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1. Introduction

Electrochemically Assisted Injection (EAI) was first introduced by Matysik [1] in 2003
and describes a novel injection concept combining electrochemistry with capillary
electrophoresis (CE). This approach enables the electrochemical conversion of neutral
analytes into charged ones during the injection process. The ions formed are capable of
being separated by the help of capillary electrophoresis [2]. Earlier approaches overcame
the limitations of neutral analytes in CE with the help of micellar electrokinetic
chromatography. Micelle-forming charged tensides were added to encapsulate the
analyte molecules and allow for an electrophoretic separation [3]. In capillary
electrophoresis commonly UV-, fluorescence-, or less frequently electrochemical detectors
are applied. In recent times, a growing interest in capacitively coupled contactless
conductivity detection (C*D) can be noticed [4]. The hyphenation of CE and mass
spectrometry (MS) introduces a significantly higher selectivity with at least the same
sensitivity. Both known and unknown analyte species may be verified or identified by MS
detection showing the high potential of this technique. The manufacturers have
recognized the growing interest in CE/MS coupling and reacted to the market's needs by
developing novel coupling solutions [5]. In this context, electrospray ionization (ESI) is the
most suitable ionization technique capable of dealing with very small sample volumes and

non-volatile, thermally labile compounds [6].

The motivation for EAI/CE/MS development is based on recent requirements in
bioanalytical chemistry. Bioanalytical samples are often only available in very small sample
volumes. Hence the application of CE in combination with ESI-MS seems to be a very
promising approach in bioanalysis. Moreover, the development of EAI cells allows for the
implementation of screen-printed electrodes (SPE), as they were designed for sample
volumes in the range of a few microliters. The second advantage of SPEs is a wide range
of commercially available electrode materials. This fact enables selecting an appropriate
electrode material depending on each specific application. Furthermore, ESI is a mild and
non-destructive ionization method keeping biological analyte molecules intact during m/z
analysis. Oxidative or reductive metabolism studies can be realized by coupling

electrochemistry to CE/MS. Moreover, EAI/CE/MS can offer information about the
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potential-dependent behaviour of bioanalytes while oxidative or reductive stress is

simulated electrochemically during the injection process.

The present thesis covers the development of automated EAI arrangements and their
application in combination with CE/ESI-TOF-MS. Preliminary studies have focused on basic
geometrical aspects and important electrochemical parameters. The results obtained have
been considered in the further instrumental development of automated EAI cells. The
second milestone was the fabrication of a semiautomated EAI device that was intensively
characterized regarding precision and reliability. Finally the efforts in EAI development
resulted in a fully automated, computer-controlled EAI cell that was used for mechanistic

studies of nitroaromatics on different SPE materials.




2. Fundamentals
2.1. Electroanalytical Chemistry
2.1.1. Basics and Principles

The scientific understanding of electricity and magnetism arose in the 16" century and
formed the basis for electrochemistry. Electrochemistry was first deployed for analytical
purposes by Jaroslav Heyrovsky [7] in 1922. Together with Mazuno Shikata, Heyrovsky
developed the first polarograph in 1924 and used it for electrochemical studies on
mercury drop electrodes. In 1959 he won the Nobel Prize for his contribution to

electrochemistry and initiated a fast progress towards modern electroanalytical chemistry.

The typical measurement setup consists of an electrochemical cell with three integrated
electrodes (working, reference and auxiliary electrode) connected to a computer-
controlled power supply. Depending on whether a potential is applied to the working
electrode as a function of time or the system is working in a current-controlled mode, the
electrochemical workstation acts in potentiostatic or galvanostatic mode. The following
simplified diagram illustrates the standard 3-electrode setup for electrochemical

experiments.




CE WE

Figure 1: Circuit scheme of a potentiostat in summing amplifier configuration. 3-Electrode setup:
working electrode (WE), reference electrode (RE) and auxiliary electrode (AE) are placed in an

electrolyte solution. Scheme adapted from [8].

In addition to the WE where the reaction of interest takes place and the AE which acts
as an electron source/sink for the redox reaction, a RE is applied to determine the
potential between WE and a reference system. The potential between WE and RE is
measured very high-ohmic to avoid a certain Faradayic current. Otherwise the resulting
voltage drop (iR-drop) would result in inaccurate measurements. The summing amplifier
circuit shown in Figure 1 consists of three operational amplifiers (OA). OA 1 acts as a
current amplifier, whereas OA 2 acts as a voltage-follower that provides a constant
potential applied to the RE. In combination, OA 1 and OA 2 can be considered as a closed
loop in negative feedback mode that provides well-defined currents to the AE to keep the
potential between WE and RE constant. OA 3 acts as a current-voltage converter that

measures the current response obtained at the WE [8].

