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Abstract

Separation and identification are core disciplines in bioanalytics e.g. protein characteri-
zation. Capillary electrophoresis (CE) is a valuable technique for the analysis of intact
proteins especially for the separation of their variants. Mass spectrometry (MS), providing
high mass resolution and possible fragmentation experiments enables detailed identifica-
tion and characterization of an analyte. However, low injection volumes and MS interfering
components (ampholytes by applying capillary isoelectric focusing (CIEF) and involatile
buffer utilizing capillary zone electrophoresis (CZE)) are in many cases drawbacks of CE
separations. Tackling this drawbacks can be done in multidimensional setups. However,
hyphenation of CE with CZE or HPLC is challenging due to high voltage, low transfer
volumes and the need of dead volume free connections.

The general objective of this work was to enable an interference free MS detection for
electromigrative separation systems, with focus on CIEF as a first dimension, which are
interfering the electrospray ionization (ESI) process when hyphenated directly to ESI-MS.
A thorough literature research on CIEF online hyphenated to MS and their applications
was performed and revealed the demands, challenges but also the power of such a coupling.
This literature research was the foundation for the development of the here presented mul-
tidimensional setups and placed the focus on the main objective of this work: the CIEF-
CZE-MS hyphenation.

For the practical part, a 4-port-valve was utilized, which allows the coupling of CE and
CZE-MS. Starting with model samples containing proteins and peptides, important param-
eters of the CE-CZE-MS setup were evaluated, e.g. a procedure to find the best transfer
volume (between 4-20 nLL) or the introduction of a multiple heartcut approach (up to 6 cuts
in one run). Consequently, different applications like the separation and identification of
charge variants of a monoclonal antibody by CIEF-CZE-MS and CZE-CZE-MS, utilizing
the aforementioned 4-port-valve followed the establishment of the system. It was possible
to characterize deamidation variants of a monoclonal antibody on intact level in a fast and
straight forward way.

After the detailed evaluation of the aforementioned valve, it was also utilized for the promis-
ing nano HPLC(UV)-CZE-MS hyphenation for the separation of proteins and their corre-
sponding variants. This combination of chromatographic and electromigrative separation
mechanism was applied for the separation of a model protein mix in the first dimension.
One of the obtained signals was detected as RNaseA /B in the LC(UV) dimension. This
signal was further transferred into the CZE-MS dimension which enables the separation
and MS detection of RNase A and RNase B including the different high-mannose variants
of RNase B.

The main goal of this project was the development of different multidimensional setups
including electromigrative separation for the application e.g. in the bio pharmaceutical
field. This was successful especially in the case of the charge variant characterization of a
monoclonal antibody on intact level. Moreover the intensive work on the coupling device
allows further applications like with the mentioned nano HPLC-CZE-MS setup which will
be pursued in following projects.

VII



Zusammenfassung

Trennung und Identifizierung sind unverzichtbare Werkzeuge der Bioanalytik. Die Kapil-
larelektrophorese (CE) stellt dabei eine entscheidende Trenntechnik fiir Proteinvarianten
auf intakter Ebene dar. Die Massenspektrometrie (MS) mit der Moglichkeit der Bestim-
mung der genauen Masse des Molekiils und weiterfithrenden Fragmentierungsexperimenten
liefert hingegen wichtige Informationen zur Erkennung und Charakterisierung des Analytes.
Kleine Injektionsvolumina und MS stérende Bestandteile stellen entscheidende Nachteile
von vielen CE Trennungen dar. Beispiele sind die MS stérenden Ampholyte, die unumgénglich
in der Kapillar-isoelektrischen Fokusierung (CIEF) sind oder spezielle Elektrolytsysteme
in der Kapillarzonenelektrophorese (CZE), die nicht MS kompatibel sind. Multidimen-
sionale Ansétze kénnen diese Nachteile umgehen, allerdings ist die Einbindung einer CE
Dimension in solch einen Ansatz aufgrund der hohen Spannung in der CE und der kleinen
Ubergabevolumina anspruchsvoll.

Ziel dieser Arbeit war die Entwicklung einer solchen multidimensionalen Plattform, um
auch bei Trennsystemen, die MS storende Bestandteile enthalten, eine uneingeschréinkte
MS Detektion zu ermdglichen. Startpunkt des hier prasentierten Projektes war ein detail-
liertes Literaturstudium mit dem Fokus auf der online Kopplung von CIEF an MS. Diese
Zusammenstellung und der Vergleich der recherchierten Literatur zeigte die Anforderungen
sowie Limitationen bisheriger Ansétze, aber auch die Stérken einer solchen Kopplung auf.
Dariiber hinaus wurde diese Zusammenstellung als Grundlage fiir die Entwicklung der hier
vorgestellten Plattformen genutzt und ergab gleichzeitig den Hauptfokus der Arbeit auf
die Entwicklung einer CIEF-CZE-MS Kopplung.

Fiir den experimentellen Teil dieser Arbeit wurde ein 4-Wege-Ventil im Labor etabliert,
welches die Kopplungen von CE an CZE-MS ermdglicht. Messungen zur Evaluierung
des Systems wurden mithilfe eines Protein/Peptid Probenmixes durchgefiihrt. Parame-
ter dieser Evaluierung waren unter anderem die Gréke des Ubergabevolumens sowie ein
Multi "Heartcut" Ansatz zur Probeniibergabe zwischen den Dimensionen. Anschliefsend
wurden verschiedene Anwendungen wie die Charakterisierung von Ladungsvarianten eines
Antikérper mittels CIEF-CZE-MS und CZE-CZE-MS durchgefithrt. Deamidierungsvari-
anten eines Antikorpers auf intakter Ebene konnten detektiert werden.

Das oben erwiahnte Ventil wurde nach der detaillierten Evaluierung auch fiir die Kopplung
von nano HPLC(UV)-CZE-MS fiir die Trennung von Proteinen und deren Ladungsvari-
anten eingesetzt. Mithilfe dieser Kombination aus chromatographischen und elektromi-
grativen Trennmechanismen wurde in einem ersten Schritt in der LC(UV) Dimension ein
Proteinmix aufgetrennt. Einer der detektierten Signale wurde dabei als eine Mischung
aus RNaseA /B bestimmt. Dieses Signal wurde nachfolgend in die CZE-MS Dimension
iibergeben, in welcher RNase A von RNase B getrennt wurde. Dariiber hinaus konnten
auch verschiedene Mannose Varianten von RNase B charakterisiert werden.

Der Fokus des Projektes lag auf der Entwicklung multidimensionaller elektromigrativer
Ansétze, welche in der Bioanalytik Anwendung finden sollten. Besonderes Augenmerk
sollte dabei auf etablierte und bisher nicht MS zugéngliche Trennsysteme gelegt werden.
Dies konnte insbesondere fiir die Ladungsvariantentrennung eines Antikérper auf intakter
Ebene erfolgreich durchgefithrt werden. Dariiber hinaus hilft die intensive Arbeit rund
um das Kopplungsventil fiir die Etablierung weiterer Anwendungen, speziell unter Ver-
wendung der nano HPLC-CZE-MS Plattform welche in zukiinftigen Projekten eingesetzt
werden soll.
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1 Introduction

Proteins and peptides are essential in all forms of life. Therefore understanding, identifi-
cation, characterization and often quantification of these molecules is required in various
disciplines. In this regard mass spectrometry (MS) represents a preferred analytical detec-
tion tool. Unfortunately, desired molecules are present in very complex biological samples
containing over a thousand of different molecules. Therefore, an isolation of the molecule
of interest from the rest is required prior to the detection. In case of large biomolecules
electrically driven separation techniques are favored due to their matrix resistance, low
sample volumes and high separation efficiency. The combination of electro driven separa-
tion and MS detection is a central topic of this work. For a better understanding of the
here presented work, the introduction starts with a short explanation about proteins and
peptides, followed by an introduction about the used separation and detection techniques.
Subsequently the section about the hyphenation of separation techniques and detection
leads to the results and discussion of the here presented work.

1 Peptides, proteins and monoclonal antibodies

Proteins represent the most versatile macromolecules in living organisms and are involved
in nearly all biological processes. Proteins consist of amino acid chains, generated out of
more than 20 different amino acids. The core structure of the amino acids can be found in
figure 1.1 A. The residue "R" is individual for every amino acid. The linkage of the amino
acids is implied in 1.1 B. The amino acid sequence is responsible for the 3D structure of
the protein [1, p. 25]. Peptides (Figure 1.1 C1) are short proteins to a length of around
100 amino acids.

The analysis of structure and function of proteins and peptides is an issue since 200 years.
In 1777 Pierre J. Macquer conclude all proteins as albumines. Despite primal separation
achievements the structure of proteins was mainly unknown until the mid of the 20"
century. Better purification methods and a revolution in analytical technologies were
leading to our contemporary understanding [2, p. 13].

Monoclonal antibodies (mAbs) (figure 1.1 C3) are complex high-molecular weight protein
species which bind very specific on respective antigens. Two often identical light chains
and two heavy chains, linked via disulfide bridges (dashed lines in figure 1.1) are the
fundamental mAb structure. MAbs are more and more applied as pharmaceutical drugs,
especially in cancer therapy and autoimmune disease treatment |3, pp. 201-205].
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Figure 1.1: Structure of peptides (1), proteins (2) and mAbs (3). All three are built up

by linkage (peptide bond) of amino acids (B) which have the core structure
(A) with 22 different possible "R"s.

2 High performance liquid chromatography

In the last 25 years high performance liquid chromatography (HPLC) has become essen-
tial for the separation, purification and characterization of biomolecules. A basic HPLC
system consists of a binary pump, micro degasser, sampling injection unit, column and a
detection unit. In most applications a mobile phase is pumped with a constant flow (and
a corresponding pressure) through the closed system. Liquid chromatography (LC) can
be defined as the distribution of an analyte mixture between a stationary and a mobile
phase. In general, an injected sample is pumped through the column to the detection unit.
The time which the sample needed to the detection unit without any interactions with the
stationary phase is called void time (tg). Through interactions with the stationary phase
the elution of the sample is delayed. This is called retention time (fg). A universal and
interdependent description of the retention of a component is given by the retention factor
E [2]:

P | (1.1)

to

For the separation of two components, the respective k have to be different. Furthermore
the selectivity « describes the ability of a system to separate two components.

_ k2
-2

e (1.2)

Nevertheless, to evaluate the quality of a separation, the peak width at baseline (w) have
to be included. The quality is than given by R:

tro — tR1
= (1.3)
5 (w1 + wo)



Thus, two peaks can be not (R = 0), partly (R = 1) or baseline (R > 1.5) separated. The
band-broadening of a sample zone can be the result of different mass transfer phenomena
and can be displayed by the reduced theoretical plate height (h) including the linear (u)
or the reduced flow rate (v):

B B
h:A—i—E—i—C*u or h:A*y%—i—;—i—C*y (1.4)

This equation is called Van-Deemter- or Van-Deemter-Knox where A depends on the par-
ticle diameter and the packing factor, B on the diffusion in the axial direction and C on the
mass transfer resistance. A good separation is characterized by a small reduced theoretical
plate height (h).

Reversed phase LC

Reversed phase LC (RPLC) is the most commonly applied separation strategy for proteins
and peptides. It uses the different hydrophobicity of the molecules for the separation. Thus,
the sample molecules are loaded with a water based eluent onto the column, whereas the
elution is caused by an organic solvent which is commonly pumped in a gradient mode. The
stationary phase is based on porous or nonporous silica gel with nonpolar ligands (e.g. Cy,
Cg or Cjg chains). The most accepted theory explaining the retention is the solvophobic
model which states that the interactions are based on the exclusion of the mobile phase
and the accumulation of the analyte at the stationary phase. Hence, the retention is based
on the contact area of the molecule and stationary phase and the surface tension of the
mobile phase [2].

3 Capillary electrophoresis

Applying capillary electrophoresis (CE), ions are separated according to their electrophoretic
mobility by the application of an electric field. The electrophoretic mobility depends on
the charge and the hydrodynamic radius of the ion as well as the viscosity of the back-
ground electrolyte [4]. It was first presented in fused silica capillary by Hjertén in 1967 [5]
and applied to different samples by Jorgenson in 1981 [6]. An overwhelming success of CE
was the sequencing of the human genome. Currently, it is also a vital analytical method
in biopharmaceutical research with specific method for the majority of newly marketed
biotechnology protein products [7]. Moreover, it was recently mentioned as the most im-
portant technology for the native mass spectrometric analysis of intact proteins [8].

