UV methods are already an integrated part in the pharmaceutical 

industry as an additional tool to ion exchange chromatography (IEX)-UV for the 

characterization of mAb charge variants. In addition, these methods usually exhibit 

superior separation efficiency and resolution compared to traditional IEX. In order to 

identify previously separated mAb charge variants, MS characterization has been 

demonstrated to be a powerful and crucial tool [113]. However, similar to the 

previously described tricine, EACA is highly ESI-interfering for proteins in positive 

mode and thus no direct coupling with MS is feasible. Therefore, a heart-cut 

CZE-CZE-MS method was developed utilizing the aforementioned 4-port-valve. 

Trastuzumab is well characterized and known to possess several potential 

deamidation sites [114, 115]. Due to the minor mass difference of deamidated 

proteoforms (Δm = 1 Da), a preceding separation is essential prior to MS character-

ization. For this reason, Trastuzumab was selected as model system to demonstrate 

the capability of the developed CZE-CZE-MS method. 

8.2 CZE-CZE-MS method development 

For the 1st dimension, a generic EACA based BGE was selected adapted from Moritz 

et al. [36].The BGE comprised 380 mM EACA, 1.9 mM triethylentetramine, and 0.05% 

hydroxypropyl methylcellulose. A more detailed description of 1D and 2D method 

conditions can be found in manuscript II. To reiterate, the 2nd dimension was not 

performed to achieve higher peak capacities or resolution such as in traditional 2D 

approaches, but can be seen more as an on-line electrophoretic clean-up step prior 

to MS detection. Therefore, a variety of different volatile BGE compositions were 

tested as potential 2nd dimension analyzing Trastuzumab (12.5 mg/mL) dissolved in 

EACA electrolyte by 1D CZE-MS: 0.5 and 1 M FAc; 0.5, 1, 2, 3 and 5 M HAc. In this 

context, 2 M HAc was sufficient to separate mAb variants from the EACA electrolyte 

constituents and thus selected for all further experiments. In subsequent 

CZE-CZE-MS experiments, single heart-cuts (20 nL) of mAb peaks were performed 

as described in Figure 18 C. An example cut of the main peak of glycosylated 

Trastuzumab (12.5 mg/mL) is shown in Figure 20. Interference-free mass spectra 

could be obtained and typical glycoforms were observed. 
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Figure 20: Cut of main peak of glycosylated Trastuzumab (12.5 mg/mL) using CZE-CZE-MS (20 nL 

transfer volume). (A) CZE-UV electropherogram of 1st dimension including basic, main, and acidic 

variants. (B) CZE-MS electropherogram of 2nd dimension. (C) Raw and (D) deconvoluted mass spectrum 

of cut main peak. Typical glycoforms (G0F/G0F to G1F/G1F, G0F/G2F) were observed. Detailed 

separation conditions can be found in manuscript I. 

8.3 Mass accuracy of intact mAbs 

In general, MS characterization of mAb variants provides information on the primary 

sequence, PTMs and higher order structures [116]. However, high mass molecules 

such as intact mAbs (~150 kDa) are usually non-isotopically resolved by most MS 

instruments, including the applied QTOF-MS instrument. Nonetheless, high resolution 

MS enables the discrimination of analyte species even with minor differences. Yet, the 

isotopic envelope of mAbs is rather broad (~25 Da at full width at half maximum) 

[117]. Small mass shifts caused by deamidation (+1 Da) or even larger shifts, e.g. 

N-terminal pyroglutamate formation (-18 Da) would inevitably overlap in the mass 

spectrum. Due to the preceding separation of charge variants in the EACA-based BGE 

the broad isotopic envelope did not represent an issue for the developed CZE-CZE-MS 

method. Still, a mass precision better than 1 Da is necessary to distinguish 

deamidated proteoforms. In fact, the obtainable mass accuracy and precision had to 

be critically evaluated. In order to optimize the achievable mass accuracy and 

precision an external calibration of the MS data in a close time frame to the analyte 

signal was implemented in the 2nd dimension. Thereby, tuning mix solution (20 µL) 



  Discussion 

 

107 

 

was infused via the SL tubing directly after the mAb was detected in the MS using the 

integrated mechanical 6-port valve of the QTOF-MS instrument depicted in Figure 21. 

 

Figure 21: MS calibration procedure based on SL tuning mix infusion. (A) Scheme of 6-port valve of 

QTOF-MS used for tuning mix infusion (B) CZE-MS electropherogram with implemented tuning mix 

infusion. A more detailed description can be found in the main text. 