Nowadays, often ultramicroelectrodes (UME) in the range of nanometers are applied as
WEs, for example in scanning electrochemical microscopy [9, 10]. Due to very small
occurring currents at UMEs and a negligible consumption of redox species, the influence
of an iR-drop is negligible in this case. The use of a RE becomes redundant and can be
short-circuited to the AE, resulting in a 2-electrode setup with a pseudo-reference

electrode [9, 11].




The ability for high-sensitive current measurements allows for a wide range of
electroanalytical applications. The most important techniques are potentiometry,
voltammetry (derived from Heyrovsky’s polarography) and coulometry as well as
conductimetry [12]. The techniques can be classified in methods without measurable
Faradayic currents (potentiometry) and measurement techniques away from the analytes’
redox equilibrium where Faradayic currents result in redox reactions (voltammetry,
amperometry, coulometry) [8]. The most frequently applied voltammetric techniques in

electroanalysis are described in the following section:

Chronoamperometry:

A fixed potential is applied to the WE where the former unaffected analyte species are
oxidized or reduced. The resulting current is measured and plotted versus time (I-t curve).
Due to diffusion limited mass transport, the current decays according to the Cottrell

Equation:

§00) LEFE TQ¢b Equation (1)
¢
Where n is the number of transferred electrons, F is the Faraday’s constant, A the
electrode area, c the concentration of the analyte species, D the diffusion coefficient and t
the time when the potential is applied. For measurement periods shorter than 50 ms an
additional double-layer charging current must be considered. For small UMEs, Equation (1)
needs to be modified because of a different mass transport situation. Amperometry is
commonly used for determination of diffusion coefficients of redox-active species and in

commercial devices for the quantitative determination of human blood glucose [13].




Cyclic Voltammetry:

Cyclic voltammetry (CV) is the method of choice for investigations of redox mechanisms
and analyte-electrode surface interactions. Furthermore, it is well-suited for the
determination of oxidation and reduction potentials in the beginning of electroanalytical
studies. A voltage ramp is swept to the potential maximum (forward scan) and back to
the initial potential (reverse scan). The most common waveforms applied are linear and
staircase. The current response depends on the scan rate (slope of the voltage ramp) and
several other physicochemical parameters. The resulting I-U-plot is called “cyclic

voltammogram”. Figure 2 illustrates the case for a fully reversible one-electron transfer

reaction:

Umax

Potential
Current

Upe

Time Potential Usas

Figure 2: Linear voltage ramp applied in cyclic voltammetry. A: forward scan, B: backward scan
(left). Cyclic voltammogram of a reversible one-electron transfer reaction. U, » marks the anodic

peak potential, U, . the cathodic peak potential. Unaxindicates the vertex potential (right).




For reversible redox systems the corresponding peak currents can be expressed by the
Randles-Sevcik equation for electrodes with linear diffusion behavior. It is derived from

Cottrell’s Equation (1) and valid for 298.15 K:

QU CHEp T E ¢0¢E0EO0 ¢o Equation (2)

Where n is the number of exchanged electrons, A the electrode area, C the

concentration, D the diffusion coefficient and v the scan rate.

For irreversible and quasi-reversible redox processes, where the electron transfer is
hindered, a transfer coefficient a must be considered and Equation (2) is modified as

follows:

Q cBEEp T EEE| de #0 ¢0 0 €0 Equation (3)

Another important factor is the use of very small UMEs. The diffusion profile in close
proximity of an UME changes from linear diffusion behaviour to a more hemispherical
diffusion profile. This results in a sigmoidal cyclic voltammogram without any well-
expressed oxidation or reduction peaks but with oxidative and reductive steady-state
regimes [13]. Considering the different mass transport situation in a hemispherical

diffusion profile, the Randles-Sevcik equation can be modified in the following way:

Q 1 ¢é ¢(¥O ¢O¢i Equation (4)

iss is the steady-state current, F the Faraday’s constant and r is the electrochemically
active radius of the UME. Equation (4) is often used in labs for the determination of the
effective electrode radius by measuring the steady-state current for a well-studied

reversible redox-system like ferrocene and its derivatives [9].




Square-wave Voltammetry:

Square-wave voltammetry (SWV) is a pulsed voltammetric technique offering high
sensitivity at very short analysis times. In SWV experiments the potential ramp applied is
superimposed by a square-wave signal of a certain frequency and amplitude. The product
of frequency and step potential results in the scan rate and defines the overall analysis
time. The current response is measured twice within a potential pulse. One value is
recorded at the beginning of the pulse and one at the end. Typically, the difference of
forward and backward scan is plotted against the potential as a net curve. Differentiation
leads to higher net currents and hence a higher sensitivity can be achieved using pulsed
voltammetric techniques like SWV. Additionally, very short pulse durations result in
negligible capacitive charging currents and focus solely on the Faraday’s current [13, 14].

