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Abstract
Electrochemical conversions play an important role in processes relevant to industry
and society, such as the electrolysis and treatment of water, the operation of fuel
cells and batteries, and the production of fine chemicals. In this thesis, the focus is
on two major applications in which electrochemistry is explored as an alternative
approach to assays that normally make use of chemical or enzymatic reactions: those
of drug screening and protein identification.
The majority of marketed drugs are metabolized through oxidation by enzymes of
the cytochrome P450 family, thereby producing phase I metabolites. For
pharmaceutical companies it is essential to thoroughly screen candidate drugs for
potentially toxic metabolites, in order to avoid high costs associated with their
failure in late development stages. Generating phase I metabolites directly at an
electrode in an electrochemical cell is a purely instrumental approach to metabolite
analysis. Electrochemical cells can be coupled directly to analytical instrumentation
such as liquid chromatography and mass spectrometry for rapid and sensitive
detection. Using the same approach, the toxicity of phase I metabolites can be
screened by allowing them to react with biomolecules such as proteins.
Furthermore, other reactions in the biotransformation pathway can be mimicked,
such as the generation of phase II metabolites and detoxification.
Identification and characterization of proteins is important to understand processes
related to disease development. Standard routines in protein analysis involve
enzymatic digestion using proteases such as trypsin, followed by mass
spectrometric analysis of the resulting proteolytic peptides. Electrochemical protein
cleavage is emerging as an instrumental alternative that enables specific cleavage at
tyrosine and tryptophan peptide bonds, without the need for sample purification
due to the absence of cleavage reagents.
Electrochemical cells designed for performing conversions in the often precious
samples for proteomics and drug screening studies should be of low volume,
efficient and either easy to clean or cheap and single-use.
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With microfabrication technology, structure dimensions can be controlled with
micrometer precision and a variety of materials is available for chips and electrodes.
In this work, boron doped diamond electrodes are integrated for the first time in a
robust and reusable glass-based microfluidic chip. This electrode material is
preferred over metals (such as platinum), because of its superior electrochemical
properties and low vulnerability to fouling, e.g., due to adsorption of proteins.
The planar photolithographic microfabrication techniques enable integration of
multiple functionalities in a single chip with no additional fabrication steps. This is
exploited to include a micro-mixer just after the electrochemical cell, to be used for
adding reagents or solvents to the cell effluent. This newly designed mixer rotates
the concentration gradient that is initially established by bringing together two
fluids. Whereas aspect ratios in microfluidics usually disfavor mixing, in this design
the shallow channels promote rapid diffusive mass transport.
Using this combined electrochemical cell and mixer, electrogenerated products can
be mixed with (bio)molecules of interest. This enabled the study of combined phase
I and phase II metabolism in a single device, as well as the investigation of potential
toxicity of reactive metabolites as a result of protein binding.
Furthermore, site-specific oxidative peptide bond cleavage was demonstrated using
these microreactors. It was shown that electrogenerated protein fragments can be
used for protein identification with the use of a database searching algorithm.
However, if no preventive measures are taken, protein fragments generated by
peptide bond cleavage can be linked together by disulfide bridges, which hamper
protein identification. Reduction of these bonds is usually done with chemical
reducing agents in procedures taking several hours. Electrochemical microreactors
can offer a rapid and clean alternative to this sample pre-treatment too. Finally, the
next step is explored by combining the two types of bond cleavage reactions in a
single electrochemical sample preparation procedure for proteomics studies.
This work demonstrates the development and use of microreactors with an internal
volume of 160 nL, which are characterized by efficient electrochemical conversion
(97 %) and mixing (80 %). These microfluidic chips are shown to be capable of
driving combined electrochemical and chemical reactions for drug screening and
proteomics studies in a rapid fashion and with minute amounts of sample.
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Introduction
1.1 Background and motivation