During migration of the mAb charge variant, the sample loop (20 µL) of the 6-port 

valve implemented in the QTOF-MS instrument was filled with tuning mix solution 

(position 1). After detection of the mAb in the MS the valve is switched and tuning 

mix is infused via the SL tubing (position 2). The resulting tuning mix signals were 

used to recalibrate the MS spectra during data evaluation (quadratic regression 

model). In this way, variations in the instrumental performance could be corrected 

subsequently improving the overall mass accuracy and precision. In general, the 

developed calibration procedure can be transferred to any CZE-MS method utilizing a 

SL based CE-ESI interface and was later applied in our group for CIEF-CZE-MS of 

intact proteins including mAbs [118]. In this way, highly precise mass data of 

glycosylated Trastuzumab could be obtained. 

For the three highest abundant glycoforms of the main variant G0F/G0F, G0F/G1F 

and G1F/G1F (G0F/G2F) an average mass of 148059.1 ± 0.8, 148220.1 ± 0.5 and 

148381.6 ± 0.6 (n = 5) was determined, respectively. A deviation of +20.2, +13.0 

and +8.4 ppm compared to the theoretically calculated average masses (148056.1, 

148218.2 and 148380.4 Da) was observed based on the “representative isotopic 

distributions” of IUPAC [119]. Potential explanations, such as adduct formation, 

systematic error in deconvolution and mass calibration process were evaluated but 

conclusively regarded as improbable. However, a general tendency to slightly higher 

average masses compared to the calculated values could be observed in the literature 
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as well [113, 117]. The relative amount of 13C in the “representative isotopic 

distributions” of IUPAC (δ13C = -37) is based on crude oil, and differs compared to 

the natural isotopic distribution of carbon in organic material (C3, C4 and CAM plants: 

δ13C = -10 to -33) [120]. Thus, a deviation in the isotopic distribution of carbon could 

be a plausible explanation for the observed mass shift, as exemplarily shown for the 

glycoform G0F/G1F of the main Trastuzumab peak in Figure 22.  

 

Figure 22: Comparison of detected deconvoluted mass of G0F/G1F glycoform of the main peak of 

Trastuzumab with calculated masses based on 13C distribution stated by IUPAC [119] and natural organic 

carbon [120]. A more detailed explanation can be found in the main text. 

Taking the entire width of the natural organic carbon distribution into account, the 

theoretical calculated values for the three main glycoforms are 148057.2 (G0F/G0F), 

148219.4 (G0F/G1F) and 148381.5 (G1F/G1F, G0F/G2F) with a range of ±0.8, 

respectively. A corresponding mass deviation between -5.1 to +17.9 ppm was 

determined for the detected masses. By taking the measurement uncertainty in 

consideration, detected and calculated masses are in agreement. The detailed 

comparison between detected and theoretical masses of intact proteins could only be 

performed due to the impressive mass precision (standard deviation = 0.5–0.8 Da) 

achieved by using the developed CZE-CZE-MS method. The attained results highlight 

the challenge of accurate mass calculation for intact proteins in general. Furthermore, 

such a detailed evaluation of detected and calculated masses has not been performed 

for intact mAbs thus far. 
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8.4 Deamidated charge variants of Trastuzumab 

Subsequently, the most intense acidic variant of glycosylated Trastuzumab was cut 

and analyzed and a slight shift to higher masses (~1-3 Da) was observed compared 

to its main form, which could be explained by potential deamidation processes. 

However, the signal quality was not sufficient for accurate mass determination 

(standard deviation 1.8 Da; n = 5). For this reason, deglycosylation of Trastuzumab 

samples using N-glycosidase F was performed, in order to increase sensitivity and 

simultaneously simplify the obtained mass spectra. Results of the CZE-CZE-MS 

analysis of the main form and the two most abundant acidic variants are illustrated 

in Figure 23.  

 

Figure 23: CZE-CZE-MS analysis of deglycosylated Trastuzumab (6 mg/mL). (A) 1st dimension CZE-UV 

electropherogram. Results of consecutive cuts (n = 5) of M, A2, and A3 are summarized below. (B) 

Reaction pathway of deamidation process. A more detailed description can be found in the main text. 

Considerable higher relative intensities for the acidic variants were observed 

compared to the glycosylated sample, which implies chemical alteration induced by 

N-glycosidase F treatment. The following deconvoluted masses were obtained for 5 

consecutive cuts of each peak: M = 145171.5 ± 0.4 Da, A2 = 145173.5 ± 0.5 Da, 

and A3 = 145174.6 ± 0.6 Da. As already indicated by the analysis of the glycosylated 
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sample, slightly higher masses compared to the main variant were obtained. Due to 

the high precision (standard deviation ≤ 0.6 Da), the mass differences were confirmed 

to be statistically significant (t-test, α = 0.05, p < 0.05). In addition, deglycosylation 

by N-glycosidase F (pH = 8.0) is known to introduce significant amounts of artificial 

chemical deamidation [121]. The acidic variants A2 and A3 can most likely be 

attributed to be deamidation products based on three major criteria: (i) increased 

migration times, (ii) corresponding mass shift, and (iii) elevated intensity after 

N-glycosidase F treatment. 