The separation takes place in a fused silica capillary which is filled with a background
electrolyte (BGE). Above a pH of 7 the silanol groups of the fused silica capillary are
fully ionized. By applying voltage, the ionized H" ions and all other cationic species are
migrating to the negative electrode and forming a flow which is termed electroosmotic flow
(EOF). This EOF would also mobilize neutral molecules towards the negative electrode i.e.
the cathode. In order to avoid the EOF and the adsorption of protein and peptides to the
silica wall, the inner wall of the capillary can be coated with neutral polymers. The basic
setup of a CE instrument is illustrated in Figure 1.2. In order to perform an analysis, the
capillary is placed in the sample vial and part of the sample is injected by applying pres-
sure or voltage. After injection the sample vial is replaced by the BGE vial and voltage is
switched on. The injected ions are migrating due to their electrophoretic mobility. In the
case of neutral inner coated capillaries only the positively charged molecules are migrating
towards the outer vial and respective detector.
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Figure 1.2: Scheme of a CE instrument including the fused silica capillary (a) with an
polyimide outer coating and an neutral inner coating (b). The capillary is
filled with a background electrolyte (BGE) (c) where the ions are separated.
The capillary is placed in two vials containing the BGE (e and g). For inject-
ing a sample, the inlet vial (e) is replaced by the sample vial (f). A high volt-
age source (d) is plugged to both vials to apply the separation or injection
voltage. The outlet vial (g) is replaced through the electrospray ionization
(ESI) interface, if MS detection is performed.

4 Capillary isoelectric focusing

Capillary isoelectric focusing (CIEF) works with the same instrumental setup as CE but a
different separation mechanism is utilized (Figure 1.3). Isoelectric focusing (IEF) is applied
for the separation of molecules according to their isoelectric point (pl). It was first shown
in capillary by Hjertén and Zhu in 1985 [9]. Thereby, the capillary is filled with a sample
solution containing ampholytes and spacers. By switching on the voltage, the ampholytes
are generating a pH gradient. The spacers, which possess a pl of < pH 3 and > pH 10,
respectively, are moving to both ends of the capillary and the sample molecules are focused
where their own pl value equals the pH. This focusing step is illustrated in figure 1.3 b.
After the focusing step is finished, the molecules are mobilized (see also figure 1.3 c) by
inlet pressure or by exchanging the outlet vial to a vial containing an acid and applying
voltage (c in figure 1.3).
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Figure 1.3: Scheme of the capillary isoelectric focusing process including the general
setup (upper part), the focusing (lower left part) and the mobilization (lower

right part).

5 Electrospray ionization process

In order to couple CE to mass spectrometry an ionization process is necessary due to the
transfer of solutes into gaseous ions. The most commonly applied ionization technique for
the hyphenation of CE to MS works with a three tubed coaxial sheath liquid sprayer (e)
which is illustrated in figure 1.4. The capillary (c) is fixed in the center of the sprayer
surrounded by a sheath liquid (SL) flow, which closes the electric circuit of the CE and the
MS and assists the ionization process. In addition, a dry gas flow (a) supports the ionization
process where the charged molecules are entering the process from the CE capillary forming
very small droplets. These droplets loose neutral solvent over the time and the radius is
reduced dramatically whilst the surface charges increase. Parts of the droplets explode
(coulomb fission) and form smaller droplets while the process continuous. At the end

gaseous ions are entering the MS. [4]
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Figure 1.4: Three tubed sheath liquid sprayer (e) including dry gas flow (a), sheath lig-
uid (b) and the CE capillary (c). The two necessary electric circuits of CE
and MS are closed by the sheath liquid (b). The ionized molecules (here posi-
tive mode) are entering the MS through a hole in the end plate (d).

6 Mass spectrometry

Mass spectrometry instruments are utilized to separate ions according to their mass-to-
charge ratio (m/z) with different mass analyzers. The principles of the here used MS
instruments are explained in the next sections in detail. |2, pp. 380-382]

Time of flight mass spectrometer

A time of flight (TOF) mass spectrometer works by the electronic measurement of the
time which ions need to traverse a defined distance in a high vacuum chamber. The ions
get separated according to their (m/z) ratio because of the different speed initiated by an
equal kinetic energy. The pulsation which is needed to determine a start point for the drift
distance is achieved by a deflection due to an orthogonal aligned electric field. Typical drift
distances are one to four meter. Advantages of a TOF-MS are the (theoretically) infinite
mass range, the high mass resolution, and the fast acquisition rates. |2, pp. 382-385|[10,
pp. 132-136]

Quadrupole mass spectrometer

A quadrupole (Q) is a mass filter which allows only ions with a defined (m/z) ratio to pass
the quadruple, which consist of four metal electrodes. The ions with the set (m/z) ratio
are held by a combined AC/DC field on a stable path and pass the Q. Other ions are not
able to pass the Q and collide with the electrodes. The Q-MS is a cheap and robust mass
analyzer and ideal for ion selection. [2, pp. 385-388|

QgTOF mass spectrometer

A QqTOF instrument combines the advantage of both mass analyzer and is displayed in
figure 1.5. The first Q (c) works as a mass filter, while the second q (d) is used as a collision-
induced dissociation (CID) cell. Prior the first Q the ions are focused and transferred from
the ESI process through a transfer capillary and an ion funnel towards the first Q. The
acceleration (e) the flight tube (f), the reflectron (g) and the digitizer (h) represent the
TOF stage providing high mass resolution and accuracy in short analysis time combined
with a broad mass range. |2, pp. 395-397]
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Figure 1.5: Sketch of a quadruple quadruple time of flight mass spectrometer. Molecules
which are entering after the ionization process (not shown) were transported
through the transfer capillary (a) and both quadruples (c+d) with a focusing
step in the ion funnel (b). After the acceleration (e) into the flight tube (f)
the molecules were detected on the digitizer (h).

7 Hyphenation of two or more separation techniques

Multidimensional separation is a commonly applied strategy for the analysis of complex
samples due to the combination of different selectivities [11]. This combination can be
used to improve the resolving power or to separate between an analyte and a component
from a first dimension prior to a further dimension. Different kinds of transfer strategies
can be utilized to transfer one or more desired analytes from one to another dimension: i)
Single heart-cut, where only a single fraction of one dimension is transferred, ii) multiple
heartcut, where more than one fraction is transferred, and iii) comprehensive (indicated
by the letter *"X’"), where the entire first dimension is transferred into the next dimension
[12]. There are a lot of existing and well established coupling techniques such as LCxLC
or two dimensional gas chromatography (GCxGC). Using an electrophoretic separation in
such a multidimensional technique is obvious due to high separation efficiency, the broad
range of separation mechanism, the low liquid consumption and the low cost per analysis
[11]. Nevertheless, a coupling of two electrophoretic separation techniques is challenging
due to small transfer volumes and the required close to zero dead volume.

8 Intact protein separation for top-down proteomics

The field of proteomics, the analysis and characterization of the proteome of an organism,
was announced as the next important challenge after the successful completion of the
human genome project [13]. Berry L. Karger, an expert for the last 50 years on separation
science, recently declared that the analysis of the proteome is the challenge of the 2010s
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years and will be followed by the analysis of variants of the proteins in the 2020s [8]. For
both, protein and related variant analysis, separation techniques have to be coupled to
high resolution MS detection for an unambiguous and fast identification. In the field of
protein variant characterization the analysis on intact level, termed "top-down analysis" is
of major interest. Top-down is defined by the preservation of intact structure of proteins
during separation. The opposite approach, referred to as "bottom-up" analysis, starts
with the digestion of the protein by enzymes to peptides prior to the MS analysis. This
approach allows e.g. the coverage of the protein sequence by database comparison and is
not in the scope of this work [14]. In Figure 1.6 the most important techniques applied in
the analysis of intact proteins and the field of application are summarized. Size exclusion
chromatography (SEC) and 2D gels are considered as the gold standard technique while
RPLC and capillary zone electrophoresis (CZE) are the most promising techniques as
especially due to the hyphenation possibility to high resolution MS [13].

Liquid chromatography Electrophoresis
- Aggregation - Size heterogeneity
- Batch purity - Batch purity
SEC - PEGylations 2D gels | - Molecular weight
- Molecular weight
- Charge heterogenity - Size variants
[EC - PEGylations CGE - Batch purity
-PTMs - Protein isoforms
AC - Depletion CIEF - Charge heterogeneity
- Enrichment - Batch purity
- Not yet widely used - Not yet widely used
HILIC CEC
- Batch purity - Protein isoforms
RPLC - Degradation products CZE - Charge heterogeneity
- PEGlyation - Degradation products

Figure 1.6: Liquid chromatographic and electrophoretic methods applied for top-down
proteomics research. Indicated in orange are the techniques considered as
gold standard for intact protein analysis. Highlighted in green, the most
promising technique [13][15] (IEC = ion exchange chromatography; AC =
affinity chromatography; HILIC = hydrophilic interaction chromatography;
CGE = capillary gel electrophoresis; CEC = capillary electrochromatogra-

phy).

A major field for protein and protein variants characterization represents the pharma-
ceutical and biomedical analyses. In 2013, protein biopharmaceuticals represented 20 %



of the total pharmaceutical market [15]. Regarding biopharmaceuticals, it is of utmost
importance to characterize the different occurring protein variants, due to their potential
influence on the biological and clinical efficacy [13].

9 Hyphenation of CIEF and MS

If the pl value and the mass of a molecule is required, isoelectric focusing (IEF) in im-
mobilized pH gradient (IPG) strips is often combined with sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) [16]. This 2D separation was subsequently ex-
panded by offline structural characterization and identification via MS and data base search
[17]. Extensive method run times and manual handling steps lead to its replacement by
other methods (e.g. nanoLC-ESI-MS/MS of tryptic digests of the whole proteome-shotgun
proteomics) [18]. The replacement of nano-LC by CIEF online hyphenated to MS is hin-
dered by practical complications such as ESI interfering substances required for the CIEF
process. The majority of ESI interfering substances is covered by the ampholytes, which
are necessary to generate the pH gradient of the CIEF separation [19]. Furthermore the
applied strong acids and bases are often non-volatile and causes instabilities in the electro-
spray process [20]. If direct coupling between CIEF and MS is performed, the operator is
confronted with issues related to signal suppression and ionization efficiency. Therefore, a
compromise between separation efficiency and signal intensity in the MS detection has to
be accepted if applying a direct coupling of CIEF and MS. In order to avoid this compro-
mise, different approaches such as matrix-assisted laser desorption/ionization (MALDI)
as an alternative ionization technique, an immobilized pH gradient or the separation of
ampholytes and analytes prior to MS have been pursued and will be discussed in more
detail in the following subsections:

CIEF coupled to MALDI-MS

A crucial step connecting CIEF separation to MALDI-MS represents the transfer of the
focused analytes onto the MALDI plate without losing the separation efficiency. The
small peak volume of focused sample zones demand an addition of sheath liquid to achieve
efficient sample droplet deposition [21]. However, MALDI is less sensitive for additives
such as salt or ampholytes (signal decrease of 50 % by applying 1 % ampholyte) [22]. The
first offline CIEF-MALDI-MS interface was reported in 1995 [23|. Foret and coworkers
were applying a tee union, which is shown in Figure 1.7 Al, to admix the sample with
the sheath liquid and to connect the electrode at the cathodic side. The CIEF capillary
was placed inline in front of 60 collecting capillaries. The detection via ultra violet (UV)
light was carried out shortly prior to the tee connection. The analytes were stored as
solutions or salt free solids. 2 ul of the stored sample was deposited onto the matrix
prespoted MALDI plate. This setup was improved by the same group by applying two
UV detectors close to the sheath flow interface. Lechner et al., were utilizing a system
which enables a direct deposition of the droplets onto the MALDI plate [21|. The sheath
flow interface was located inside the cathodic vial during focusing and was placed briefly
over the MALDI plate during mobilization. The mobilization/deposition step is illustrated
in Figure 1.7 A2. Another possibility to spot analytical bands on a MALDI plate is to
separate the electrode via a membrane shortly before the outlet of the capillary [24]. This
interface can be found in Figure 1.7 A3. The MALDI plate was precoated by parafilm M
and prespotted by MALDI matrix. In conclusion, the offline approaches for the coupling
of CIEF to MALDI-MS enables further analysis including Edman sequencing, however,
these systems suffer from long analysis times and tedious lab work. The development of an
online spotting was a great effort and was extended by the sheathless spotting from Zhang
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et al. which results in a higher concentrated sample on the MALDI plate. Nevertheless all
aforementioned concepts are associated with limited resolution and sensitivity for larger
analytes, interference from ampholytes and limited separation efficiency under more MS
friendly conditions.