The capability to generate drug metabolites is of importance to the pharmaceutical
industry, allowing one to screen for potentially toxic products and to study their
metabolism pathways.1 Next to this, the possibility to generate small peptides from
proteins is useful for the proteomics community, to facilitate rapid protein
identification and characterization. Electrochemistry can play an important role to
fulfil these needs, as it is a fully instrumental approach that can be easily combined
with analytical methods already available in most chemistry laboratories.
Electrochemistry (EC) in conjunction with mass spectrometry (MS) has emerged as
a powerful combination of analytical techniques that allows one to perform rapid
and purely instrumental analyses for a variety of applications, as covered in depth
in the special issue “Electrochemistry combined with mass spectrometry” of the Trends
in Analytical Chemistry journal (TrAC) vol. 70. Mass spectrometry enables a
detailed characterization of oxidation and reduction products, and when coupled
on-line to electrochemical or chemical reactors, this can be achieved in a timeresolved fashion. The use of microfluidic electrochemical cells in this context has
shown to increase electrochemical conversion efficiencies, reduce amounts of
analyte consumed and achieve rapid sample processing.
The research in this thesis is the result of a project titled: “Electrochemistry – Mass
Spectrometry (EC-MS) for Proteomics and Drug Metabolism”, which is funded for a
large part by the Dutch Technology Foundation (STW). This work is carried out
within the BIOS – Lab on a Chip group embedded in the MESA+ Institute for
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Nanotechnology and the MIRA Institute for Biomedical Technology and Technical
Medicine, University of Twente in The Netherlands. Close collaborations were
established with two other groups to enable the multi-disciplinary research
described in this thesis.
The first group is the Institute of Inorganic and Analytical Chemistry at the
Westfälische Wilhelms-Universität Münster in Germany, headed by Prof. Dr. Uwe
Karst. Work done in collaboration with this group was focused on the study of drug
metabolism, which is essential in the early drug development stages to identify
potentially toxic metabolites. Xenobiotic metabolism in another form is related to
environmental pollutants. Their detoxification and possible toxicity as a result of
protein modification could be studied by coupling a combined electrochemical and
chemical reactor to MS equipment.
The second group is the Analytical Biochemistry group embedded in the
department of Pharmacy, University of Groningen in The Netherlands, which is
headed by Prof. Dr. Rainer Bischoff, and from the same university the Interfaculty
Mass Spectrometry Center, headed by Dr. Hjalmar Permentier. Prof. Dr. Rainer
Bischoff also acted as project leader of this STW project. Work done in collaboration
with this group concerned the study of proteins, in which on-line EC-MS is emerging
as a novel tool. Electrochemical cleavage of peptide bonds by oxidation as well as
disulfide bond reduction was demonstrated, which has clear potential for protein
identification and proteomics applications. The applications of this research
(metabolite generation and protein cleavage) will be introduced next, followed by a
brief description of microfluidics.

1.2 Drug screening
Extensive screening of drug candidates is essential in the early stages of drug
development. This development process, from basic research to an approved drug,
is illustrated in figure 1.1. In such a sequence of tests, clinical trials are the lengthiest,
and they become increasingly expensive upon progressing.2 Therefore, late-stage
failure results in large financial losses, making it essential to thoroughly screen
candidate drugs in the early stages before costly in vivo studies are performed.

Section 1.2

Drug screening
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Figure 1.1: Example of a drug development funnel, representing the typical stages.