In conclusion, interference-free mass spectra of mAb charge variants previously 

separated in highly ESI-interfering BGE were obtained by the application of developed 

CZE-CZE-MS method. Admittedly, the overall analysis time is rather long, however, 

the CZE-CZE-MS method is only needed for valuable characterization purposes, 

whereas the underlying 1st dimension (CZE-UV) can be applied routinely for reliable 

quantitation. The CZE-CZE-MS method is expected to be applicable to a variety of 

different BGEs in the 1st dimension. In this way, extensively optimized and validated 

CZE methods, e.g. targeting a specific type of mAb, can be coupled to MS. Still, there 

is room for improvement regarding, sensitivity and sample pretreatment (generation 

of additional deamidation caused by N-glycosidase F treatment) to characterize even 

very low abundant charge variants. 

9. Overview of CE-CE-MS applications developed for 

ESI interfering electrolytes 

9.1 Application of different CE modes as 1st dimension 

In the context of the CE-CE-MS setup utilizing the 4-port valve interface, the focus of 

this thesis was to enable mass spectrometric characterization of analytes separated 

by ESI-interfering CZE methods. Nevertheless, other CE modes causing similar 

interference with the ionization process can be used as 1st dimension, and respective 

2D methods were developed by other members of the working group. All 2D CE-MS 

applications based on the 4-port valve interface so far were summarized and 

discussed in manuscript III.  
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In CIEF, ions are separated based on their pI value in a pH gradient applying 

ampholytes which are typically highly ESI-interfering. For this reason, CIEF-CZE-MS 

methods were developed in our group for intact protein analysis. Exemplarily, 

separation and characterization of hemoglobin and its glycated form (ΔpI = 0.036) 

could be achieved [108]. In addition, the results obtained regarding potential 

deamidation products of Trastuzumab using CZE-CZE-MS could be confirmed by 

CIEF-CZE-MS, utilizing the hydrodynamic sample transfer strategy developed in this 

thesis [118]. One feature of CIEF is that the entire capillary can be filled with sample 

often resulting in higher sensitivity compared to CZE due to the increased injection 

volume. Another interesting application represent CGE methods utilizing sodium 

dodecyl sulfate (SDS) for mAb impurity characterization. These methods are routinely 

applied in the pharmaceutical industry and thus of particular interest. Protein-DS 

complexes are particularly strong and cannot be disrupted easily. In order to 

overcome this issue, a sophisticated CZE method was developed based on the 

co-injection of positively charged surfactants and methanol as organic solvent to 

break up these complexes [122]. This CZE method could be successfully applied as 

2nd dimension in the CE-CE-MS system (manuscript in preparation). All these 

examples, including the CZE-CZE-MS methods developed during this thesis, 

emphasize the versatility of the CE-CE-MS system. 

10. Setup of LC-CE-MS system and first application 

to intact glycoprotein analysis 

10.1 NanoLC-CZE-MS of glycoproteins 

Proteome analysis is considered one of the current biggest challenges in the field of 

(bio)analytical chemistry [123]. Due to the enormous diversity of protein species and 

variants, a single analytical method is simply not sufficient to reveal the entire 

complexity of a cell proteome. In this regard, the hyphenation of nanoscale RPLC and 

CZE is of particular interest due to their nearly orthogonal separation mechanism and 

well-suited geometries/dimensions, especially in combination with characterization by 

MS. Up to this point, the 4-port valve interface has not been applied in the context of 

“traditional” 2D analysis, in order to increase separation efficiency and resolving 

power. In addition, no chromatographic based separation technique has been 
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integrated in our 2D system. Therefore, a heart-cut nanoLC-CZE-MS method was 

developed for the proof-of-concept analysis of glycoproteins utilizing the 4-port valve 

as LC-CE interface (see manuscript IV). 

10.2 Development of nanoLC-CZE-MS method 

Based on the recent success of our previous work related to CE-CE-MS, a nanoLC 

pump was provided by Agilent Technologies (Waldbronn, Germany) to evaluate the 

potential of the 4-port valve interface for nanoLC-CZE coupling. However, no 

adequate sample injection system (Vinj < 1 µL) was available in our lab. Thus, an 

alternative injection system for nanoLC had to be developed. The integrated 

mechanical 6-port valve of the ESI-QTOF-MS system was evaluated for sample 

injection in the nanoLC system as illustrated in Figure 24.  

 

Figure 24: (A) Scheme of 6-port valve used for sample injection for nanoLC system. Sample is loaded 

via a syringe while the 6-port valve is kept in position 1 (loading volume: 200 nL). Injection was 

performed by switching to position 2. (B) Picture of 6-port valve. A more detailed description can be 

found in the main text. 