Figure 3 illustrates a typical potential signal applied in SWV experiments:

H D1
A Eﬂ
D2 H

|—|C S——

Potential
Current

Time Potential

Figure 3: Potential sweep superimposed by a square-wave signal. (A) amplitude, (B) step
potential, (C) pulse length (or frequency), (D1) recording window, forward scan; (D2) recording
window, backward scan (left). Square-wave voltammogram (A) Net curve, (B) Forward scan,

(C) Backward scan (right).

Figure 3 illustrates the applied potential waveform and the resulting current signal for a
fully reversible one-electron transfer redox couple. The forward scan (right, B) is measured
in the pulse segment D1 (left) and the backward scan (right, C) is recorded in segment
D2 (left). Differentiation of B and C results in the net curve A offering a higher peak

intensity and thus leads to a better sensitivity of pulsed techniques.
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2.1.2. Screen-Printed Electrodes

Screen-printed electrodes (SPE) are electrochemical sensors consisting of 2-dimensional
three-electrode structures on insulating substrates, for example ceramics or polyester. The
electrode structures are defined by the screen-printing technique derived from
microelectronics fabrication in the 1990s. An ink containing the suspended electrode
material is printed on an insulating substrate to form a thick film layer. Afterwards, the
electrode chips are fired in a belt furnace to remove the solvent and harden the printed
structures [15-17]. Typically, SPEs are designed as a disk-type, centered WE surrounded by
an AE and a (pseudo-) RE in close vicinity. However, interdigitated arrangements have
been reported in literature [17-19]. The screen-printing technique allows for fast, cheap
and reproducible fabrication of disposable electrochemical sensors offering a wide range

of different electrode materials.

Standard materials for WEs are platinum, gold or carbon. Silver or silver/silver chloride
electrodes are often applied as RE [20-22]. “State-of-the-art” carbon-based materials are
carbon nanofibers, single- and multi-walled carbon nanotubes, graphene, graphene oxide,
glassy carbon and boron-doped diamond [21, 23-26]. The following image shows a small
selection of commercially available and lab-built SPEs. Additionally, the possibility for the

combination of different electrode materials is demonstrated.

Figure 4: Commercial (Dropsens, Metrohm) and lab-built (C13) SPEs of different electrode material

combinations.




Figure 4 shows the commercial SPE models DS110 and DS220 from Dropsens (A: WE,
AE: carbon, RE: silver; B: WE, AE: gold, RE: silver) and Metrohm (D: WE: gold, AE: carbon,
RE: silver; E: WE: platinum, AE: carbon, RE: silver) offering WE diameters of 4 mm. The
commercial SPEs were screen-printed on ceramic substrates. In contrast, the lab-built SPE
model C13 (C: WE, AE: carbon, RE: silver) was built on a flexible polymer substrate with a

WE diameter of 3 mm.

Moreover, many efforts have been made to develop sensitive and highly specific
biosensors from classical SPEs by immobilization of redox mediators, enzymes and

antibodies or microbial agents [16, 27].

2.1.3. Applications

Electrochemical methods in combination with SPEs offer a wide range of analytical
applications. Portable devices as introduced in section 4.2.1 are very suitable for in-field
analysis of toxic substances, e.g. pesticides, herbicides and heavy metals [16]. Classical
carbon SPEs were used in combination with differential pulse anodic stripping
voltammetry for the determination of Pb. A detection limit of 2.5 ng-mL" has been
obtained with this technique [16, 28]. Du et al [29] developed an immunosensor for the
cancer biomarker a-fetoprotein based on graphene-modified carbon SPEs. Considering a
certain signal amplification introduced by enzyme-modified carbon nanospheres, a
detection limit of 0.02 ng-mL" has been obtained; the linear range of the calibration plot
ranged from 0.05 ng-mL' to 6 ng-mL". Probably best-known is the point-of-care
measurement of glucose using glucose oxidase-modified carbon SPEs. Glucose is oxidized
to gluconic acid while present oxygen is reduced to hydrogen peroxide. The oxidative or
reductive amperometric detection of the hydrogen peroxide formed allows for

determination of the glucose level in human blood [16].
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2.2. Capillary Electrophoresis
2.2.1. The Principle of Electrophoretic Separation

In an electric field molecules underlie a certain force Fe depending on the field strength

E and their own charge z [30]:
O  adQg0 Equation (5)

The field strength E is calculated by dividing the applied potential U by the overall
length of the electrolytic pathway L [30]:

O - Equation (6)

Considering Stokes’ Law, a counteracting friction force F. results for particles and

molecules in an electrolyte solution of viscosity n [30]:

O Q& ¢ ¢l o Equation (7)

where r is the hydrodynamic radius (Stokes radius) and v is the linear velocity of the
molecule or particle. In equilibrium must be considered that Fe= F, and the resulting

equation can be solved for the migration velocity v [30]:
v — Equation (8)

By elimination of the field strength E, the electrophoretic mobility pem is introduced and

depends only on viscosity n, hydrodynamic radius r and molecule charge z [30]:

I -
g g Equation (9)

Or simplified: The migration velocity only depends on the applied field strength E and

the corresponding electrophoretic mobility pem of each analyte molecule [30]:

O ° €O Equation (10)
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The following scheme illustrates an electrophoretic separation of cations, neutral

analytes and anionic species within an electric field:

|
|
HV

+

» Vi 22 0.0 + 3

— )y 9 “Q o] pe (o) TG+
0 (Gt GBI Gt

<= -« — N

V<< v < V=0 < vt << Vv

Figure 5: Schematic principle of an electrophoretic separation. Linear velocity relations are valid

considering constant field strength E and same Stokes’ radii for all species.

In practice, electrophoretic separations are usually carried out carrier-supported, for
example in polyacrylamide gels (PAGE), and are routinely used in protein analysis as well

as for DNA and RNA sequencing [30-34].

2.2.2 Capillary Electrophoresis and Electroosmotic Flow

Capillary electrophoresis (CE) is a technique where the principle of electrophoretic
separation described in 2.2.1. is transferred to fused silica capillaries. Due to very small
capillary diameters ranging from 5 pm to 75 pm a supporting carrier substrate is needless.
Moreover, the use of silica glass as capillary material introduces an effect that affects the
electrophoretic separation in a positive way. The phenomenon is called Electroosmotic
Flow (EOF) and results from a double layer formed from the negatively charged silanole
groups at the inner capillary wall in combination with an externally applied potential. The
separation voltage leads the whole plug (including cations, neutral species and anions)

migrating towards the cathode. Unlike a hydrodynamic flow situation, where a parabolic

12



flow profile can be obtained, the EOF causes an almost planar plug front. The planar plug
profile results in a considerably higher resolution of capillary electrophoretic separations.
Figure 6 illustrates the electrophoretic situation inside a silica glass capillary when a high

voltage is applied [30, 31].

v << v o< V=V v << VE

Figure 6: Scheme of a capillary electrophoretic separation. The yellow plug indicates the EOF.

As shown in Figure 6, the EOF superimposes the linear flow velocities of all charged
and neutral analytes and hence enables a detection of all analyte species at the cathodic
capillary end. Obviously the EOF exceeds the linear velocity of anions. The EOF velocity is

calculated using the following equation:

V) ¢—§ - ¢ f—¢- Equation (11)

€ is the absolute permittivity, € is the relative permittivity, & is the permittivity in the
vacuum and C is the Zeta potential occurring where a charged double layer is formed. The
EOF velocity depends on several factors. It is linear proportional to the high voltage
applied and increases with increasing pH values. Increasing amounts of organic solvents
and higher electrolyte concentrations lead to a lower EOF. Another important aspect is
the temperature. Temperature changes affect the viscosity by 2-3 % per Kelvin and

therefore the EOF might change dramatically during measurements [30, 31].
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Typically, CE experiments are carried out in aqueous media which contributes to the
EOF effect in a positive way. Another approach is the use of non-aqueous solvents for CE
(NACE) offering some additional benefits. The appearance of an EOF in non-aqueous
solvents, even without the addition of background electrolytes, has already been
intensively studied and reported in literature [35]. The main advantage of NACE is based in
low electrophoretic currents. Higher field strengths can be achieved resulting in a better
resolution of the separation. Moreover, problems caused by Joule’s heating can be
avoided when lower Faradayic currents occur during the separation process. Both effects
allow for the use of wide bore capillaries and therefore larger sample volumes can be

injected whenever needed [36].

The most common detection techniques applied in CE and NACE are UV detection,
fluorescence detection and electrochemical detection including the novel C*D detection.
Mass spectrometry is also widely used in combination with CE and NACE due to its high
sensitivity and selectivity. However, MS is very cost-intensive and often of enormous
instrumental complexity [30, 31, 37]. The use of CE/ESI-MS coupling is one of the main

aspects in this thesis and is discussed in detail in section 2.4.2.