Among the series of drug safety tests is the identification and characterization of
potentially toxic metabolites. Drug metabolism progresses via a series of steps,
referred to as phase I and II metabolism,3 which are illustrated in figure 1.2A. In
phase I, the drug is functionalized through oxidation, reduction or hydrolysis.
According to some reports, ~75 % of metabolized drugs on the market are oxidized
in reactions catalyzed by enzymes from the cytochrome P450 (CYP450) family.4,5 In
phase II reactions, the often a-polar drug or its phase I metabolites can be conjugated
to an endogenous compound, such as glutathione, to form a more polar complex
that is easier transported and excreted. For this reason, it is useful to identify
oxidation products that can be generated from candidate drug compounds, and to
verify their capability to form adducts with biomolecules. As CYP450 enzymes are
abundant in the liver, the use of liver slices, liver microsomes or primary hepatocytes
are natural ways to generate metabolites in vitro.6 However, isolating metabolites
present in low concentrations from biological matrices may be difficult. Enhanced
control over flow conditions and the cell or tissue micro-environment can be
achieved using a microfluidic format, to mimic the behavior of a liver on a chip.7,8
Alternatively, the CYP450 oxidation activity can be mimicked in chemical assays,9,10
or by oxidation at an electrode surface in an electrochemical cell11,12 (see figure 1.2B).
The latter is a purely instrumental approach in which the conditions can be wellcontrolled and rapid on-line analysis is possible. Of course, it should be realized that
in vitro assays will never be able to fully imitate biological enzymes. However, these
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are complementary approaches, together capable of forming most of the relevant
CYP450 oxidation products in assays that can be easily combined with structural
metabolite analysis.13

Figure 1.2: Illustrating the two phases of drug metabolism covered in this thesis
(A) and examples of in vitro tests to mimic phase I reactions (B).

Section 1.3

Toxicity of environmental pollutants
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1.3 Toxicity of environmental pollutants
An important class of environmental pollutants are polycyclic aromatic
hydrocarbons (PAHs). These compounds are released upon burning of fossil fuels
(e.g., vehicle exhausts) or from industrial processes based on gas, oil or coke. Once
inhaled, they can be metabolized in pathways analogous to those described for drug
metabolism, i.e., enzymatic oxidation and detoxification by endogenous
antioxidants such as GSH. Once activated, they can bind easily to biomolecules such
as DNA or proteins, thereby exerting possible mutagenic and carcinogenic effects.14
These potentially toxic effects can be studied with a combination of direct
electrochemical oxidation and mixing of biologically relevant compounds.15 See
figure 1.3 for an illustration: reactive metabolites are generated in the first step, and
subsequently adducts are formed by mixing the electrogenerated metabolites with
important biomolecules.

Figure 1.3: Investigating possible toxicity of environmental pollutants. Step 1: activation by
oxidation to form a reactive metabolite. Step 2: verify possible toxicity by monitoring adduct
formation with biomolecules such as proteins or DNA.
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1.4 Protein cleavage for bottom-up proteomics
The human proteome contains a large number of different species, making it
particularly challenging to identify proteins in complex biological matrices (see
figure 1.4). Various methods based on liquid chromatography (LC) and MS have
been developed to analyze protein mixtures.16,17

Figure 1.4: The human proteome contains many more species compared to the human genome,
making it particularly difficult to study complex samples.

Because only the most advanced instruments are capable of analyzing intact
proteins, it is customary to cleave proteins in defined fragments prior to MS analysis.
These fragments are separated and analyzed using tandem mass spectrometry
(MS/MS), after which database search algorithms can be used for protein
identification according to a variety of strategies.18,19 Enzymatic protein cleavage is
currently the standard approach, and biological or chemical cleavage agents are
available with alternative specificities20 (see figure 1.5). Besides these established
methods, specific electrochemical peptide bond cleavage has been demonstrated as
a promising alternative.21 No additional purification steps are needed due to the
absence of cleavage reagents, allowing rapid LC/MS analysis of electrochemically
generated peptides.

Section 1.4

Protein cleavage for bottom-up proteomics
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Figure 1.5: Various strategies exist to achieve site-specific protein cleavage for bottom-up
proteomics studies.