Here, a PVA coated capillary with an inner diameter of 50 µm and a length of 10 cm 

was applied as sample loop resulting in an injection volume of about 200 nL. PVA-

coated capillaries were used to prevent protein adsorption on the capillary wall which 

would cause incomplete sample injection and potential carry over. Prior to injection, 

the complete loop was filled with sample solution using a syringe while the valve is 

kept in position 1. Subsequently, the valve was switched for 60 sec to position B in 
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order to ensure the injection of the complete sample onto the column, utilizing a 

nanoLC flow rate of 0.5 µl/min. The injection method was tested and confirmed to be 

reproducible for nanoLC-UV by analyzing ribonuclease B (RNAse B) as model protein 

(c = 100 µg/ml). 

During nanoLC-UV method development several gradients and eluent compositions 

were evaluated, including different types of organic solvents and additives, analyzing 

a model protein mix: RNAse B (100 µg/mL), cytochrome c (80 µg/mL), lysozyme c 

(80 µg/mL) and myoglobin (50 µg/mL). The final nanoLC method was as follows: 

mobile phase A was 10% ACN with 0.05% TFA, while mobile phase B was 100% ACN 

with 0.05% TFA. A 44 min gradient was applied: 0-2 min: 0% B, 2-30 min: 0-100% B, 

30-34 min: 100% B, 34-36 min: 100-0% B, 36-44 min: 0% B. In the context of intact 

protein analysis, elevated column temperatures have been demonstrated to be 

beneficial for intact protein separation [124]. For this reason, an LC oven was built 

and different temperatures were tested during method development including room 

temperature, 40, 50, 55 and 60 °C. A temperature of 50 °C was selected for further 

experiments exhibiting the highest resolution (improvement factors: 1.17-1.25, 

compared to room temperature). Since proteins usually elute at high organic content, 

the influence of organic solvents on CZE-MS had to be evaluated. Therefore, a 

standard of RNAse B (1000 µg/mL) was solved in different amounts of ACN or 

methanol (10-70% (v/v)) and subsequently analyzed by CZE-MS (BGE 1 M HAc). No 

major influence on the separation performance and stability was observed. Thus, it 

can be concluded that typical elution conditions for RPLC can be applied in the 1st 

dimension of the 2D setup without negative influence on the CZE-MS dimension. 

Furthermore, different BGE compositions were tested for glycoforms separation 

analyzing the same RNAse B standard resulting in a final BGE of 0.2 M FAc. 

10.3 Heart-cut of RNAse B from protein mix 

Subsequently, the protein mix was analyzed using the complete nanoLC-CZE-MS 

system. A scheme of the complete 2D setup can be found in manuscript IV. First, 

the different protein species were separated by nanoLC followed by heart-cut transfer 

of individual LC peaks and subsequent characterization of their glycoforms by 

CZE-MS. A chromatogram of the 1st dimension separation is illustrated in Figure 25 A. 

All four protein species were baseline separated. An electropherogram of the 2nd 
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dimension after heart-cut of the RNAse B peak is shown in Figure 25 B. The 

non-glycosylated form is clearly separated from the partly resolved glycosylated 

variants (high-mannose N-glycans ranging from five to nine Man units). As expected, 

the migration time increased with the size of the attached glycan.  

 

Figure 25: Analysis of protein mix by nanoLC-CZE-MS. 1st dimension: (A) nanoLC chromatogram 

(214 nm detection wavelength) of the separation of different proteins. 2nd dimension: (B) CZE-MS 

electropherogram obtained after heart-cut of RNAse B peak (transfer volume: 20 nL). Separation of 

various RNAse B glycoforms observed. The 11 most abundant charge states of the individual glycoforms 

were used to create the ion traces, respectively. (C-E) Deconvoluted mass spectra of main variant of 

RNAse B (Man5GlcNAc2) at three concentration levels: 500, 50, and 10 µg/mL. 

In addition, the protein mix was analyzed by 1D CZE-MS leading to overlaid 

electropherograms of the different protein species/variants, substantiating the 

importance of increased resolution by the nanoLC-CZE-MS method. Linearity was 

confirmed (R2 = 0.9998) exemplarily for the main glycosylated form of RNAse B 

(Man5GlcNAc2) by cutting three different concentrations (n = 3 per level) of RNAse B 
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out of a protein mix: 500, 50, and 10 µg/mL. Deconvoluted mass spectra are 

illustrated in Figure 25 C-F. High mass accuracy and precision was achieved even at 

the lowest concentration: detected 14899.24 ± 0.16 Da, calculated 14899.23 Da. The 

limit of detection of RNAse B (Man5GlcNAc2) was estimated to be about 3 µg/mL 

(S/N = 3). With respect to the obtained peak widths (FWHM ~ 0.25 min) it is apparent 

that 20 nL is not sufficient to transfer an entire analyte peak from the 1st to the 2nd 

dimension. Assuming the heart-cut is accurate and taking peak shapes in 

consideration transfer efficiencies of RNAse B was calculated to be around 14%. This 

value is expected to be better compared to most flow-gating approaches. For 

instance, Lemmo and Jorgenson calculated transfer efficiencies of about 1% [125]. 

Nonetheless, there is still room for improvement in regards of sensitivity which will 

be covered in future studies. 