A1 A2 A3 Capillary

Trvssss. Electrode
lﬁ I: === Sheath liquid
Dry gas

® Analyte

B4

Figure 1.7: From Al to A3: different CIEF-MALDI interfaces. Al: storage in capillary
and offline transfer to MALDI plate. A2 and A3: Online deposit of sample
to MALDI plate with (A2) and without (A3) sheath liquid. Bl to B4: di-
rect CIEF-MS coupling with catholyte/spray solution exchange by placing a
catholyte vial in the ESI housing (B1), using the sheath liquid as catholyte
solution during the focusing (B2) and as sheath liquid during the ionization
(B3) or by applying the same solution as catholyte during the focusing and
as sheath liquid to support the ionization (B4).

CIEF-MS with catholyte/spray solution exchange after focusing for
mobilization of analytes into MS

The first direct coupling of CIEF to ESI-MS by placing the catholyte vial inside the
electrospray housing was demonstrated by Tang et al. [19]. This setup, including the
catholyte vial and the electrode, is schematically outlined in Figure 1.7 B1. The mobilized
analytes were monitored by UV detection. With this setup the influence of the ampholyte
concentration was determined. A reduction of the ampholyte concentration from 5 to 0.5
% results in signal increase of 22 %. They demonstrate that the principle of direct CIEF-
ESI-MS works, however, this approach is not automated and the influence of ampholytes
is still a major concern. To avoid the placement of the cathodic vial inside the electrospray
housing (B1), Clarke et al. were delivering the cathodic solution via the sheath liquid
channel of a coaxial sheath liquid sprayer (B2) [25]. In this way, the cathodic solution is
generating a droplet at the tip of the capillary. For mobilization and MS detection the
cathodic solution is replaced by the sheath liquid which assisted the ESI process (B4). The
direct CIEF-MS setup invented by Tang et al. was applied for different biological samples
receiving impressive results, e.g. the studies from Smith and Jensen et al. [26, 27, 28|. They
detected 210 discrete peaks or 900 unique putative protein masses. However, the ionization
interfering effect of the ampholytes still remains. Moreover, all applications utilizing this
setup required one replacement step and a voltage interruption, which potentially result
in a loss of separation efficiency and complicating automation.
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Direct CIEF-MS

In order to avoid the replacing step mentioned above, Zhang et al. utilized the same
solution as catholyte during the focusing (Figure 1.7 B3) and as sheath liquid during the
mobilization, ionization and MS detection (B4) [29]. In this way, they were providing a
fully automated process for the analysis of focused analytes. Nevertheless, a separation
between analytes and ampholytes was not achieved and therefore, interference during the
ESI process could not be prevented.

CIEF-MS with partial filling, multiple junction capillary and integrated
mircodialysis unit

A partial filling of the CIEF capillary results in discontinuous ampholyte zones. This
is shown in Figure 1.8 A were the two ampholyte zones (A) are positioned in front and
behind the sample (S in Figure 1.8 A) zone. This allows a mobilization into the MS where
the sample zone enters the ion source without ampholytes [30]. Another possibility to
avoid the transport of ampholytes into the MS is provided by a multiple junction capillary,
where the capillary is separated into sections with a well defined pl cut off value joint via
membrane insertion (B in Figure 1.8) [31]. This setup allows local buffer exchange and
voltage gradients. A related technique represents the application of a dialysis interface
prior to MS (C) [32]. With a membrane cut-off of 650 Da, it is possible to separate
between the small ampholyte molecules and the macromolecular analytes. In conclusion,
all these concepts showed an interesting idea to separate between ampholytes and analytes,
however, they were not applied for a wide range of or more complex analytes, up to now.

A B C
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Inj Atk ESI-MS  Inj BER R ESI-MS  Inj S ESI-MS

Figure 1.8: Different CIEF-MS interfaces, which separate between sample and am-
pholyte prior to MS. A: By the partial filling of ampholytes (A) before and
after sample (S). B: by isoelectric focusing in a multiple junction capillary. C:
supported by a dialysis interface.

CIEF-LC-MS

A successful way to get rid of all interfering substances from CIEF prior to MS detection
is to implement an LC separation between CIEF and MS. In order to online couple CIEF
to an LC-MS system, a valve, a membrane, or a dialysis interface is necessary to connect
the electrode to the CIEF system. Chen et al. were utilizing a 6 port valve to achieve a
connection to the LC-MS instrument on the one hand, and, to close the electric circuit from
CIEF on the other hand [33]. This setup is illustrated in Figure 1.9 A. The analytes were
transferred to the LC by pressure mobilization and a 400 nL. sample loop, connected to
the 6-port-valve. A trap column was used to separate between the most of the ampholytes
and the analytes. Another possibility to close the electric circuit while connecting the LC
system is to integrate a tee-union and a membrane (see Figure 1.9 C) [34]. This design was
extended by the inventors years later by the use of 10 sample storage loops (C) [35], which
improves the sampling process. Later, the tee piece was replaced by a dialysis membrane
[36]. Moreover, Wang et al. additionally included a micro reactor (MR in Figure 1.9
d) for online digestion prior to the LC-MS analysis. Summarized, the presented CIEF-
LC concepts were allowing to fully separate between ampholytes and analytes and were
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applicable to complex samples such as cell lysates of Chlorobium tepdium. Nevertheless,
all concepts are associated with long run times and complex instrument set up, including
valves, pumps, columns, storage loops and dialysis membranes.

Capillary
LC-M LC-MS
CIEF @:Pﬁm S i @ i E:Pum : Electrode

mmm Trap column

C
MR
i —Pump —Pump
Waste Waste

Figure 1.9: Different CIEF-LC-MS setups including one six-port-valve (A), the combi-
nation of six-port-valve and tee-union (B), the addition of storage capillaries
(C) and membrane interface (D).

Other CIEF-MS interfaces

Another possibility to avoid the introduction of ampholytes into the ESI-MS is to immo-
bilize them. In this particular case the ampholytes were immobilized on a monolith inside
the capillary [32]. The outlet end of the capillary was mounted inside a coaxial sheath
liquid sprayer, where the sheath liquid acts as catholyte solution and sheath liquid to sup-
port the ionization process. This approach shows an alternative for the separation between
ampholyte and analytes, however, it is also associated with some drawbacks including sig-
nificant loss in efficiency due to dispersion effects of the focused bands with the monolithic
bed. Alternatively, separation between ampholyte and analyte was also accomplished by
the application of free flow electrophoresis [37] or asymmetric flow field flow fraction [38].
Up to date, both concepts have only been applied for model analytes, suffer from complex
instrument set up and make it in general impossible to calculate the transferred sample
volume.

By concluding the previous CIEF to MS hyphenations, direct CIEF-MS coupling and
CIEF-LC-MS coming up with the highest number of applications. The direct coupling
shows a greater dynamic range and a higher throughput in comparison with 2D flat gel
IEF coupled to gel sieving electrophoresis approaches. It also allows the work with in-
tact proteins in a close to native environment. This is especially interesting for top-down
analysis. However, due to the ampholyte concentration a compromise has to be made be-
tween separation efficiency in the CIEF process and signal intensity in the MS detection.
The CIEF-LC-MS coupling was also applied with great success but nevertheless is associ-
ated with complex set up and long run times. Thus the search for a simple and reliable
CIEF-MS system which prevents the high resolving power from the focusing process and
offers highly sensitive MS detection continues. This goal is of great interest in context of
increasing performance and availability of high-resolution MS options for intact protein
analysis. It is also a great instrument combination for the characterization of mAbs, which
are currently the most raising molecule class used as pharmaceutical drugs.

12



10 Hyphenation of LC and CZE-MS

As stated before one of the great analytical challenges in the next years is the sensitive
characterization of protein variants. Relatively (to CE) large injection volumes and robust
separation efficiency for proteins provided by LC in combination with the high separation
efficiency for protein charge variants on intact level given by CZE could be a promising
answer to this challenge. Especially due to the development of robust and commercially
available nano LC systems, the volume difference between LC and CZE is in a reasonable
range.

13



2 Objective of this work

Many electromigrative separation methods which are frequently used in the bioanalytical
field (e.g. for the characterization of mAbs on intact level) are only available with UV de-
tection due to ESI-interfering substances. The main objective of this project was to achieve
interference free MS detection through multidimensional setups for such electromigrative
separation methodologies with focus on CIEF separation as a first dimension.

The general work can be divided into three parts:

i An intensive literature search on multidimensional electromigrative setups with focus
on online CIEF-MS hyphenations.

ii. The development of a mechanical coupling device for CE-CZE-MS with focus on
CIEF-CZE-MS;, the validation with model samples followed by applications to demon-
strate the power of such systems.

iii The utilization of the above used coupling device for the combination of chromato-
graphic and electromigrative separation in a nano LC-CZE-MS setup.

At the beginning the intensive literature search was carried out to specify the demands
and on the other hand the challenges of a 2D electromigrative setup with focus on CIEF
utilized in the first dimension. In parallel the collected information was used to compile a
review article (Paper I) concerning this topic.

The main part of the project was the implementation of the CIEF-CZE-MS and CZE-CZE-
MS systems including the validation by applying protein and peptide mix samples. The
characterization of charge variants of a monoclonal antibody as an application was utilized
to demonstrate the power of the setup. The results are described in Paper II, IIT and IV.

Finally the previously utilized and validated coupling device was applied for a nano LC(UV)-
CZE-MS setup for the characterization of proteins and their corresponding variants. This
platform combines the advantage of column chromatography (large injection volume; pre-
concentration) and CE (suitable for charge variants) with MS detection which leads to a
separation according to hydrophobicity (LC), charge & hydrodynamic radius (CZE) and
mass to charge ratio (MS) in one analytical run.

14



3 Results and Discussion

The results and discussion chapter commences with an introduction of our own CIEF-CZE-
MS setup applying a mechanical valve. This CIEF-CZE-MS setup was evaluated by a proof-
of-concept study leading to the first application (MS characterization of CIEF separated
hemoglobin and the glycated form) and is discussed in section 2 and 3. Consequently,
the development by e.g. the introduction of multiple heart-cut transfer of analytes was
leading to the MS determination of focused variants of a monoclonal antibody which is
discussed next. Furthermore, the same antibody was alternatively characterized by a
CZE-CZE-MS system utilizing the same mechanical valve (section 7). In addition, this
4-port-valve was successfully applied for the promising hyphenation of nano L.C and CZE-
MS for the separation of proteins and their corresponding variants. In the final chapter
the development of an alternative hyphenation device for electrically driven or microfluidic
separation techniques is described, concerning the limitations of the previously utilized
4-port-valve.

1 CIEF-CZE-MS: separation between ampholytes and
proteins or peptides

A main goal of the here presented work was the development of an interference free MS
detection of CIEF separated analytes. For the implementation of such a CIEF to MS
coupling concept the most upcoming challenge, the separation of the analyte from the
ESI interfering ampholytes has to be solved first. As previously mentioned, this is in
principle possible utilizing an LC system or a dialysis interface in front of the MS detection.
Nevertheless, dilution, adsorption effects and long run time are major drawbacks of both
concepts. On the other hand, CZE is considered as an appropiate separation technique
placed between CIEF and MS, due to the same capillary dimension as CIEF and the well
established coupling to MS via a coaxial sheath liquid interface. A separation between
ampholytes (in this case Servalyt”?) and protein (in this case hemoglobin) utilizing CZE
is possible applying a 0.2 M formic acid (FAc) BGE. A base peak electropherogram (BPE)
of such a separation is shown in Figure 3.1.
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3 Results and Discussion
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Figure 3.1: Separation between ampholytes (1) and protein (2) applying CZE. BGE: 0.2
M FAc; 10 kV for 20 min; 40 cm neutral coated capillary (ID 50 pm). Injec-
tion (20 nL) of hemoglobin in 3-10 ampholyte solution (Servalyte’™ 3-10; 1
% v/v). The MS parameter were set to achieve sufficient sensitivity for both,
proteins and ampholytes.