For reliable protein identification, cleavage ideally has to be site-specific and
complete. However, it could be the case that not all peptide bonds are easily
accessible due to the protein structure (see figure 1.6). Besides the primary structure,
which represents the order of amino acids linked together by peptide bonds,
hydrogen bonds are formed within in the peptide backbone to establish a secondary
structure. The tertiary structure is often a result of links produced by amino acid side
chains. As an important example, pairs of cysteine thiol groups can form covalent
bridges. Finally, the quaternary structure is determined by the way in which
multiple subunits arrange to form a complex. See chapter 4 in the book of Alberts et
al. for more information.22
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Figure 1.6: Different levels of protein structure (left). Top right: peptide bonds linking amino
acids together realize the primary structure. Bottom right: disulfide bonds between cysteine
pairs are important post-translational modifications responsible for the tertiary structure.

It could be necessary to disrupt the organization of proteins (denaturation) in order
to make reactive sites in the interior of the protein more accessible. Non-covalent
bonds can be broken using, for example, a highly concentrated salt solution, leaving
the disulfide bridges intact. The most prevalent methods to break disulfide bonds
prior to peptide bond cleavage involve the use of chemical reducing agents such as
dithiothreitol, followed by alkylation of the thiol groups, which typically takes
multiple hours. Also for this application, electrochemistry has shown to offer a rapid
and clean alternative.23

Section 1.5

Electrochemistry coupled to Mass Spectrometry
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1.5 Electrochemistry coupled to Mass Spectrometry
Compared to reactions based on mixtures of oxidizing chemical reagents or
enzymes, electrochemical cells enable full control over reaction conditions, they do
not require subsequent removal of excess reagents, and reaction products can be
easily retrieved for rapid on-line analysis. figure 1.7A shows a simple representation
of the working principle of a typical electrochemical cell. The reaction of interest
takes place at the working electrode (WE), which is maintained at a certain potential
with respect to the reference electrode (RE). The current necessary to run the
electrochemical reactions is supplied by the counter electrode (CE). For a more
comprehensive description of electrochemical cell instrumentation, see chapter 15 in
the book of Bard and Faulkner.24 To be able to quickly analyze the electrochemical
reaction products, it is convenient to use electrochemical flow cells that can be easily
coupled to analysis equipment.25 One of such a type of cells is a thin-layer flow cell,
in which the analyte is directed in a thin liquid sheet over the WE surface (see
figure 1.7B). In such a cell, a thinner layer of liquid reduces the time required for the
analyte molecules to diffuse towards the electrode surface, which increases the
electrochemical conversion efficiency.

Figure 1.7: General three-electrode electrochemical cells. A: Working (WE), counter
(CE) and reference electrode (RE) in solution, connected to a potentiostat. At the WE,
species are converted from their reduced (red) to their oxidized form (ox), and viceversa at the CE. B: Three-electrode system in a thin-layer configuration.
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Coupling thin-layer flow cells on-line to analytical equipment allows one to rapidly
analyze electrogenerated products with high sensitivity (see figure 1.8). Direct
coupling of the electrochemical cell to a mass spectrometer is possible for relatively
simple analyte mixtures. In the case of protein analysis, a liquid chromatographic
separation step may be needed if the sample is too complex to analyze on-line, or if
a denaturing salt solution was used that needs to be separated. The dashed arrow
indicates that LC/MS analysis can be done either on-line, e.g., using an injection
valve,26 or off-line. To confirm molecular structures, tandem mass spectrometry
(MS/MS) can be used in which compounds with a selected mass undergo
fragmentation. For interfacing electrochemical cells with MS, the ‘soft ionization’
methods of matrix-assisted laser desorption ionization (MALDI) and electrospray
ionization (ESI) are the most suitable, because they do not tend to disintegrate large
biomolecules. From these two techniques, ESI is the easiest to use for on-line EC/MS
analysis.27 Mixing of reagents could be a way to capture reactive electrogenerated
products, for example in the case of detoxification studies, or it could be useful to
add solvents to tune the electrospray conditions.

Figure 1.8: Electrochemical and chemical reactions can be monitored by on-line EC/MS, or
generated products can be analyzed in more detail using either on-line or off-line LC/MS.