11. Development of a CZE-DTIM-MS method for the 

analysis of protein glycosylation 

11.1 CZE-IM-MS of N-glycans 

An interesting alternative to couple two liquid based separation techniques is the 

combination of CZE (liquid phase) and IMS (gas phase) technology [95]. Both, CZE 

and IMS have been demonstrated to be highly efficient for glycan separation, 

especially considering isomeric separation [101, 126]. Yet, the characterization of 

glycans still represents a challenging task due to their high structural variability [16]. 

8-aminopyrene-1,3,6-trisulfonic acid (APTS) is a common labeling agent for the 

separation of N-glycans using CZE coupled to laser-induced fluorescence (LIF) 

detection [127]. However, due to the lack of available glycan standards and the 

incompatibility of the electrolyte system with ESI, the assignment of peaks especially 

for new glycan structures is difficult or even not possible. Therefore, our group has 

introduced a CZE-MS method utilizing an EACA-based BGE showing similar separation 

performance than the CZE-LIF methods [126]. In contrast to the aforementioned mAb 

charge variant analysis, EACA does not noticeably interfere with the ionization of 

N-glycans in negative ion mode. During this thesis, the EACA-based CZE method was 

hyphenated with DTIM-MS to further improve separation capabilities for the analysis 

of native and APTS-labeled N-glycans (manuscript V). DTIM-MS instruments are 
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already commercially available since 2013. Nevertheless, CZE-DTIM-MS has not been 

investigated in detail to this day [96]. 

11.2 Analysis of APTS-labeled mAb N-glycans 

Initially, APTS-labeled N-glycans released from a model mAb were analyzed using the 

developed CZE-DTIM-MS method. An example CZE electropherogram is shown in 

Figure 26 A. A typical separation profile of N-glycans derived from mAbs was obtained 

including G2F, G1F’(1,3), G1F(1,6) and G0F. Each individual arrival time distribution 

(ATD) of the glycan signals resolved in the CZE exhibits multiple peaks which is 

exemplarily shown for the triple- and double-charged ions of the glycan isomers 

G1F’(1,3) and G1F(1,6) in Figure 26 B/C, respectively. In addition, the corresponding 

mass spectra can be found in Figure 26 D-G. Significant differences between the ATDs 

of G1F’(1,3) and G1F(1,6) were observed for both charge states. Only the preceding 

CZE separation provides independent detection of G1F’(1,3) and G1F(1,6) in the IMS. 

Otherwise, their ATDs would be heavily overlaid emphasizing the necessity of the 

combination of CZE and DTIM-MS separation, since neither of these techniques is able 

to resolve all the detected species individually. An adequate comparison with other 

IMS related works was not possible, since APTS-labeled glycans have not been 

analyzed in this way thus far. The origin of the multiple peaks observed in the ATD 

space could not be unambiguously assigned, but could be explained by the presence 

of isomeric forms and/or conformers that do not interconvert on the time-scale of the 

ion mobility separation.  
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Figure 26: CZE-DTIM-MS of APTS-labeled N-glycans. (A) CZE electropherogram of APTS-labeled 

N-glycans released from mAb1 including G0F (950.75, 633.50 m/z), G1F’(1,3), G1F(1,6) (1031.77, 

687.51 m/z) and G2F (1112.80, 741.53 m/z). ATDs of triple- (B) and double-charged (C) ions originating 

from the mAb glycans G1F’(1,3) and G1F(1,6) priorly separated by CZE. Corresponding mass spectra of 

triple- (D, F) and double-charged (E, G) ions. A detailed description of the method conditions can be 

found in manuscript V. 
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11.3 Analysis of native N-glycans 

In a subsequent experiment, native N-glycans released from fetuin and α-1-acid 

glycoprotein (AGP) were analyzed using the developed CZE-DTIM-MS method. The 

major glycoforms detected were in accordance with the known literature [128]: 

2Ant2NeuNAc, 2Ant3NeuNAc, 2Ant4NeuNAc originating from AGP, and 2Ant2NeuNAc, 

3Ant3NeuNAc, Ant4NeuNAc released from fetuin. Example electropherograms are 

depicted in Figure 27 A and B. Compared to the APTS-labeled N-glycans, a similar or 

even higher complexity was obtained for ATDs of the individual glycan peaks resolved 

by CZE, which is exemplarily shown for the N-glycan 2Ant2NeuNAc in Figure 27 C/D. 

Furthermore, there are distinct differences in the ATDs of 2Ant2NeuNAc depending 

on the protein source. For example, the signal between 29 and 30 ms is significantly 

lower in the ATD derived from fetuin compared to AGP. 