2 4-port-nL-valve as interface for 2D electromigrative driven
setups

After the general capability to separate ampholytes and protein via CZE was ensured, a
concept such as CIEF-CZE-MS was aimed to enable MS detection of CIEF separated pro-
teins without the interference of ampholytes. However, this setup requires the coupling of
CIEF and CZE, which was, to the best of my knowledge, not achieved so far. An interface
for the hyphenation of two electromigrative separation devices requires to fulfill certain
demands: It has to be electrically isolated, requires low dead volume connections and a
small transfer volume. All three requirements are fulfilled by the 4-port-nL-valve which is
displayed in Figure 3.2. The valve consists of three parts: a stator, a rotor and a motor.
The stator allows the connection of the capillaries (C) to the valve with finger tight screws
(B). The rotor provides two small and one larger loop. The larger loop, further refereed
as sample loop, has an internal volume of 4 - 20 nL, depending on the applied rotor, and
is utilized for transferring a specific analyte from the first into the second dimension. The
motor enables the switching between the two possible valve positions. The electrically
isolated stator and rotor is made out of polyether ether ketone/polytetrafluoroethylene
(PEEK/PTFE) material. This polymer mixture provides on one hand the needed chem-
ical resistance and on the other hand a sufficient dielectric strength (22 kV/mm). The
mentioned 4-port-valve was already in the lab [39], however, no reproducible work was
possible due to current breakdowns and leaking problem. Several development steps, e.g.
current limitation due to the material and focus on the capillary connections which were
performed by myself, were leading to its utilization in the later mentioned applications.
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Figure 3.2: Arrangement of instruments (A) of CIEF(1)-CZE(2)-MS(3) using a mechan-
ical valve (4) and valve in detail (B) including stator (5), rotor (6) and motor

(7).

The entire instrument setup, including both valve positions is displayed in Figure 3.3. For
the transfer of analytes from the first into the second dimension, the valve has to be in
position A at the beginning of the experiment, positioning the sample loop in the first
dimension. At the moment when the analyte is positioned in the loop, the first dimension
is stopped and the valve is switched into position B. Thus, the large loop including the
analyte is now in the second dimension (indicated in green). By switching on the voltage
in the second dimension the analyte is migrating towards the ESI-MS detection, whilst
separating from the remaining ampholytes.

CIEF CIEF @ protein

Pressure - - CeE1l [CE @ 0.2 M FAC
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er4D1'
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Position A Position B

Figure 3.3: 2D electrophoresis instrument setup including load and inject position of
the valve. The CIEF-(C4D)-UV- dimension is connected to junction S and
W, while the CZE-MS dimension is equipped to junction P and C. Mobi-
lization was performed with pressure and remaining high voltage. CZE was
performed applying 10 kV for 20 min.
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3 Results and Discussion

Placing spacer/stabilizer to focus the proteins before the UV detector

In general, there are two possibilities to detect isoelectrically focused proteins: (I) An
imaging of the whole capillary or (II) a mobilization through/into a detection system. In
the second case, all analytes have to be focused between the anolyte vial and the detector.
In order to achieve this, the part between detector and catholyte vial has to be "blocked"
by a substance with a high pl value, called catholyte spacer. The most common catholyte
spacer is L-arginine. In most applications an additional anolyte spacer (iminodiacetic acid)
is applied. The anolyte spacer is utilized to stabilize the CIEF system. Both, spacer or
stabilizer, are added to the sample solution in an appropriate concentration mentioned in
the corresponding article (Paper II or IIT).

Coating of the fused silica capillary

In order to prevent any adsorption effects of analytes e.g. proteins or peptides, the utilized
fused silica capillary has to be neutrally coated. Different coatings were tested during
the here presented work. In Paper II an Ultra Trol”™ Precoat LN coating was applied,
which represents a physically adsorbed precoating. The coating has to be renewed prior
to each analysis series (n<20), which results in a higher lab work and longer analysis
time. Moreover, a slight electric osmotic flow (EOF) was determined, which results in an
early mobilization during the focusing. This phenomenon can have an influence on the
resolution. Therefore, for Paper IIT and IV a polyvinyl alcohol (PVA) neutral coating
was utilized. The PVA coating represents a permanent chemical bonded coating, which
is immobilized by polymerization. The coating procedure was performed inhouse and the
capillaries were utilized for all applications in Paper III and I'V.

Positioning of the analyte inside the sample loop of the valve

To detect and position analyte bands from the CIEF separation, an accurate detection
system is necessary. A common type of detector for proteins and peptides is a UV absorp-
tion detector. An ideal 2D setup would enable the detection at the sample/transfer point.
In the here presented case this is not possible due to the opacity of the valve material
(PEEK/PTFE). The closest distance is approximately 4.5 cm in front of the valve. This
allows the detection of the analytes but, nevertheless, requires to take the flow velocity
into account for the positioning of the analytes. The relative positioning of the external
detectors is also shown in Fig 3.3.

For a sufficient transfer of analyte from the CIEF into the CZE dimension a precise posi-
tioning of the analyte inside the sample loop of the valve is mandatory. A first methodology
contains the calculation of the flow rate during the mobilization by taking the signal of the
end of the L-arginine zone by applying conductivity and UV detection. Taking the flow
rate, the distance between UV detector and valve and the UV mobilization time of the
analyte of interest in consideration, it was possible to calculate the positioning time of the
analyte inside the sample loop in a reproducible way. This calculation is described in detail
in Paper II and was applied for all measurements in this publication. Nevertheless, the
application of two external detectors in close distance in front of the valve is challenging,
the detection of the end of the L-arginine zone can be difficult due to slightly differences in
the signal intensity and a detection of two wavelength (200 nm for L-arginine and 280 nm
for proteins) was necessary. For these reasons, for further measurements, the flow rate was
determined prior to each run with an injection of 1000 mg/L caffeine. This allows the work
without a second external detector and enables the optimization of the UV detector on
only one wavelength. The reproducibility was comparable to the method described above.
This second methodology was used for the measurements in Paper III and IV.
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Evaluation of the CIEF-CZE-MS setup by the application of a
model protein sample

In order to evaluate the above described CIEF-CZE-MS setup, an aqueous sample contain-
ing 40 ppm of three model proteins (ribonuclease A, myoglobin, S-lactoglobulin) was mixed
with iminodiacetic acid as an anodic spacer, L-arginine as cathodic spacer and Servalyt”?
(3-10). As mentioned before, an Ultra Trol”™ Precoat LN coating was selected to prevent
any adsorption of proteins at the capillary wall. The proteins were focused for 5 min with
10 kV and positioned individually into the valve. The UV signal of the mobilization by
pressure and remaining high voltage can be seen exemplary in Figure 3.5. The positioning
of the proteins inside the sample loop of the valve is explained in detail in Paper II.
Once the protein of interest was positioned inside the loop, the mobilization was stopped
and the valve was switched as illustrated in Figure 3.3. Due to the mean band volume
of the focused proteins of 12 nL. a sample loop of 20 nL. was selected. 10 kV were used
for the migration of the protein towards the ESI-MS instrument. The signal intensity at
the migration time of B-lactoglobulin for the BPE at the MS detection was 2.26 x 10*
+ 5.36 % (n=3). The high repeatability of the BPE intensity shows that the transfer of
the protein from the CIEF separation into the CZE separation works precisely between
different runs. For all three proteins, interference-free mass spectra were obtained (see also
Fig 3.5). This is in good agreement with the separation of ampholyte and protein shown
in Figure 3.1. The deconvoluted masses, displayed in Fig 3.5, from the proteins were in
good agreement with the literature. By comparing the base peak intensities of the CIEF-
CZE-MS approach with the CZE-MS, including an injection of 50 mbar for 24 seconds, a
factor of 33 was determined. This is in good accordance to the estimated factor of 30 by
comparing injection volumes.
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3 Results and Discussion
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Figure 3.4: Electropherogram from the external UV detector at 200 nm (a). An abrupt
fall of intensity indicates the end of the L-arginine zone (pI=11.2). Sig-
nals in a: ribonuclease A (pI=9.6) (1), myoglobin (pI=6.8-7.2) (2) and £-
lactoglobulin (pI=>5.1) (3). Sample concentration 40 mg/L (protein). Fo-
cusing time: 6 min with 10 kV. Mobilization with 15 mbar and high voltage.
Catholyte: 0.01 M H3POy; Anolyte: 0.02 M NaOH. Second dimension with
MS detection cutting the peak of ribonuclease A (1b), myoglobin (1c¢) and
f-lactoglobulin (1d), each with base peak electropherogram (upper left side),
mass spectrum (lower part), and deconvoluted mass spectrum (maximum en-
tropy, upper right side).

3 The MS analysis of CIEF separated hemoglobin and its
glycated form

In order to demonstrate the power of the valve based CIEF-CZE-MS concept the separa-
tion of hemoglobin and the glycated form of hemoglobin was selected. These two analytes
possess a similar structure and therefore, a pl difference of only 0.037 which are challenging
to separate. The two analytes were detected at 420 nm in a reproducible way, however, not
baseline resolved. The signals were individually transferred into the CZE-MS dimension
where the ampholytes were separated from the protein. The transfer of signal 1 (Figure
3.5) resulted in a higher MS signal for the non-glycated form, whilst transferring signal 2
showed a higher signal intensity for the glycated hemoglobin. The incomplete individual
cutting can be explained by the already overlapping signals in the CIEF mobilization, an
excessive loop size inside the valve or a slightly incorrect cutting position. Nevertheless,
this showcase demonstrates the possibility to cut and identify unknown signals of CIEF
separated proteins by MS.
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Figure 3.5: Electropherogram from the external UV detector at 420 nm (a). Focus-
ing time: 9 min with 10 kV. Mobilization with 15 mbar and high voltage.
Catholyte: 0.1 M H3POy; Anolyte: NaOH 0.02 M. Ratio of hemoglobin and
glycated hemoglobin by cutting on signal 1 and 2. Deconvoluted mass spec-
tra (maximum entropy) of peak 1 (c) and peak 2 (d).

Compared with other CIEF-MS strategies, the here presented approach is a fast ( 30
min), interference-free and reproducible alternative even for structurally similar molecules.
However, in further measurements different alterations at the procedure were tested e.g.
regarding a faster, robust and more flexible setup. The successful improvements are de-
scribed in the following section and were utilized for the following applications.

4 Improved sample positioning, multiple heart-cut and
different transfer loop volumes for a wide range of model
proteins

The transfer of the focused analytes towards the CZE-MS dimension is a crucial step in
every multidimensional separation setup. As mentioned before in Paper II, the analyte
positioning was performed with an external conductivity (C*D) and UV detector. However,
the positioning of two external detectors in close distance to the 4-port-valve is technically
challenging. Therefore the positioning of the analyte in the sample loop for experiments
of Paper III and IV was based on the application of an external UV detector and the
determination of the flow rate prior to each run. The flow rate was determined with a caf-
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3 Results and Discussion

feine standard (1000 mg/L) and 50 mbar. The detailed procedure is described in Paper
IIT and IV.

In order to improve the transfer process, different sample/transfer volumes (20, 10 and 4
nL) were evaluated. The selection of the loop size should be performed based on the peak
width and the resolution within the CIEF run. For instance, for the measurement of the
wide range model proteins sample, a peak width of 0.09 (8 nL) to 0.13 min(11 nL) was
calculated taking the flow rate and the UV electropherogram of the CIEF mobilization in
consideration. The distance between the closest two signals was calculated to 0.13 min (11
nL). In this case, the 10 nL sample loop was found to be appropriate because the applica-
tion of the 20 nL transfer loop lead to a transfer of more than one signal. Applying the 4
nL sample loop results in a low intense MS signal due to the transfer of only part of the fo-
cused analyte zone. The evaluation for the most suitable transfer volume was performed for
all following applications and is described in the corresponding article (Paper IIT and IV).