2.2.3. Applications

In practice, CE covers a wide range of analytical and bioanalytical applications. For
example, CE in combination with atomic spectroscopy has been applied for the detection
of metal cations, inorganic anions and carbohydrates in red wine [38]. Furthermore, many
different types of antibiotics have been analyzed successfully by the help of CE in
combination with UV detection [39]. Another electrophoretic approach that necessarily
needs to be mentioned here is chip electrophoresis. Chip electrophoresis plays an
important role in mobile in-field analysis. Small glass substrates incorporate an
electrophoretic channel of a few centimeters length with small buffer reservoirs at both
ends. The USB-powered HV source is mounted in portable racks where the chips are
inserted and connected during analysis. Within the last few years many efforts have been

made from the instrumental point of view [40]. First devices are now commercially
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available and are used, for example, for the determination of volatile aliphatic amines in
rotten shrimp tissue. Applying single drop micro-extraction in combination with chip
electrophoresis and C*D detection, detection limits below 400 ng-mL" can be obtained

[41].

2.3. Mass Spectrometry
2.3.1. General Aspects of Mass Spectrometry

Since Goldstein and Thomson [30, 42] had laid the theoretical and experimental basis
by the end of the 19" century, mass spectrometry (MS) has turned into the probably most
powerful analytical tool in our times. Nowadays, MS is an established high-performance
technique used in routine analysis as well as in scientific research. It allows for quantitative
and qualitative mass determination of known and unknown substances and, additionally,
is able to deliver structural information about a large diversity of analytes. The
performance of mass spectrometers is defined by resolving power R and the mass
accuracy:

Y > Equation (12)

Where M is a specific m/z value and Dm is the m/z difference of two ions that can even
be separated. The mass accuracy defines the significant numbers in elemental mass

determination and is given in parts per million (ppm) [43, 44].

The basic principle of MS is that the analyte molecules are first ionized and transferred
into the gas phase. In a next step, the charged species are separated according to their
individual mass-to-charge (m/z) ratio. Subsequently, they are counted electronically and
summed up at the detection unit. Hence, a mass spectrometer consists of three sections:

lon Source, Mass Analyzer and Detector.
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lon Source:

The efficiency of the ionization process is one of the key points for highly sensitive MS
measurements. Hence, a certain number of ionization mechanisms are used in mass
spectrometry. The mechanisms can be classified into harsh, destructive processes and in
mild, non-destructive ionization processes. Depending on the application, analyte
fragmentation under harsh conditions can be a useful tool to get structural information
about unknown analytes. Typically, the electron impact (EI) mechanism is used to obtain
analyte-specific fragmentation patterns [30, 43]. In contrast, the analysis of biomolecules
is carried out preferably under mild and non-destructive conditions. Inhibiting
fragmentation by the use of mild ionization techniques allows for the determination of
the molar mass of unknown substances. Commonly used mild ionization techniques are
chemical ionization (Cl), fast atomic bombardment (FAB) and matrix assisted laser
desorption ionization (MALDI) [30, 43]. The electrospray ionization (ESI) technique offers
many practical advantages when liquid-flow separation techniques (e.g. chromatographic
techniques) are hyphenated to MS. Hence, ESI-MS is discussed in more detail in the next

chapter.

Mass Analyzer:

After ionization, the ions are transferred into the mass analyzer and are separated
according to their individual m/z ratio. The mass analyzer is kept under high vacuum
(~107 mbar) to avoid gas-phase collisions that would dramatically limit the resolving
power. Mass analyzers are classified according to the working principle. In earlier times
the m/z separation was carried out using electric and magnetic sector fields (or combined
in double-focusing MS instruments). “State of the art” developments include orbitrap and
(multiple) quadrupole instruments. The preferred technique for the analysis of large
biomolecules is the time-of-flight mass analyzer (TOF-MS). The ions are separated in a
field-free flight tube according to their individual travel time between homoenergetic
acceleration and detection [30, 43, 45-47]. The TOF-MS technique is often combined with

an ESl ion source.
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Detector:

The discrete m/z portions are detected and summed up in the detection unit. Different
instrumental developments allow for sensitive ion detection based on charge
multiplication. Commonly used detectors are discrete or continuous dynode electron
multiplier or multi channel electron multiplier. The electron multiplication effect bears on
an avalanche of secondary electrons triggered by the incoming primary analyte ions. The
resulting electric current can be easily measured and evaluated with the help of powerful
data acquisition software. More rarely, Faraday cups, Daly detectors and cryogenic

detectors are used [43].
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2.3.2. Electrospray lonization Time-of-Flight Mass Spectrometry

This section points out instrumental details of ESI-TOF-MS, as this technique was
exclusively used in this work. The following image gives a schematic instrumental

overview:

A B C

Figure 7: Schematic overview: (A) ESI source, (B) ion transfer optics and (C) time-of-flight mass
analyzer with integrated detector. (1) ESI interface, (2) skimmer and ion lenses, (3) orthogonal
accelerator, (4) ion reflector and (5) micro channel array detector. (1) to (V) indicate stepwise

increased vacuum stages. (Adapted from “Bruker micrOTOF user manual”)