 

Figure 27: CZE-MS electropherograms of native sialylated N-glycans released from AGP (A) and fetuin 

(B): Major glycoforms detected include diantennary carbohydrate chains with two to four sialyl residues 

(AGP) and di- and triantennary glycans with at least the same amount of N-acetlyneuraminic acid 

(fetuin). ATDs of double-charged ions of 2Ant2NeuNAc released from AGP (C) and fetuin (D). Red dotted 

lines are added to the ATDs to simplify comparison. A more detailed description about the method 

conditions can be found in manuscript V. 
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Both samples were analyzed under the same conditions (instrument setup, BGE, SL 

composition, etc.). This indicates the presence of linkage or structural isomers. To 

further elucidate the characteristics of the multiple peaks observed in the ATDs, AGP 

and fetuin derived N-glycan samples were treated with α2-3 neuraminidase. Hence, 

sialic acids exhibiting an α2-3 linkage to galactose are specifically cleaved, whereas 

α2-6 linkages remain intact. In this way, it was possible to attribute certain peaks in 

the ATDs of the native N-glycans to differences in their sialic acid linkage. 

Due to the complex nature of the ATDs the reproducibility of the obtained drift times 

represents an important parameter of the CZE-DTIM-MS method. Relative standard 

deviations were calculated between 0.2 and 0.5%. A more detailed description of the 

applied calculation can be found in manuscript V. These values are in the range 

expected for this type of instrument [129]. Furthermore, different SL combinations 

were tested analyzing N-glycans released from AGP: isopropyl alcohol/water 1:1, 3:7, 

7:3, methanol/water 1:1 and acetonitrile/water 1:1. No significant changes in the 

ATDs could be observed. Consequently, the CZE-IM-MS method seems to be not 

depending on the applied SL including the nature and relative amount of organic 

solvent. Thus, it is expected that SL compositions in CZE can be adapted 

independently from the IMS dimension e.g. to optimize ionization efficiency. 

Summarized, the high potential of the combination of CZE and DTIM-MS technology 

could be demonstrated and is expected to find various applications in the future. 
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Conclusion 

CE coupled to MS technology is becoming increasingly important in the academic field 

as well as in pharmaceutical industry e.g. for the analysis of intact proteins. 

Nevertheless, certain restrictions still remain impeding the application of CE-MS: (i) 

ESI-interference of many commonly applied electrolytes, (ii) low concentration 

sensitivity due to minor injection volumes (typically in the few nL range), and (iii) 

deficient separation resolution and efficiency in particular cases. Therefore, the main 

objective of the presented thesis was to develop two dimensional separation systems 

coupled to MS utilizing a mechanical 4-port valve as CE-CE or LC-CE interface in order 

to overcome these limitations. A preceding proof-of-concept study in our working 

group has demonstrated the general applicability of the 4-port valve as CE-CE 

interface. However, no real application has been developed thus far, and certain 

issues remained regarding reproducibility and stability of the general CE-CE-MS 

setup.  

For this reason, the first period of this thesis was dedicated to the development and 

application of a functional CE-CE-MS system, employing highly ESI-interfering CZE 

methods as 1st separation dimension. Initially, a CZE-CZE-MS method was developed 

for the identification of previously unknown degradation products of acetylsalicylic 

acid and ascorbic acid in effervescent tablets. Here, an ESI-interfering tricine-based 

BGE was applied in the 1st dimension in order to achieve sufficient separation 

efficiency. The crucial part of the CZE-CZE-MS method is the sample transfer from 

the 1st to the 2nd separation dimension. In this context, a precise and reliable 

hydrodynamic heart-cut sample transfer was implemented greatly improving the 

overall reproducibility of the 2D system. Furthermore, this approach is expected to 

be applicable for any kind of CE method as 1st dimension, making on-line MS detection 

accessible for a wide range of ESI-interfering CE electrolytes. In this way, it was 

possible to identify mono- and diacetylated ascorbic acid as relevant degradation 

products derived from the combination of ASA and ASC in pharmaceutical 

formulations for the first time. Subsequently, the field of application for the CE-CE-

MS setup was extended to intact protein analysis. CZE-UV methods utilizing EACA 

based electrolytes are routinely applied in pharmaceutical applications for the 

separation of mAb charge variants. Similar to the tricine-based CZE method, 
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significant ESI-interference occurred due to the applied EACA-based BGE. A 

sophisticated CZE-CZE-MS method was developed for intact mAb charge variant 

characterization utilizing the EACA-based BGE as 1st dimension. Interference-free 

mass spectra of Trastuzumab charge variants, acting as a model mAb system, were 

obtained. Besides the first on-line generated MS data of mAbs separated in such a 

BGE, differentiation between main and deamidated forms of mAbs on intact protein 

level (Δm = 1 Da) was achieved supported by statistical data. The obtainable mass 

accuracy was critically evaluated. Since the detailed isotopic elemental composition 

of mAb molecules is usually unknown, especially considering the 13C/12C ratio, the 

calculation of the theoretical intact mass exhibits considerable uncertainties (low Da 

range). This is not only an issue for the developed CZE-CZE-MS method, but for intact 

protein analysis by MS in general. Nevertheless, values in the lower ppm range could 

be achieved. A potential work flow for application in the pharmaceutical industry is 

proposed as follows: The CZE-UV method is applied for routine quantitation and high 

throughput analysis, whereas the CZE-CZE-MS method is employed for specific 

samples, e.g. for identification of uncharacterized peaks. 