In order to significantly reduce the overall analysis time combined with less sample con-
sumption the previously utilized single heart-cut methodology was expanded to a multiple
heart-cut approach. Therefore a standard mixture of five proteins and one peptide was fo-
cused, mobilized, transferred and analyzed in the CZE-MS dimension, consecutively. Each
analyte could be identified by their respective MS spectra, as displayed in Figure 3.6. In
this way, it was possible to transfer and analyze the proteins and peptide in a very re-
producible way, covering a broad pI range (5.1-10.3). The results are shown in detail in
Paper III).
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Figure 3.6: Mobilization of a focused (10 kV for 10 min) protein and peptide mixture
applying 0.1 M H3POy, as analyte and 0.2 M NaOH as catholyte. Mobiliza-
tion was performed by utilizing 50 mbar (and remaining 10 kV) until the first
signal is positioned in the 4-port valve. UV signal at 280 nm (main figure)
and the mass spectra (inset 1-6) of all 6 transferred analytes: cytochrome
C; pI 10.3 (1), RNaseA; pl = 9.6 (2), angiotensin I; pI = 7.9 (3), myoglobin;
pl = 7.2 (4), carboanhydrase A; pl = 6.4 (5) and S-lactoglobulin; pI = 5.1
(6). Consequently, after CZE-MS analysis of the first analyte the valve was
switched back to position A (Figure 3.3) and the next analyte was positioned
in the sample loop by applying pressure (50 mbar). This procedure was re-
peated for all 6 analytes.

5 Multiple heart-cut CIEF-CZE-MS of mAb X

The separation of charge variants of mAbs represents a highly relevant application for
CIEF, however, the detection via MS is challenging due to the ESI-interfering substances
necessary for the CIEF process. Nevertheless, there is a high demand for MS characteri-
zation of mAb variants in the pharmaceutical industry. Therefore, the application of our
2D system for the analysis of mAb variants was evident. A deglycosilated mAb X sample
(solved in formulation buffer) was injected and four signals could be detected in the CIEF
dimension which is displayed in 3.7.

Signal 1 and 4 (Figure 3.7) were transferred and analyzed via CZE-MS. The raw and
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Intens. [214 nm]
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Figure 3.7: Presence of four different signals (signal 1-4) in the mobilization (50 mbar
and remaining 10 kV) of deglycosilated mAb X. Focusing (10 kV for 10 min)
was applied utilizing 0.2 M H3POy4 (anolyte) and 0.3 M NaOH (catholyte)

deconvoluted mass spectra of both signals can be found in Figure 3.8. The deconvolution
of signal 1 resulted in an exact mass of 145168.6 = 0.4 Da (n=4). Signal 4 resulted in an
exact mass of 145170.7 £ 0.6 Da (n = 4). A mass different of 2 Da could be detected,
which can be potentially explained by double deamidation (or amidation). However, an
interpretation of the relative intensity of the signals was not possible due to the occurrence
of additional deamidation processes caused by the PNGase F treatment in the sample
preparation [40]. Nevertheless, the separation and identification of variants of an intact
antibody with a mass difference of only 2 Da indicates the power of this setup for the
characterization of high mass proteins on intact level.
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Figure 3.8: MS identification of mAb X variants from CIEF-CZE-MS separation. CZE-
MS run of signal 1 (A) and 2 (B) and the corresponding deconvoluted mass
spectra (C and D). A difference of 2 Da between the two variants was ob-
served

6 CIEF-CZE-MS - limit of detection for proteins

In general, CIEF provides a considerable enrichment factor in comparison to other elec-
tromigrative techniques, due to the IEF separation mechanism and thus, represents an
excellent technique for the analysis of low concentrated samples. Therefore, the limit of
detection (LOD) for low (10-50 kDa) and high mass (160 kDa) proteins was estimated.
The LOD in the UV detection was calculated between 9.75 (RNaseA) and 1.63 mg/L (myo-
globin). A lower concentration results in difficulties regarding the transfer of analytes in
our 2D system. Nevertheless, the lowest concentrations lead to reproducible mass spectra
with more than sufficient intensity. Thus, in the case of low mass analytes the UV detector
represents the limiting factor for the 2D setup. Moreover a more sensitive external detec-
tion would enable an even lower overall LOD. In the case of large mass protein samples,
e.g model antibody mAb X, the MS showed to be the limiting factor regarding sensitivity.
For accurate deconvolution, a concentration of 1500 mg/L of mAb X was required. Nev-
ertheless, appropriate mass spectra for the main variant were achieved applying a mAb X
concentration of 375 mg/L (no accurate deconvolution possible). The rather high LOD of
1500 mg/L for mAb X can be explained by the low ionization efficiency of high molecular
weight species. Nevertheless, this represents an excellent value compared to previous work
regarding CZE-MS: Biacci and coworkers demonstrated in 2015 a glycoform separation and
characterization by offline coupling of for instance CZE-UV with ESI-MS with a sample
concentration of 5000 mg/L [41]. Another common top-down approach for the analysis of
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large mass proteins is provided by UHPLC-MS. Applying this approach, Liu et al., were
analyzing free thiol variants of a mAb utilizing a concentration of 2000 mg/L. An in-house
comparison between our CIEF-CZE-MS setup including a 10 nL (sample concentration
of 1 500 mg/L mAb X) and a CZE-MS analysis applying an injection volume of 10 nL
(sample concentration of 30 000 mg/L mAb X) was performed. By taking the different
concentrations into consideration an enrichment factor of 23 for the CIEF-CZE-MS system
was found.

7 Characterization of model mAb by CZE-CZE-MS

As demonstrated before, CIEF represents an excellent technique for the separation of
mAb variants, nevertheless, a common alternative is a CZE separation applying an e-
aminocaproic acid (EACA) based electrolyte system (0.380 M EACA, 0.002 M triethylenete-
tramine (TETA), 0.05% w/w HPMC, adjusted with acetic acid (HAc) to pH 5.7) [42][43].
This approach was recently utilized in an inter-laboratory study for the analysis of 23 mAbs
showing impressive precision and accuracy [44]. For the characterization of the separated
variants, MS detection is mandatory. Unfortunately, the aforementioned EACA electrolyte
system is highly ESI-interfering. Thus, the same challenge arises as previously stated with
the CIEF to MS hyphenation: A frequently applied separation dimension consists of an
ESI-interfering compound. Nevertheless, its again possible to apply CZE-MS, utilizing a
2 M HAc BGE, as a second dimension, to separate the ESI-interfering electrolyte com-
ponents and the mAb sample band and enable an interference-free MS detection. The
general instrument setup, the positioning and transfer of the sample as well as the de-
tection is similar to the CIEF-CZE-MS system and extensively explained in Paper IV.
Figure 3.9 displays the variant separation of an 18.000 mg/L mAb X sample applying the
aforementioned EACA buffer system. The raw as well as the deconvoluted mass spectra of
the transfer of the main variant (signal 2 in Figure 3.9) into the CZE-MS dimension shows
the typical glycoform pattern of mAb X. For the highest abundant glycoforms GOF /GOF,
GOF/GI1F and G1F/G1 (GOF/G2F) an average mass of 148059.1 + 0.8; 148220.1 + 0.5
and 148381.6 + 0.6 (n=5) was determined, respectively.

In general, basic and acid variants of mAbs are considerably less concentrated compared
to the main form. Thus, the influence of concentration on the mass accuracy was tested.
The results, which can be found in Paper IV indicate no significant influence on the
detected masses. Nevertheless, the analysis of the acid variant (signal A2 in Figure 3.9)
with the CZE-CZE-MS system results in a very noisy MS signal and thus, not sufficient
for repeatable accurate mass determination. In order to increase the sensitivity and si-
multaneously simplify the spectrum, a deglycosilation of the mAb sample was performed
using N-glycosidase F. The detailed protocol can be found in Paper IIT or I'V. Utilizing
this deglycosilated sample the main variant (signal 1) and the two highest acidic variants
(signal A2 and A3) were analyzed. The mass difference between the acidic variant A2,
A3 and the main variant was + 2.0 Da and + 3.1 Da, respectively. As also stated by
the CIEF-CZE-MS analysis of the model mAb, a potential explanation is the presence of
deamidation products. Thus, the acidic variants A2 and A3 could correspond to a double
and triple deamidation, respectively.
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Figure 3.9: A: UV signal at 214 nm of separated variants of a model mAb X in an
EACA based BGE (0.38 M EACA, 0.0019 M TETA and 0.05% w/w (hy-
droxypropyl) methyl cellulose (HPMC) (pH = 5.7, adjusted with HAc; 10
kV for 60 min). B and C: Raw and deconvoluted mass spectra of cutting the
main variant of the model mAb. B: charge states range from +38 to +62 in
the raw mass spectra. C: the three highest signals were assigned to the corre-
sponding glycoforms.

8 Comparison of different external UV detectors

An important part of the here presented 2D setup is represented by the detection in the
first dimension. Transfer of analytes into the second dimension is only possible if the an-
alyte is clearly identified by its UV signal. An insufficient UV intensity lead to a higher
overall LOD. All experiments covered by Paper II to IV were performed with the Tidas
S700 external UV detector from J&M (Essingen, Germany) [later referred to: J&M det.].
This detector was already in the laboratory at the beginning of this work. In course of the
project, a second external UV detector (ECD26000) was purchased from ECOM (Prague,
Czech Republic) [later referred to: ECOM det.]. Both external detectors were directly
compared with focus on signal to noise values and were set in comparison to the internal
UV detection applying a HP 3PCE electrophoresis instrument from Agilent (Agilent Tech-
nologies, Waldbronn, Germany) [later referred to: int. Agilent|. Both external detectors
are applying an optical cell, where the fused silica capillary is fixed in. The optical cell is
furthermore connected to the lamp/detector via optical fibers. To test the signal to noise
value of all three detection units, a fused silica capillary was equipped to an Agilent 3P CE
instrument. The capillary was filled with 0.2 M FAc. Afterwards a solution of 1 mg/L
caffeine in water was injected by applying 50 mbar for 24 sec. 30 kV were utilized for
electrophoretic mobilization. The three detection systems, int. Agilent, ECOM det. and
J&M det., were positioned in this sequence at the capillary and UV detection was applied
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with 200 nm. The electropherograms of all three detectors are displayed in Figure 3.10A.
A relative high noise can be noticed by comparing the external UV detector from J&M
to the other two detection systems (see also Figure 3.10). A similar noise were found by
comparing the external UV detector from ECOM and the internal UV detection (Agilent).
The lower signal applying the ECOM detector in comparison to the internal UV detection
can be explained by the utilization of the optical fibers (50 cm before and 50 cm after the
optical cell) which lowers the overall intensity. The optical fibers are not present with the
internal UV detection.
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Figure 3.10: Direct comparison of two different external UV detectors and relative com-
parison to the internal UV detector (Agilent CE). A: electropherograms
with 200 nm of 1 mg/L caffeine applying 0.2 M FAc and 30 kV utilizing
all three detection systems simultaneously. B: Comparison of noise, signal
and signal to noise values for all tested detectors. "HP 3P CE electrophoresis
instrument from Agilent; 2ECD2600 from ECOM; 3Tidas S700 from J&M.

Afterwards, a second experiment was performed to differentiate between detection unit and
optical cell concerning noise. Thus, the optical cell, purchased from ECOM was equipped
to the detection unit received from J&M. A sample containing 50 mg/L myoglobin in water
was injected by applying 50 mbar for 24 sec. Same electrolyte and voltage were applied
as stated in the experiment explained above. All received electropherograms including the
corresponding detector and optical cell arrangement are displayed in figure 3.11.
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Figure 3.11: Comparison of different detector/optical cell arrangements in relative com-
parison to the internal UV detector (Agilent). Electropherograms with 200
nm were received by injecting a sample of 50 mg/L hemoglobin in water and
applying 0.2 M HAc as BGE and 30 kV as mobilization voltage.

As indicated in Figure 3.11, by utilizing the J&M detector, a higher noise is received. This

is similar for both optical cells. Thus, the noise is mainly produced by the detection unit
and not by the optical cell. Moreover a slightly smaller signal was detected by applying the
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J&M detector with the optical cell from J&M. In summery, the optical detection system
which was purchased from ECOM shows a factor of 30 higher signal to noise level which
is a big advantage for all future experiments, utilizing an external UV detection. Thus,
the ECOM external UV detector was applied for all future experiments e.g. for the nano
LC-(UV)-CZE-ESI-MS coupling which is described in the next section.