The liquid sample is directly injected into the ESI chamber, using a coaxial sheath liquid
sprayer interface. Together with the supporting sheath liquid and the nebulizer gas (N.),
the sample eluent forms a Taylor cone within an electric field established between the
electrically charged sprayer tip and the countercharged aperture plate [43, 48, 49]. A

certain suction pressure and heated N.dry gas supports solvent evaporation resulting in
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so-called “coulombic explosions” when the repulsion force of the surface charges exceed
the droplet’s surface tension. When the charged analyte species are completely
desolvated and transferred into the gas phase, the ion stream is focused with the help of
skimmers and electromagnetic lenses until it reaches the mass analyzer. Several increasing
vacuum stages have been passed when the ion stream enters the ultrahigh-vacuum flight
tube. An orthogonal accelerator working in pulsed mode is applied to deflect the ions
homoenergetically towards the ion reflector. The potential energy transferred to the ions

results in kinetic energy and can be expressed by the following equation:

(:] Qw -a 0o Equation (13)
where m is the mass of the particle and v is the drift velocity. Solving Equation (13) for

v gives the inverse quadratic relationship between v and m/z ratio:

U EE— Equation (14)

Introducing the ions’ travel distance L between accelerator and detector into Equation

(14) qgives the flight time TOF:

YO 'O- O rrE Equation (15)

It can clearly be seen that a homoenergetic acceleration pulse results in an ion

separation only depending on the particles’ individual mass-to-charge ratios [43].

The detection of the m/z equivalent ion portions is realized by a modern micro channel
array detector (MCAD). The MCAD consists of hundreds of HV-connected glass capillaries
arranged in parallel with ID ranging from 5 pm to 10 pm. The capillary walls are coated
with semiconducting material. Incoming ions induce an avalanche of secondary electrons
in each single channel and the sum of all channels results in a measureable electronic

current. Appropriate hard- and software enables a comprehensive data evaluation [50].
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As the ESI technique is a very mild, non-fragmentating ionization technique, it is very
suitable for studies on biological and biochemical analyte molecules. A significant
advantage of ESI is the formation of multiply charged ions allowing for high-mass analysis
exceeding the nominal upper limit of the mass analyzer. Additionally, the TOF mass
analyzer hardly shows any limitations regarding high m/z ratios [43, 51]. Hence, studies of
macromolecules like quaternary protein structures of almost 300 kDa (hexamer) have
been reported. Protein-protein and ligand-protein equilibria have been investigated by the
help of ESI-TOF-MS by Duckworth et al [52] in 1998. Literature research in the context of
offline ESI-TOF-MS experiments may often remain inconclusively. This is due to one
tremendous advantage of ESI in contrast to other ionization techniques. Instrumental
developments enable a fast and simple hyphenation of liquid chromatographic separation
systems with an ESI source providing significantly enhanced analytical information. Special
ESI interfaces allow for direct flow system coupling and enable a continuous flow analysis
with real-time data acquisition using an ESI-TOF-MS. The enormous potential of such

hyphenated techniques is discussed in detail in the next chapter.

2.4. Hyphenation of Separation Techniques with ESI-MS
2.4.1. LC/ESI-MS

Commercial atmospheric pressure ionization (API) interfaces of different designs are
readily available on the market, allowing for the hyphenation of high performance liquid
chromatography (HPLC) systems with ESI-MS devices. API methods include atmospheric
pressure chemical ionization (APCI), atmospheric pressure photoionization (APPI) and the
ESI technique. Only ESI offers the advantage of an effective ionization of polar, non-
volatile compounds in liquid phase. ESI is well-suited for organic analytes of low vapor
pressure that are commonly separated by HPLC. Additionally, ESI is the only ionization
technique that overcomes ion source limitations caused by the high flow rates applied in
HPLC [43]. Hence, HPLC/ESI-MS has developed into a widely used routine analysis
technique applied in proteomics, drug determination and many other fields of research.

For example, HPLC/ESI-MS has been employed for the determination of chloronicotinyl
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pesticides like imidacloprid, acetamiprid and thiacloprid in vegetable samples [53].
Phenolic compounds in olive oils have also been investigated with this technique [54].
Moreover, HPLC/ESI-MS in combination with other analytical focusing techniques is a

useful tool in cancer research e.g. for protein mass mapping in tumor identification [55].