In addition, other CE modes such as CIEF were successfully applied as 1st dimension 

by our group, utilizing the developed hydrodynamic heart-cut sample transfer, 

summarized in a recent trend article. This highlights the flexibility and versatility of 

the developed CE-CE-MS system. Nevertheless, there is still room for improvement 

for future projects. One remaining issue is the maximal applicable HV of about 

±15 kV. In addition, the 2D setup is still rather elaborate to rig up, including cleaning 

of rotor and stator. Potential solutions include the application of an alternative valve 

material exhibiting a higher dielectric constant or a general redesign increasing the 

distance between the rotor channels. Thinking ahead, automation of the CE-CE-MS 

system is also aspired, which involves writing an original source code and program to 

control all elements of the 2D system. Furthermore, direct optical detection on the 

sample loop would be ideal to avoid the required calculation of cutting times. 

However, this would probably require more effort than a rather simple redesign of 

the existing 4-port valve, but might be accomplished by other types of 2D interfaces, 

e.g. involving transparent microfluidic chips. Nonetheless, already impressive, 

efficient and sophisticated CZE-CZE-MS methods were developed during this work. 
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The second part of the thesis involved the development of a heart-cut 

nanoLC-CZE-MS method for glycoprotein analysis. The hyphenation of nanoscale 

RPLC and CZE is of major interest in the scientific community due to their nearly 

orthogonal separation mechanism and well-suited geometries/dimensions. This 

proof-of-concept study represented the primary attempt to utilize the 4-port valve as 

LC-CE interface. Exemplarily, a model protein mix was separated by nanoLC followed 

by heart-cut transfer of RNAse B and subsequent characterization of its glycoforms 

by CZE-MS. As expected, the developed 2D method exhibited higher separation 

efficiency compared to the 1D methods. LODs in the lower µg/mL range were 

determined. Taking the width of analyte peaks (FWHM ~0.25 min), flow rate (500 

nL/min) and the sample loop (20 nL) of the rotor in consideration, transfer efficiencies 

of about 14% were determined. This nanoLC-CZE-MS method represents an initial 

step towards increased sensitivity and improved separation performance in regards 

to intact (glyco)protein analysis. Conclusively, there is still room for improvement 

including (i) optimization of the 1st dimension to achieve narrower nanoLC peaks, (ii) 

implementation of larger sample loops on the rotor of the 4-port valve, (iii) integration 

of trap columns in the 1st dimension, and (iv) application of different type of CE-MS 

interface (e.g. nano sheath liquid interface). In this way, it is expected that LODs in 

the low to mid ng/mL range can be achieved, considerably improving sensitivity 

compared to traditional (SL based) CZE-MS. Future applications include intact protein 

analysis of pharmaceutical and biological/clinical relevant samples. 

The final part of the thesis was dedicated to the development of a CZE-DTIM-MS 

method for the characterization of native and APTS-labeled N-glycans, which 

represents an interesting and auspicious alternative to traditional 2D liquid based 

separation. The combination of CZE and DTIM-MS has not been investigated in detail 

prior to this work. Each individual glycan signal separated in CZE exhibited an 

unexpectedly high number of peaks observed in the IMS dimension. Their origin could 

be explained by the presence of isomeric forms, including different linkages, and/or 

gas-phase conformers which do not interconvert on the time-scale of the ion mobility 

separation. Some peaks observed in the ATD could be attributed to different sialic 

acid linkages by treating samples with α2-3 neuraminidase. In order to elucidate the 

structures of the different ATD species in more detail, further experiments are 

required such as stepwise digestion with various exoglycoginases and/or 
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fragmentation experiments. Without prior separation in the CZE dimension, the 

complexity of some N-glycans could not be resolved by DTIM-MS alone. This 

emphasizes the benefits obtained by the combination of these powerful analytical 

techniques. Furthermore, it could be shown that the obtained ATD profiles are 

independent of the applied SL, which allows the optimization, e.g. optimizing 

ionization efficiency. It could be demonstrated that the combination of CZE and DTIM-

MS technology displays high potential for N-glycan analysis and is expected to find 

various applications in the future. The presented work represents a cornerstone for 

future work related to CE-IM-MS, e.g. covering detailed glycosylation profiling of 

biotherapeutics or the analysis of serum samples in the context of diagnosis. 
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Supplementary Information Manuscript II 

Deglycosylation of Trastuzumab samples 

120 µL H2O and 30 µL Trastuzumab (25 mg/mL) were added to a nanosep 10K omega 

centrifuge device. The formulation buffer was exchanged by 20 mM ammonium 

hydrogen carbonate (pH = 8, adjusted with 30% ammonia) at 6000 rpm, leading to 

a final volume of 40 µL and a theoretical concentration of 18.75 mg/mL Trastuzumab. 