For most analyses it is useful that electrochemical conversion takes place with a high
efficiency, in order to generate products at sufficient concentration to be detected.
Because the thin-layer flow cells rely on short diffusion distances, reducing the
channel height to the micrometer range can significantly shorten diffusion times,
thereby increasing electrochemical conversion yields. This is the domain of
microfluidics.

Section 1.6

Microfluidics and Lab on a Chip
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1.6 Microfluidics and Lab on a Chip
Scaling down channel dimensions to benefit from enhanced mass transport and
well-controlled flow conditions was pioneered by Manz et al.28 in the form of
miniaturized total chemical analysis systems (µ-TAS). Whereas these developments
were initially focused on improving separation performance in chemical analysis,
such as electrophoresis or chromatography, the concept has become much broader.29
For example, microreactors are beneficial in flow chemistry applications, because
they generally exhibit fast mass and heat transfer rates, thereby promoting uniform
conditions throughout the reactor. This is especially relevant in the case of fast
reaction rates.30 Scaling down structure dimensions also enables integration of
multiple functionalities in a single Lab on a Chip (LOC) device. This is useful, for
example, in the field of proteomics, where a sequence of sample pre-treatment and
separation steps have to be completed, often with a limited amount of sample.31
Miniaturization of electrochemical cells by microfabrication technology enables the
development of extremely thin-layer flow cells, because lithographic techniques
allow for accurate control of structure dimensions at the microscale.32

1.7 Aim of the research
In the predecessor of this project, miniaturized electrochemical cells equipped with
a platinum three-electrode system were designed and fabricated for drug
metabolism and protein cleavage studies using EC/(LC/)MS.33 Phase I drug
metabolites were successfully generated from a couple of different drugs, but the
reactivity of these electrogenerated metabolites could not yet been studied. In
addition, electrochemical peptide bond cleavage was shown using tripeptides as a
proof-of-concept. However, poor cleavage yields were obtained, which was most
likely the result of adsorption of peptides at the platinum electrode surface.
To continue these developments, a new microfluidic electrochemical cell has been
developed and combined with and integrated chemical microreactor in a single LOC
device (green box in figure 1.8). This will be used to further study both phase I and
phase II xenobiotic metabolism. Protein cleavage studies will be continued as well,
with regard to both oxidative peptide bond cleavage and disulfide bond reduction.
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1.7.1 Integrated boron doped diamond electrodes
Boron doped diamond (BDD) is a relatively novel electrode material, which has
proven to be useful due to its large potential window available in aqueous solutions,
its high chemical inertness, optical transparency, mechanical stability and low
background currents.34 Due to its inertness, BDD electrodes suffer from adsorption
to a much lesser extent than previously used platinum electrodes, which is beneficial
for proteomics applications. In addition, hydroxyl radicals can be generated at
sufficiently high anodic potentials, which are capable of oxidizing adsorbed
organics.35 Integration of this material in glass-based microfluidic electrochemical
cells has not been reported yet. Therefore, a microfabrication method was developed
to integrate BDD in a robust and reusable device, which was subsequently employed
for electro-oxidation of drugs, electrochemical peptide bond cleavage and disulfide
bond reduction.

1.7.2 Micromixer: gradient rotation
The channel dimensions and flow rates used in microfluidic devices result in flows
that are laminar or even in the Stokes flow regime (Re<1).36 If no special measures
are taken, mixing in these devices relies exclusively on the slow process of diffusion.
Research on microfluidic mixing was at its heights in the late 20th /early 21st century,
with the development of a variety of innovative mixing structures. These can rely
on diffusion in the Stokes flow regime or on chaotic advection in the intermediate
flow regimes of 1<Re<100.37–40 For the LOC device described in this thesis, it is
important that the micromixer occupies a small footprint, generates a low pressure
drop and achieves a high mixing efficiency at low flow rates. To achieve this, a mixer
was developed that is capable of rotating the concentration gradient initially
established by bringing together two liquids. When extended over the channel
height, diffusion distances are dramatically reduced and electrogenerated reactive
metabolites can be rapidly mixed with biomolecules to study phase II metabolism
and adduct formation.