2.4.2. CE/ESI-MS

An interface for the hyphenation of CE and ESI-MS was developed in 1988 by Smith
and coworkers [56, 57]. The instrumental requirements for CE/ESI-MS coupling, a closed
HV-circuit and a conducting capillary tip to establish stable electrospray conditions, can be
fulfilled by the use of an aqueous sheath liquid and metal tip coating or an additional
stainless steel capillary, respectively. A crucial instrumental aspect in CE/ESI-MS interface
development is the separation of the CE high-voltage circuit from the electrospray voltage
applied inside the ESI source. The following illustration points out the potential situation

when CE is directly coupled to an ESI source:
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Figure 8: Potential situation in CE/ESI-MS experiments.
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Figure 8 illustrates that both CE circuit and ESI circuit have a grounded ESI sprayer
needle in common. A closed electric circuit at the sprayer tip is realized using a
conducting sheath liquid that is continuously injected with the help of a syringe pump. In
the case of CE separation the grounded sprayer tip acts as a cathode. Focusing on the ESI
circuit, the sprayer tip works either as cathode or anode, depending on whether the MS

works in negative or positive ion mode, respectively.

Sheathless interfaces were developed in combination with nanospray ESI techniques
[58]. In recent times, several commercial solutions have been available on the market, for
example the Agilent CE-ESI Sprayer kit G1607B [59]. Klampfl et al [60] carried out
comparative studies of three types of CE/ESI-MS interfaces as they were applied for the

determination of nine different flouroquinolones.

CE/ESI-MS offers a wide field of applications e.g. metabolomics [61]. In drug analysis,
the determination of anticancer drugs in human plasma has been reported [62]. A well-
suited application with forensic background is the quantification of hallucinogenic
amphetamine and morphine derivatives, codeine, cocaine and methadone as they are all
protonated at pH<8 [63]. In biochemical research, CE/ESI-MS has been applied for plant
hormon profiling. Detection limits in the range of a few ng-mL" have been obtained with
the help of a cation-forming derivatisation agent (3-bromoactonyl-trimethylammonium
bromide) [64]. Moreover, comprehensive profiling of human hormones like estrogens

using CE/ESI-MS has recently been reported [65].

2.5. Electrochemistry hyphenated to LC- and CE-Techniques
2.5.1. Hyphenation of Electrochemistry, LC and MS

The implementation of electrochemistry (EC) into LC/MS or MS applications provides
extended information regarding product formation of redox processes. Direct coupling of
EC with MS allows for potential-dependent abundance determination of reactive
oxidation products or intermediates. The products formed can often be separated and

detected by LC/MS. The electrochemical oxidation allows for the simulation of oxidative

22



stress and hence the clarification of oxidative degradation pathways [66]. Faber et al [67]
investigated the phase | metabolism of Diclofenac, a widely used anti-inflammatory drug,
with the help of EC/MS and EC/LC/MS. The authors applied EC/MS to figure out reactive
oxidation products which are suspected of forming liver-toxic metabolites with proteins
and macrobiomolecules [68, 69]. They used a thin layer electrochemical cell equipped
with a boron doped diamond electrode and coupled it directly to the ESI source of a TOF-
MS [68]. LC was additionally introduced to EC/MS to separate non-reacted trapping
agents like glutathione from the trapping products [67]. Reactive triclocarban metabolites
have been studied intensively with the same instrumental setup [70]. Furthermore, the
experimental approach was used for degradation studies of verapamil, a calcium channel
blocker. Microsomal incubation tests were carried out to proof the results obtained in

electrochemical oxidation studies [71].

2.5.2. Hyphenation of Electrochemistry and CE Techniques

The hyphenation of electrochemistry and CE has first been described by Matysik [1] in
2003. He presented a concept that enabled the electrochemical conversion of analytes
during the hydrodynamic injection process and termed it electrochemically assisted
injection (EAI). The glass cell used for EAI incorporated a three-electrode arrangement.
The working electrode was positioned close to a fused-silica separation capillary. The
electrochemical oxidation of various ferrocene derivatives and their electromigrative
behaviour during CE separation had been studied until they were detected via UV
detection. In 2010, Gutz and coworkers [72] seized the concept of EAl and developed a
flow cell integrated into the CE setup. The system has been capable of preconcentrating
trace heavy metals prior to CE separation and C*D detection. In 2011 the same workgroup
presented an automated two-dimensional CE/C*D system with electrochemical
preconcentration (1** dimension) and staircase potential scanning during EPC
(2 dimension) [73]. Instrumental optimization efforts resulted in estimated detection
limits of 25 nmol-L". Further research in the field of EC/CE/C’D yielded that the concept

enabled the potential-dependent in-situ investigation of reaction products which are

23



commonly not accessible by applying conventional voltammetric methods [74]. Scholz and
Matysik [2] advanced the EAI concept and hyphenated EC/CE with ESI-TOF-MS. First
studies indicated that neutral ferrocene derivatives could be separated successfully by CE
after oxidative EAIl without further addition of micelle-forming tensides. Moreover, the
long-term stable cations formed in the EAI glass cell showed a promising ESI efficiency

and resulted in a promising MS sensitivity and selectivity.