Subsequently, samples were transferred to a tube containing 20 units of 

N-glycosidase F followed by incubation (37°C, 24 h) to achieve complete 

deglycosylation. In order to deglycosylate higher concentrated mAb samples, the 

amount of N-glycosidase F was adapted accordingly. Samples were analyzed directly 

without further purification. 

 

Table S1: Parameters of the applied Q-TOF MS methods. 

Parameter Wide range High mass 

End plate offset -500 V -500 V 

Capillary voltage -5000 V -5000 V 

Nebulizer 0.5 bar 0.5 bar 

Dry gas 3.0 L/min 3.0 L/min 

Dry temperature 170°C 170°C 

Mass range 100 – 5000 m/z 700 – 5000 m/z 

Pre pulse storage 32.0 µs 32.0 µs 

Collision cell transfer 
time 

50 (50%) – 130 (50%) 
µs 

140 µs 

Collision cell RF 
500 (50%) – 1900 

(50%) Vpp 
2100 Vpp 

Collision cell energy 15 eV 30 eV 

Quadrupole ion energy 7 eV 30 eV 
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Supplementary Information Manuscript IV 

 

 

Figure S1: Evaluation of the influence of organic solvent content in the sample on 

current stability of CZE-MS. RNAse B (1000 µg/mL) was solved in different amounts 

(10-70% (v/v)) of ACN and methanol, respectively. CZE-MS was performed as 

follows: BGE: 1 M acetic acid, 50 cm PVA coated capillary, injection: 50 mbar for 

12 sec, +30 kV separation voltage, sheath liquid: 50% isopropyl alcohol +0.2 M FAc 

(flow rate = 4 µL/min). No significant influence on the current profile was noticed for 

acetonitrile (upper part). A slight decrease of the overall current was observed at 

higher content of methanol (lower part). Still, no current breakdown was observed 

and the obtained CZE profiles were equivalent with minor differences in the migration 

time. 
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Figure S2: CZE-UV electropherogram of RNAse B (1000 µg/mL) using a 90 cm PVA 

coated capillary and 0.2 M formic as BGE. Hydrodynamic injection was performed for 

12 sec at 50 mbar and +30 kV was applied for separation. The detection wavelength 

was 214 nm. At least 4 different glycosylated forms of RNAse B were observed.
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Figure S3: Analysis of myoglobin standard (250 µg/mL) by nanoLC-CZE-MS. First 

dimension: (A) nanoLC chromatogram at 214 nm detection wavelength. Second 

dimension: (B) CZE-MS electropherogram obtained after heart-cut of myoglobin from 

the nanoLC separation. The 11 most abundant charge states of the individual 

glycoforms were used to create the ion trace. Deconvoluted mass spectrum of 

myoglobin (C). 
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Supplementary Information Manuscript V 

 

 

Figure S1: CZE electropherogram of different sialic acid species of 2Ant3SA, released 

from AGP, containing NeuNAc and/or NeuNGc. EICs of [M-3H]3- ions: 2Ant3NeuNAc 

(836.952 m/z), 2Ant2NeuNAc1NeuNGc (842.284 m/z), 2Ant1NeuNAc2NeuNGc 

(847.615 m/z), 2Ant3NeuNGc (852.947 m/z). Combined information of all glycoforms 

is illustrated by the EIC trace 2Ant3SA. Partial separation of species containing the 

same core structure but different types of sialic acids. 
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Figure S2: Separation of different sialic acid species of 2Ant2SA, released from AGP, 

containing NeuNAc and/or NeuNGc. Mass spectra of [M-2H]2- ions (a) ranging from 

2Ant2NeuNAc (1110.389 m/z) to 2Ant2NeuNGc (1126.384 m/z). Typical distances 

between sialic acid species was observed (Δm/z = 8.00 Da). IMS heat map (b) 

associated with the mass spectra. Slight differences in the DT distribution are 

recognizable. Individual ATDs (c) of observed sialic acid species. Changes of relative 

signal intensities in the ATDs observed in dependence of the type of sialic acid. 
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Figure S3: Repeatability experiment: Example ATDs of the glycans (a) 

2Ant1NeuNAc1NGc and (b) 2Ant1NeuNAc2NeuNGc obtained for three measurements 

under the same conditions. The general patterns are reproducible. In addition, for the 

peaks 1-7 a mean RSD of 0.20% was determined for the drift time (n = 6 per peak). 

These values are in the typical range expected for this type of DTIM-MS instrument. 
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Figure S4: CZE electropherograms of native sialylated N-glycans released from AGP 

(a) and fetuin (b) after α2-3 neuramidase treatment. Only glycans containing α2-6-

linked sialic acids should remain. Partly separation of glycan species possessing the 

same m/z value observed. 
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