9 Nano LC-(UV)-CZE-ESI-MS for proteins and their
corresponding variants

As previously mentioned, the separation and characterization of protein variants is of high
demand. A system of high potential could be the online combination of nano LC and
CZE-MS. Nano LC provides, compared to CZE or CIEF, high injection volumes and ro-
bust separation of proteins, whereas CZE-MS is perfectly suited for the separation and
characterization of protein variants. A concept of such a nano LC-CZE-MS system sepa-
rating proteins in first and their corresponding variants in a second dimension is displayed
in Figure 3.12.
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Figure 3.12: Concept of a nano LC-CZE-MS setup for the separation of proteins (a),
followed by their corresponding variants (b) including identification via MS

(c).

As stated before, the hyphenation device is the crucial part of every multiple dimensional
system. Including a CE dimension in such a system requires a fully electrically isolated
transfer device, including zero dead volume connections. The 4-port-valve which was ap-
plied for the CE-CE-MS systems, intensively presented in the last chapters, was promising
to achieve a nano LC - CZE coupling. Hence, a nanoFlow 1200 pump from Agilent,
Technologies (Waldbronn, Germany) including a degasser unit was connected to the 6-
port-valve from a compact QqTOF instrument from Bruker Daltonik (Bremen, Germany).
The 6-port valve, including a 250 nLL sample loop, was used for injecting the sample. The
full setup can be seen in Figure 3.13. The LC separation was applied on a Zorbax 300SB-
C8, 0.075 x 50 mm 3.5 micron column from Agilent Technologies (Waldbronn, Germany).
Transfer of sample into the CZE-MS dimension was performed as explained in the CE-CE
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hyphenation chapters utilizing the 4-port-valve or in Paper III. Both, the nano LC-UV
and the CZE-MS, were tested individually prior to the complete 2D setup.

—#== Sample injection
m—am Column

M5 —— 0.25 yL loop

Ext. UV detector
—— 1 m Optical cable

nanolLC
pump

CE

Figure 3.13: Setup of the nano LC-CZE-MS setup including nano LC pump, 6-port in-
jection valve including a 100 pL syringe (A) to fill the 250 nL sample loop,
Zorbax 300SB-C8 capillary column (B), external UV detection (ECD2600
EX UV - VIS, ECOM spol. s r.o., Prague, Czech Repuplic), the electric iso-
lated 4-port-valve for sample transfer, the CE and MS instrument.

The first glycoprotein variant separation applying CZE-MS was performed by Kelly and
coworkers in 1996 [45] and further developed by e.g. Sanz-Nebot et al. [46] for transferin
variants and Balaguer et al. [47] for variant separation of erythropoietin (EPO), fetuin and
1-a-glycoprotein (AGP). The commonly applied formic (0.25-2 M) and acetic acid (1-5 M)
BGEs were applied in different concentrations for the variant separation of AGP (human
and bovine), transferin, EPO, fetuin and RNase B. The best separation in an appropriate
time was found by utilizing 0.5 M formic acid and 15 kV in 70 cm PVA coated capillary.
The PVA coating procedure can be found in Paper III. The mobile phase for the nano
LC separation of the proteins was composed of A (HoO-+0.1 % acetic acid + 0.1 % triflu-
oracetic acid) and B (acetonitril + 0.1 % acetic acid + 0.1 % trifluoracetic acid) applied
in gradient mode (25-85 % B in 20 min; flow rate: 0.5 yL/min) [48]. The ESI-MS param-
eter of the 2D experiments were similar to the CIEF-CZE-MS measurements described in
Paper III.

A first nano LC-(UV)-CZE-MS experiment was performed analyzing a standard protein
mix containing RNase A and B, cytochrome C, AGP (bovine) and myoglobin (50 mg/1
in water each). The UV signal of the chromatogram can be seen in Figure 3.14 A. Con-
sequently, signal 1 which corresponds to RNaseA /B was transferred via 4-port-valve into
the CZE-MS dimension. The electropherogram of the CZE-MS dimension is displayed in
Figure 3.14.
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Figure 3.14: Nano LC-CZE-MS of model proteins. A: UV chromatogram of the sepa-
ration of RNase A and B (1), cytochrome C (2), AGP (3) and myoglobin
(4). B: Base peak electropherogram and the MS spectra of the CZE-MS di-
mension (BGE: 0.5 FAc; 15 kV for 40 min). A separation of RNaseA and B
(including variants) was achieved in the second dimension.

Baseline separation between RNase A and B was achieved in the CZE-MS dimension.
Moreover, it was possible to detect different high mannose glycoforms of RNase B. This
first proof of concept measurement takes the advantage of the high orthogonality of CZE
and LC and shows the power of this combination. Up to this point, CZE-MS experiments
for the determination of charge variants of low mass proteins were performed analyzing
sample concentrations of 1000-5000 mg/L [46][47]. Here, the experiments were performed
with 50 mg/L, which represents a factor of 20-100 lower concentration. Moreover the
possibility to characterize the variants of different proteins in a mixture is given. This
represents an unique feature of the nano LC-CZE-MS system in comparison with CZE-MS
where overlapping and interfering of different protein variant signals would be a common
issue.

10 Alternative interface for the coupling of electrodriven or
microfluidic separation techniques

The crucial part of a multiple dimensional setup including an electrically driven separation
represents the coupling device. There is a need for continuous improvement and develop-
ment of 2D coupling devices. During the work with the valve interface ,which was utilized
for all previous measurements, requirements for a new interface were defined: i) It should
be possible to work with materials which possess a high dielectric strength e.g. fused silica.
ii) The new interface should provide straight channels to provide a homogeneous electric
field and liquid flow. iii) The distance between the channels should be enough to prevent
current breakthroughs or liquid transfer. iv) Detection at the transfer position should be
possible. v) The interface device should be easy to fabricate. Keeping this thoughts in
mind, a concept for an innovative chip-based valve was worked out. The design of the new
interface can be seen in Figure 3.15. It consists of three parts which are cut out from one
manufactured chip. The horizontal channels were produced prior to cutting to create a
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smooth surface between the chip parts.

For a 2D approach separation dimension 1 (D1) is connected to the middle channel and
separation dimension 2 (D2-MS) is attached to the lower channel (3.15 B). The separation
in dimension 1 is stopped at the time when analyte three is reaching the middle chip part
(3.15 C). The middle part of the chip, also referred to as the bar, is moved down to transfer
analyte 3 into separation dimension 2 (Figure 3.15 D to E). Afterwards the separation in
dimension 2 can be initiated.
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Figure 3.15: Principle setup and work flow of the chip-based interface. The interface
consists of three chip parts (A) cut from one manufactured microfluidic
chip. For the hyphenation of two separation dimensions the three parts of
the chip are carefully pushed together. The transfer of an analyte (1-3) from
separation dimension 1 (D1) to the separation dimension 2 (D2-MS) is dis-
played in Figure 3.15 B-E: Separation 1 (B) is stopped if analyte 3 reaches
the middle chip part (C). The middle part of the chip is moved down (D)
until the analyte on the middle part of the chip reach the separation dimen-
sion 2 (E).

For the realization of this chip based interface the mounting of the whole interface and the
movement of the bar was important. The mounting should enable the fixation of the outer
part of the chip, while the middle part is still movable. Therefore, the pressure on the
outer part has to be adjustable. A combination of plates, brackets and micrometer screws
was first simulated and subsequently constructed with help from the university machine
shop. The simulation and the final construction can be seen in Figure 3.16.
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Figure 3.16: Simulation (A) and picture (B) of the brackets and screws for the fixation of
the chip based interface (yellow square in A; transparent chip in B). Screws
(1) to adjust the pressure on the three parts of the chip)

For the transfer of the analytes between the separation dimension, a movement of the bar
is mandatory. This mounting and the bar is hold in horizontal position by ball-bearing
suspension mounted above. The movement of the bar is performed manually which seems
to be sufficient for tests in this early state of development. Fused silica capillaries, necessary
for the separation dimension were glued to the end of the chip channels. In order to avoid
on one hand dead volume and on the other hand blockage of the channel, the glue has
to be cured short before entering the separation channel on the chip. After several tests
with different kind of glues, a glue which can be cured by UV light (Bluefixx reparation
pen, Westfalia Werkzeugcompany, Hagen, Germany) was chosen. After the fixation of
the capillaries a first proof of concept test, regarding tightness of the three chip parts,
was performed. After the installation of this prototype in the lab and setting up the
next necessary steps the project was handed over to another PhD student for further
development.
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4 Conclusion

Multidimensional separation including CZE-MS as second dimension are perfectly suited
for the separation, identification and characterization of proteins on intact level covering
a wide mass range. A crucial part of such an electromigrative driven multidimensional
setup is represented by the applied hyphenation interface. The here utilized and discussed
4-port-valve provides fully electrically divided separation dimensions, connections with low
dead and suitable transfer volume. However, a limitation of 18 kV separation voltage is
associated with the applied valve material and the close distance of the channels.
Nevertheless, the current 4-port-valve was utilized for impressive applications such the MS
identification of CIEF separated hemoglobin and the glycated form and the characteriza-
tion of deamidation variants of a monoclonal antibody. These variants were separated in a
first approach by CIEF and in second by CZE in the commonly applied EACA based BGE.
Both separations were online hyphenated to CZE-MS by the aforementioned 4-port-valve.
These two applications represent the first online MS characterization of mAb deamidation
variants and can play an important role in the biopharmaceutical field concerning e.g. sta-
bility and release testing.

The here presented hyphenation device allows besides the aforementioned CE-CE-MS cou-
plings, also the hyphenation of the disseminated HPLC to CZE-MS. Two separation mech-
anisms which act almost orthogonal. A first proof of concept measurement, showing the
separation of proteins and the corresponding variants at low concentration levels, indicates
that this concept can act as a protein variant expansion to the commonly applied nano
LC-MS top-down proteomics approach.

The above mentioned limitations were the reason for the development of a new chip based
fused silica interface, which is expected to be utilized in future CE-CE or LC-CE applica-
tions. It provides straight channels, no voltage limitations, flexible transfer volumes and
the possibility for detection at the sample transfer point.

In conclusion, CE will play an important role regarding the characterization and identi-
fication of proteins on intact level when it is hyphenated to other separation techniques.
These multidimensional setups enable interference free MS detection, in the case of CIEF
and EACA based CZE utilized as first dimension, or allow large injection volume and a
preseparation, by applying LC as first dimension.
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Capillary isoelectric focusing-mass
spectrometry: Coupling strategies
and applications

IEF on immobilized pH gradient strips is a widespread tool for protein separation, espe-
cially as first dimension in commonly utilized 2DE. In the latter arrangement, separations
are based on two orthogonal molecular characteristics according to pI in the first and
molecular weight in the second dimension. However, the approach is time consuming,
quantification is difficult and MS can be applied only offline. Capillary IEF and related IEF
techniques in combination with MS provide similar information. The major benefits are
high mass resolution and mass accuracy, reproducibility, speed, automation, and quan-
tification by using a high-resolution mass spectrometer. However, online hyphenation of
CIEF with MS is interfered by the ampholytes, acids, and bases needed for high-resolution
IEF. This review will give an overview about important coupling techniques, like low
ampholyte concentration, interim separation by chromatography, or the use of a dialysis
interface to separate the analytes from interfering substances. It is focused on strategies
which allow sensitive MS detection of CIEF-separated analytes. In addition, proteomic and
biopharmaceutical applications of capillary IEF techniques combined with MS are briefly

summarized.

Keywords:

IEF / Monoclonal antibody / MS / Online hyphenation / Peptide / Protein

1 Introduction

It is well known among separation scientists and researchers
in proteomics that IEF is a highly powerful strategy to separate
amphoteric molecules in accordance to their pI into narrow
zones along a pH gradient under influence of an external
electric field. The molecules migrate through the electric field,
as long as they possess a charge. Reaching the position where
the pH equals the pI of the molecule, the net charge of the
molecules becomes zero and they get focused in this region.
IEF can be carried out in gels or solutions with mobile or
immobilized pH gradients.