Based on these results, the motivation for further improvement of EAI cells and the
development of new applications has been growing. The efforts made in this context will

be summed up and discussed in the following chapters.
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3. The Author’s Original Publications

Parts adapted from the author’s original publications form the basis of the following
chapters Experimental and Results and Discussion. The adapted text passages are
correspondingly indicated with [P1] - [P3]. This section lists the abstracts of the original

publications.

[P1]

Development of Capillary-Based SECM Probes for the Characterization of Cell

Arrangements for Electrochemically Assisted Injection
Peter Palatzky, Frank Michael Matysik

in Electroanalysis 2011 23 (1):50-54.

Abstract:

Electrochemically assisted injection is a new injection concept for capillary electrophoresis.
It enables the separation of neutral analyte species by electrochemical ion formation
during the injection process. Novel amperometric capillary probes with an integrated
microwire electrode have been developed for the characterization of EAIl cell
arrangements. A scanning electrochemical microscope was used for precise positioning of
the capillary probes. The capillary-based SECM probes were characterized regarding their
voltammetric behaviour and reproducibility of measurements in the context of EAI
injection protocols. These novel SECM probes enabled the study of capillary-to-electrode

distances and corresponding dependences on the precision of EAl measurements.
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[P2]

Development and Characterization of a Novel Semiautomated Arrangement for
Electrochemically Assisted Injection in Combination with Capillary Electrophoresis

Time-of-Flight Mass Spectrometry
Peter Palatzky, Frank-Michael Matysik

in Electrophoresis 2012 33:2689-2694.

Abstract:

Electrochemically assisted injection is an attractive injection concept for CE that enables
the separation of neutral analytes via electrochemical generation of charged species
during the injection process. A new semiautomated EAI configuration was developed and
applied in conjunction with CE/MS. The EAI cell arrangement consists of an integrated
buffer reservoir for CE separations and a compartment holding screen-printed electrodes.
A drop of sample solution (50uL) was sufficient to cover the three-electrode structures. A
piezo motor provided a fast and precise capillary positioning over the screen-printed
electrode assembly. Using ferrocene methanol as a model system, the EAI arrangement
was characterized regarding coulometric efficiency, precision and sensitivity of ESI-TOF-
MS. The formation of the cationic oxidation product of ferrocene methanol enhanced the
sensitivity of CE/MS determination by two orders of magnitude and the electrochemically
formed product showed a migration time corresponding to its individual electrophoretic
mobility. Preliminary studies of EAI/CE/MS in the field of the analysis of nitroaromatic
compounds were carried out. The formation of corresponding hydroxylamines and amines
paved the way for selective and sensitive CE/MS determinations without the need of

adding surfactants to the electrophoresis buffer.
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[P3]

Electrochemically Assisted Injection in Combination with Capillary
Electrophoresis-Mass Spectrometry (EAI/CE/MS) - Mechanistic and Quantitative
Studies of the Reduction of 4-Nitrotoluene at Various Carbon-Based Screen-

Printed Electrodes
Peter Palatzky, Alexander Zo6pfl, Thomas Hirsch, Frank-Michael Matysik

in Electroanalysis 2013 25:117-122.

Abstract:

Electrochemically assisted injection is a recently introduced injection concept for capillary
electrophoresis enabling the separation of neutral analytes by means of electrochemical
generation of charged species during the injection process. EAI/CE is particularly attractive
in combination with mass spectrometry leading to enhanced performance of MS
detection. In this work, a fully automated EAI injection device was developed and applied
to mechanistic and quantitative studies of the reduction of 4-nitrotoluene. Three different
carbon-based screen-printed electrodes were used including unmodified carbon, carbon
nanofiber and reduced graphene oxide SPEs. Under acidic conditions the main products of
4-NT reduction were 4-hydroxylaminotoluene (4-HAT) and 4-aminotoluene (4-AT). The
EAI/CE/MS approach enabled the separation and selective determination of both
compounds. On the basis of this methodical concept it was possible to study the
formation of reduction products of 4-NT in dependence on electrode potential and
electrode material. In contrast to conventional electrochemical techniques like cyclic
voltammetry EAI/CE/MS provides detailed information regarding changes of the product
composition in dependence on various experimental conditions. Over the complete
potential range studied the ratio of 4-HAT/4-AT was clearly different for the reduced
graphene oxide SPE compared to the unmodified carbon and carbon nanofiber SPE. The
construction of mass voltammograms added considerably to the information content of

voltammetric experiments. Another aspect of this work was the reliable quantitative
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determination of 4-NT by EAI/CE/MS using isotopically labeled4-NT as an internal
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