IEF is of central practical relevance for the separation of
proteins and peptides in complex biological samples. It has
recently also regained increasing attention for the analysis of
charge variants of biopharmaceuticals (i.e., protein therapeu-
tics such as antibodies) [1-3]. IEF is of particular interest in
such separations because it provides besides efficient separa-
tion of (sometimes structurally closely related) proteins with
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the determined pI also useful molecular information for its
characterization.

In general, IEF can be performed in a flat gel, in a “Roto-
for”, in a column or in a capillary (CIEF) [4]. Especially the
capillary-based systems can further be distinguished into sys-
tems without ampholytes, with ampholytes, and such with
ampholytes immobilized on polymeric supports, e.g. on an
organic polymer monolith [5]. The most common kind of
CIEF is achieved by applying voltage to an ampholyte system
inside the capillary to create a continuous pH gradient [4].
The whole process of CIEF can be divided into two steps.
First, the focusing step with an acid at the inlet and a base at
the outlet vial and as a second step, the mobilization of the
analytes to the detection system. General advantages of CIEF
compared to flat-based IEF systems are the higher through-
put, the easier handling, the opportunity of automation, and
the better quantification possibility.

In its most common application, [EF on IPG strips is
combined with SDS-PAGE to get a 2D system, which pro-
vides information about the pI value and the mass of the
analyte [3]. For a long time, it has been the state-of-art sep-
aration technology in proteomics using a mass spectrome-
ter for offline structural characterization and identification
via subsequent database search [6]. Manual handling steps
and long run times (for 2D gels) increasingly leads to its
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replacement by other methods (primarily nanoLC-ESI-
MS/MS of tryptic digests of the whole proteome-shotgun
proteomics [7]). Attempts to replace nanoLC as separation
technique by complementary and more efficient CIEF in on-
line hyphenation with MS were hampered in the past by some
practical complications such as interferences with the ioniza-
tion process, commonly ESI. Ampholytes from the CIEF sep-
aration step may enter into the ion-source which results in
electrospray instabilities, signal fluctuations, salt deposition
in the ionization interface, and ion suppression [8]. Ithas been
reported that the addition of 2% (v/v) carrier ampholytes to
the BGE can lead to 45% signal loss [9]. Furthermore, com-
monly employed acids (phosphoric acid) and bases (NaOH)
in inlet and outlet vials used to generate the pH gradient are
nonvolatile BGE constituents as well, and likewise contribute
to electrospray stability problems in the ion source and ion-
ization process, respectively [8]. Thus, users of CIEF-MS run
into problems because high ampholyte concentrations are
necessary to achieve high separation efficiencies. Therefore, a
compromise must be accepted between separation efficiency
of the CIEF step and sensitivity of MS detection, when directly
hyphenating both techniques [9]. In order to circumvent this
problem, different approaches have been pursued. For ex-
ample, MALDI has been adopted as an alternative ionization
technique, immobilized pH gradients, or separation of the
ampholytes from the sample before their mobilization into
the MS ion-source employing for instance a dialysis interface
or an intermediate liquid chromatographic separation step
for the removal of the ampholyte from the sample zones.
CIEF with ultra violet (UV) detection is currently still
state-of-art in the field but it is evident that online hyphen-
ation with MS would have significant advantages if it is
robust, straightforward, and mature. Narrow peaks require
(preferentially) fast scanning instruments like (Q)TOF-MS
and such MS instruments exhibit excellent mass resolution
and high mass accuracy. ESI yields multiply charged pro-
tein species which can be detected as charge envelope from
which the protein mass can be reconstituted by simple cal-
culations. This may allow their straightforward identification.
To some extent, even co-migrated protein species can be iden-
tified because they typically give superimposed but resolved
charge envelopes in the mass spectra and additional molecule
peaks in the deconvoluted spectra. Furthermore, it is pos-
sible to identify unknown signals by subsequent database
search, if available. Unfortunately, CIEF-MS has some limi-
tations as: (i) A connection between the CIEF capillary and
the interface or directly the electrospray has to be realized.
(i) The electrode for the focusing process has to be applied
between the CIEF and the MS system. (iii) The entering of
electrospray disturbing substances like ampholytes or strong
nonvolatile acids and bases from electrolyte vessels has to
be prevented. Attempts to overcome these limitations, unfor-
tunately, always result in more complex coupling interfaces
than a simple optical detection. In principle, CIEF-MS may
exhibit higher separation efficiencies than CZE-MS but may
often also reveal better selectivity in particular for structurally
closely related analytes like different charge variants as shown
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for hemoglobin [10]. The CIEF separation delivers informa-
tion on the pI value which can be regarded as a valuable
additional identification feature that is not available in CZE
separations. The CZE-ESI-MS interface is well established.
Ionization suppression effects are usually less pronounced
in CZE-MS with MS compatible buffers. In contrast, CIEF
suffers from ionization suppression by ampholytes, acids,
and bases present in catholytes and anolytes, mentioned al-
ready above. In conclusion, the benefits of a higher separation
efficiency due to the focusing effect, the more information-
rich MS detector, and information about pI of analytes should
make it worthwhile investing more efforts to overcome the
technical difficulties of CIEF-MS. Supporting our attempts
to develop the field further we herein, summarize develop-
ments on different approaches to couple IEF with MS. One
common offline approach is the combination of strip-based
IPG-separation with LC-MS. This is a similar approach as the
standard proteomics workflow combining 2D GE, tryptic di-
gestions, and LC-MS/MS and is out of scope of this paper. In
this review, online and offline couplings are briefly discussed
and the coupled systems are distinguished by the interface
between the IEF and the MS.

2 Technical strategies for CIEF-MS
2.1 CIEF offline coupled to MALDI-MS

A general challenge by connecting a CIEF separation to
MALDI-MS is the transfer of analytes to the MALDI plate
without losing the high separation efficiency; the low peak
volumes of narrow zones require addition of sheath liquid
for efficient sample/droplet deposition on the MALDI plate
which might cause diffusion effects, mixing effects and inap-
propriate flushing of the interface that must be avoided [11].
Most importantly, however, separation resolution in CIEF-
MALDI depends on the spotting frequency which has to
be carefully adjusted. Furthermore, the quality of MS spec-
tra might be compromised by sample/matrix preparations
with the catholyte-sheath solutions and residuals of the am-
pholytes present as compared to standard MALDI matrix
preparations. While it is known that MALDI is less sensi-
tive for additives in the sample such as salts, it was shown
that MS signal intensities decreased significantly by addi-
tives like ampholytes (signal decrease of 50% by use of 1%
ampholyte), hydroxy ethyl cellulose (0.3% of hydroxy ethyl
cellulose decreases the MS signal by about 60%) and Tween-
20 (0.1 % Tween reduces the signal by about 50%) that are
commonly present in deposited sample fractions from CIEF
experiments [12]. On the other hand, it might be argued that
the co-crystallization process in MALDI is a purification pro-
cess itself which might help avoiding unfavorable effects of
ampholytes on ionization yield. However, this has not been
sufficiently documented in the reported offline CIEF-MALDI-
MS studies.

The first interface for offline coupling of CIEF to MALDI-
TOF-MS was reported by Foret et al. [13]. Acetic acid (pH
2.9) was used on the anolytic side and ammonium hydroxide
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Figure 1. The three applied interfaces for coupling CIEF to MADLI-MS. (A) With preparative collection in capillaries and Eppendorf
vials [13,14], (B) by a sheath-liquid interface [11,12], and (C) with membrane-separated electrode, anolyte, and catholyte [15].

(pH 10.9) admixed via a tee connection (sheath-liquid inter-
face) on the catholytic side. A schematic drawing of the used
tee connection containing the CIEF capillary, the electrode,
and a sheath liquid connection is shown in Fig. 1a. The CIEF
capillary was placed in-line to the collection capillaries. The
electrode and the sheath liquid connection were placed in a
90-degree angle to the CIEF capillary. The electrode on the in-
let side was separated by a membrane to reduce interference
by produced air bubbles. The used focusing and mobilization
conditions are described in detail in Table 1. Foret et al. were
using a mixture of three commercially available ampholyte
solutions to create a uniform pH gradient. For minimizing
band broadening, high voltage was applied during the mobi-
lization. The analytes were detected by on-column fiberoptic
UV detection shortly before entering the sheath-liquid inter-
face. The sheath-liquid interface was placed 200 pm in front
of a rotor which possessed 60 collection capillaries with 20 wL
each. The proteins were stored as solutions in the collection
capillaries or as salt-free solids after the evaporation of the
ammonium hydroxide solution. If stored as solutions, 2 L
of the collected proteins were deposited on the MALDI plate
and allowed to evaporate. The solid fractions were dissolved
in MALDI matrix. Both types of samples were analyzed by
MALDI-TOF-MS successfully.

In a later work, the same group improved the concept
by use of two UV detection systems close to the sheath flow
tee interface [14]. With this improvement, they were able to
determine the zone velocity in the capillary during the CIEF
experiment and close to the sheath flow collection interface.
This way, they achieved a more accurate isolation of the ana-
lyte zones. Moreover, they used 100 pm id capillaries, com-
pared to the most commonly used 50 or 75 pm id capillaries,
to increase the amount of sample which can be injected. It
was demonstrated that smaller id of the capillaries leads to
better resolutions while 100 pm id is the best compromise
between resolution and injectable sample amount. Low con-
ductivity buffer and a slowly increasing focusing voltage were
used to reduce the Joule heating through the wider capillary
id. Chemical mobilization was discarded due to the nonlin-
ear profile of elution time versus pI and the higher current
during the mobilization. The analyte bands were collected
through the tee interface in Eppendorf vials.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Lechner et al. were using a system in which the droplets
from the CIEF capillary were directly deposited on the MALDI
plate by a homemade sheath liquid flow plastic tip [11]. The
principal structure of this sheath liquid flow tip is displayed
in Fig. 1b. The working conditions for focusing and mobi-
lization are displayed in Table 1. The sheath flow tip was
located inside a vial, containing 50 mM NH,OH during
the focusing and was repositioned during the mobilization
briefly over the MALDI plate. Mobilization was performed
by pressure-assisted EOF in fused silica capillaries and only
with pressure in PVA-coated capillaries. During the mobiliza-
tion, the sheath flow, which served as the current bridge and
allowed the direct deposition of the droplets on the MALDI
plate, was containing 50 mM NH4OH. They used a droplet of
450 nL sheath liquid/analyte per spot. Five hundred nano-
liters of the MALDI matrix was prespotted. The analytes were
detected shortly before the end of the capillary by an on-
capillary UV detector at 440 nm.

Silvertand et al. were also coupling CIEF to MALDI-MS
by a direct drop deposition similar to the instrument from
Lechner et al. The experimental conditions can be found in
Table 1. The sheath liquid (200 mM ammonium hydroxide in
50% MeOH and 0.01% Tween-20) was delivered via a syringe
coupled via tubing in 90° to the CIEF capillary and the spot-
ting tip. The sheath liquid flow was set to 500 nL per spot. A
spotting time of 5 s which leads to 500 nL per spot was inves-
tigated as the best compromise between amount of sample
and effect of additives. The effect of additives were bigger
than the effect of the protein concentration itself, therefore
shorter spotting might lead to better signal intensities but
were not possible with this instrument.

Another possibility for spotting analyte bands on a
MALDI target is to separate the electrode via a membrane
shortly before the end of the capillary. Zhang et al. were
demonstrating this idea with a 75 wm id capillary which con-
tains two plastic vials, each positioned 3 cm before the end
of the capillary, connected via membrane to the capillary,
containing the electrode and filled with 1% acetic acid [15]. A
scheme of this instrumental set up can be seen in Fig. 1c. The
used anolyte and catholyte solution as well as the measuring
conditions are listed in Table 1. Zhang et al were placing
the end of the capillary briefly over the MALDI plate during
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the mobilization step. The MALDI plate was precoated with
Parafilm M and prespotted with MALDI matrix. With this
new instrument design, they achieved better performance in
terms of separation efficiency, reduced sample loss, and im-
proved reproducibility, because there were no air bubbles,
produced by the electrodes, entering the capillary, and the
sample loss due to band shifting was prevented. Further-
more, they achieved a spotting on the MALDI plate without
the dilution effect of a sheath liquid flow.

CIEF followed by MALDI-MS was applied offline for
standard proteins and hemoglobin variants [13, 14]. CIEF-
MALDI-MS was used for the analysis of different standard
proteins [12], neuropeptides [15], tryptic digests of different
proteins [11], and analysis of nondegraded GlucaGen [12].

In conclusion, first offline coupling of CIEF to MALDI
MS was done by Foret et al. and improved by Minarik et al.
Both showed that it is possible to collect preparatively the iso-
electrically focused zones. In addition to the MALDI MS mea-
surements, this opened the possibility for Edman sequencing
or peptide mapping of the stored fractions. However, this ap-
proach had to deal with long analysis time and laborious
experimental lab work. An important further step was the de-
velopment of an automated spotting of the separated bands
on the MALDI plate which reduced the analysis time and
the lab work dramatically. This way, it is possible to con-
serve the high-resolution power of the CIEF separation better
than the offline approaches which were done before. This
allowed the analyses of more complex samples. Zhou et al.
received higher analyte concentration on the MALDI spot by
sheath flow-free coupling of CIEF to MALDI-MS and were
able to improve the separation efficiency and reproducibility
by the membrane-based separation of electrode and sample.
In general, using a MALDI-MS system gives the possibility to
conserve the separation for later remeasurements but all of
the concepts above had to deal with the limited resolution and
sensitivity for larger analytes, interference from ampholytes,
and limited separation efficiency under more MS friendly
conditions.

2.2 CIEF-MS with catholyte/spray solution exchange
after focusing for mobilization of analytes into
MS

Tang et al. demonstrated for the first time the online cou-
pling of CIEF to an ESI-MS interface by placing the catholyte
vial inside the electrospray housing during the focusing [9].
This concept is schematically outlined in Fig. 2a. For the
electrophoretic mobilization of the zones toward the detec-
tor, the outlet tip of the capillary was fixed 0.5 mm outside
the electrospray needle within a sheath liquid sprayer (see
also Fig. 2d). Using such an instrumental setup, the influ-
ence of the ampholyte concentration on the CIEF separation
and the ionization process was investigated. All measuring
parameters are summarized in Table 2. Protein zones were
monitored by UV detection. Minimizing the movement of the
ionic boundary, which leads to an increase of the separation

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. CIEF-ESI interface for the direct coupling of CIEF to
MS. (A) With the catholytic vial placed inside the ESI housing
during the focusing step [9,10,16,18-21], [37-39], [39-42], [44]. (B)
Using of a build droplet of catholyte solution which was delivered
through the sheath-liquid channel for the focusing process [17].
(C) ESl interface during the focusing process when the catholyte
solution is delivered as through the sheath-liquid channel and the
capillary is placed in the MS-ready position (0.5-1 mm outside the
ESI needle) [22-24]. (D) State of ESl interface for mobilization and
MS detection which was applied after the focusing process in
state (A), (B), or (C).

efficiency, was achieved by employing gravity and catholytic
mobilization of the focused analytes. In order to elucidate the
influence of the ampholyte concentration, it was varied in the
range between 5 and 0.1%. A reduction of the ampholyte con-
centration resulted in a decrease of resolution (—22% from 5
to 0.5% ampholyte concentration) and a reduction of the UV
absorbance intensity (—34 from 5 to 0.5% ampholyte concen-
tration). On contrary, a high ampholyte concentration led to
ion-pair formation of the ampholyte with the proteins. The
combination of ion-pair formation and subsequent desolva-
tion and dissociation processes led to charge neutralization
and a shift in the charge distribution of the protein mass spec-
tra. The best ampholyte concentration was determined to be
0.5%. It was demonstrated that the principle of this direct
CIEF-ESI hyphenation works and can achieve LODs which
are two orders of magnitude smaller than with CZE for stan-
dard proteins. However, because of the exchange of the outlet
vial by the ESI sprayer, this approach is not automated and
the influence of ampholytes still exists. In order to speed up
the protein mobilization and simultaneously minimizing the
moving ionic boundary inside the CIEF capillary, Yang et al.
supported the electrophoretic mobilization by gravity (lifting
up the inlet vial by 8 cm) [16].

In order to allow analysis of salt-rich biological samples
(like digests) by CIEF-MS, desalting of the samples prior to
the CIEF analysis is necessary. Clarke et el. were the first to
introduce an online desalting inside the CIEF capillary with-
out any additional equipment [17]. The desalting was done
after filling the capillary with the sample and ampholyte solu-
tion by applying a voltage gradient from 0-10 kV over 6 min.
During this time, a sharp current drop was observed which
marked the point at which the salt plug has left the capillary.
The analysis was carried out in a 50 pm PVA-coated capillary
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which was fixed at the outlet end inside the ESI sprayer. An-
alyte, catholyte solution, and separation conditions are listed
in Table 2.

The catholytic solution was delivered at 1 wL/min
through the sheath liquid channel in a way that a “hang-
ing” droplet was produced at the tip of the capillary which is
also displayed in Fig. 2b. After the focusing of the peaks, the
capillary was fixed 0.5 mm outside the ESI sprayer tip and
the sheath liquid was changed to the anolyte solution which
is assisting the ESI process (see also Fig. 2d).

Up to this point all described CIEF-ESI-MS couplings
were accomplished with a triple quadrupole-MS. To achieve a
higher mass resolution, Yang et al. [18] were the first hyphen-
ating CIEF to a Fourier transform ion cyclotron resonance
(FTICR)-MS employing the direct CIEF-ESI-MS presented
by Tang et al. [9]. Favorably, also lower LOQ values were ob-
tained. All experimental parameters adopted by Yang et al.
and all other applications which utilized the same hyphen-
ation technique as proposed by Tang et al. are summarized
in Table 2.

Various applications of the CIEF-ESI-MS coupling tech-
nique described by Tang et al. with triple quadrupole, IT, or
FTICR-MS, ranging from standard proteins and cell lysates
to characterization of noncovalent protein complexes from
mixtures were reported. Of particular interest are the stud-
ies by Smith et al. and Jensen et al. [19-21]. They utilized a
CIEF-FTICR-MS system and were able to detect in a single
run, around 210 discrete peaks or 900 unique putative pro-
tein masses with pI differences down to 0.004-0.005 from a
cell lysate. A 2D virtual gel display of a tryptic digest of sol-
uble D. radiodurans and Escherichia coli is shown in Fig. 3.
The spectrum from phosphoglycerate kinase obtained from
CIEF-FTICR-MS analysis can be seen in Fig. 4.

In conclusion, the technique placing the catholyte vial
inside the ESI housing for focusing, and switching to ESI
sprayer and sheath liquid for mobilization as well as detec-
tion, developed by Tang et al., 1995 is an interesting approach
for fast and reproducible CIEF-ESI-MS analysis with impres-
sive results. It is by far the most frequently used technique. It
was further improved by gravity-assisted mobilization and the
use of high-resolution MS detectors. In addition, many influ-
ential factors like ampholyte concentration and moving ionic
boundary were investigated deeply and the results were used
for further improvements. However, all applications with this
technique had one capillary replacing step and a voltage inter-
ruption between focusing and mobilization. This may result
in a loss of separation efficiency and hinders automation.
A first step toward automation was done by delivering the
catholytic solution through the sheath-liquid interface which
then produces a “hanging” droplet at the capillary tip. Still, the
change of the sheath liquid, a repositioning of the capillary
and an interruption of the voltage was necessary.

2.3 Direct CIEF-MS

To avoid a loss of separation efficiency, Zhang et al. demon-
strated the possibility of placing the CIEF capillary inside the

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. 2D display of the CIEF-FTICR analysis of lysates from
(A) D. radiodurans (B) Escherichia coli. Reprinted with permis-
sion from [20]. Copyright © 2015 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.

ESI sprayer in the MS-compatible arrangement during the
focusing process [22]. In this case, the sheath liquid (0.2 M
acetic acid in 50% (v/v) methanol) acts as the catholyte during
the focusing step (Fig. 2c) and as the sheath liquid during the
mobilization and MS detection step (Fig. 2d). Utilizing this
configuration it was possible to mobilize the analytes without
interruption of the voltage. Zhang et al. were also using a
stepwise mobilization by the application of a reversed EOF
generated by the carrier ampholytes in uncoated capillaries
and different inlet pressure values. They showed that the EOF
can be used to the benefit of the separation and is not neces-
sarily a problematic attendant phenomenon. Catholytic and
analytic solutions as well as focusing and mobilization pa-
rameters are summarized in Table 2. Zhong et al. focused on
the development of a hyphenation strategy which keeps the
present advantage without the need for special instrumen-
tation and provides the possibility for automation [23]. The
experimental conditions from Zhong etal. are summarized in
Table 2. A flow-through microvial, which is shown schemat-
ically in Fig. 2c, between the end of the capillary and the
interior of the needle tip was used. Ensuring a constant elec-
tric contact, a fast switch between catholytic solution during
focusing and acidic solution for the electrophoretic mobiliza-
tion could be reached. “Sandwich” injection (A), focusing (B),
and mobilization (C) toward the MS with a modifier, which
acts as the sheath liquid for the ESI process, is displayed in

www.electrophoresis-journal.com
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Figure 4. (A) Positive ion mode mass
spectrum for phosphoglycerate kinase ob-
tained from CIEF-FTICR analysis of the
lysate from Escherichia coli grown in
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PAGE for E. coli reproduced from SWISS-
2D PAGE, Swiss Institute of Bioformatics
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Fig. 5A-C. The “sandwich” injection (Fig. 5A) means that
catholyte, sample, and anolyte were injected subsequently in
individual plugs. The short sample zone in this “sandwich”
approach ensured that the focusing was complete before the
EOF was pushing the ampholyte zones out of the capillary.
Reasonable separation efficiency was achieved with CIEF in
bare-fused silica and neutral-coated capillaries, respectively.
The EOF in the bare-fused silica capillaries was part of the
mobilization strategy increasing together with glycerol as an
anticonvective agent, the resolution, and relative ESI-MS sen-
sitivity compared to the classical pressure mobilization.

The direct CIEF-ESI-MS coupling was used for the
analysis of cell lysates with the detection of more than 100
putative protein peaks with masses from 6 to 60 kDa [22].
A second application was the quantitative determination of
tetrasialo-transferrin and a quantification of Angiotensin II
with an LOD of 0.22 uM, which was ten times lower than
with UV detection [24].

In conclusion, it is possible to establish an online hy-
phenation of CIEF and ESI-MS by using the sheath liquid
as the catholytic solution during the focusing step [25] [23].
Using a flow-through microvial, glycerol as a modifier and
an EOF during the mobilization step, the resolution and the
sensitivity could be improved. In this way, Zhong et al. pro-
vided a fully automated process due to the application of

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of CIEF-FTICR results for a lysate of E.
coli grown in isotopically depleted media.
Reprinted with permission from [21]. Copy-
right 2015 American Chemical Society.

1375 1500
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Figure 5. Scheme of the flow-through microvial
during the (A) injection (B) focusing, and (C) voltage
mobilization. Reprinted with permission from [23].
Copyright 2015 American Chemical Society.

commercial CE and MS instruments. However, a separation
of ampholytes and analytes was not achieved and therefore
an interference of the ESI process by the ampholyte could not
be fully prevented.

2.4 CIEF-MS with partial ampholyte filling technique

One way to improve signal intensities in online CIEF-ESI-
MS coupling is the use of discontinuous ampholyte zones.
Thereby, it can be prevented that ampholytes and analytes
arrive at the same time at the ESI interface. Pager et al.
demonstrated a successful CIEF-MS hyphenation using this
approach by separate injection of the sample and the am-
pholyte [26]. All general parameters are summarized in
Table 3. In this work, two different injection protocols were
tested for the separation of amphoteric dyes: In the first in-
jection mode, a 40-s injection of ampholytes was followed
by a 6-s injection of the sample and finally a 40-s injection
of the ampholytes. In the second injection mode, they only
injected the sample for 6 s followed by a 40-s injection of the
ampholytes. They discovered that one ampholyte zone after
the sample zone is enough for a separation of the analyte
components. With this setup, the analytes can reach the ESI
source in a zone which is devoid of disturbing ampholytes.

www.electrophoresis-journal.com
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