Section 1.8
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1.7.3 Microfluidics for mass spectrometry
Minimizing the transfer time between electrochemical cell and mass spectrometer
can be achieved by connecting an ESI needle directly to the chip outlet (see
figure 1.9). This direct infusion from chip to MS allows one to on-line monitor the
generated oxidation products, including short-lived reactive metabolites that
survive for only a few seconds.41

Figure 1.9: Example of a microfluidic electrochemical cell on chip, coupled online to a mass spectrometer.41

If electrogenerated metabolites are captured on-chip by mixing additional reagents
such as GSH or proteins, it is less critical to detect the reaction products within
seconds and a conventional ESI interface suffices. When coupling electrochemical
cells on-line with ESI-MS equipment, it should be noted that the ESI interface is in
fact an electrochemical cell, and can therefore be used as such.42 If this is not desired,
the easiest (and safest) way to avoid interference in the microfluidic electrochemical
cell circuitry is to decouple the two systems with an electrical ground. As an
alternative, one can use voltage or current sources floating at the ESI high-voltage.

1.8 Thesis outline
Following this introductory chapter, microfluidic electrochemical cell design aspects
are described and the use of these cells in EC/MS analysis is reviewed in chapter 2.
In chapter 3 phase I drug metabolism studies are presented using a previously
designed electrochemical cell,43 to which an ESI needle is attached for on-line EC/MS

14

Chapter 1

analysis. This configuration enabled the detection of short-lived reaction products,
demonstrating the power of coupling microfluidic electrochemical cells to a mass
spectrometer with minimal dead volume. The next generation electrochemical cell
with integrated boron doped diamond electrodes is introduced in chapter 4. These
devices were used to study phase I and II metabolism of polycyclic aromatic
hydrocarbons, an important class of environmental pollutants. Oxidation of these
compounds produce potentially toxic reactive metabolites. A novel passive rotating
gradient mixer was designed to study adduct formation of electrogenerated reactive
metabolites with endogenous antioxidants and proteins. The electrochemical cell
design of the new BDD-based devices is presented in chapter 5. For economic
reasons, a small footprint was desired for this device, which resulted in a new cell
geometry. Benefits of BDD were exploited to electrochemically cleave peptide bonds
of a variety of peptides and proteins. As a proof-of-concept, chicken egg white
lysozyme was identified based on five electrochemically generated peptides using a
proteomics database searching algorithm. In chapter 6 it is shown that disulfide
bonds can be electrochemically reduced in these microfluidic electrochemical cells,
as demonstrated by separating the two peptide chains of insulin. In addition, a
preliminary experiment is presented in which disulfide bond reduction is combined
with oxidative peptide bond cleavage using electrical square wave pulses. The
results of this research are summarized and discussed in chapter 7, and possible
directions for future work in this field are highlighted.
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2

Microfluidic electrochemical cells
for mass spectrometry

The combination of electrochemistry (EC) and mass spectrometry (MS) has proven to be
powerful and versatile for important biological and chemical analyses, including the study of
drug metabolism, the oxidation and cleavage of proteins and environmental research. The
electrochemical cell designs used in these studies are critical for the types of analyses that can
be carried out using EC/MS instrumentation, and to this end miniaturization opens up a
wide range of new possibilities. In this chapter, the benefits associated with microfluidic
electrochemical cells will be identified and design and fabrication aspects of these devices will
be described. Next, the use of microfluidic electrochemical cells in EC/MS studies and specific
trends in miniaturization are highlighted that will expand the range of possible applications
for these devices in EC/MS analysis.

This chapter is based on a publication by F.T.G. van den Brink, W. Olthuis, A. van den Berg and
M. Odijk in Trends in Analytical Chemistry (TrAC), 70, 40-49 (2015).
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2.1 Introduction
Electrochemistry (EC) and mass spectrometry (MS) has been established as a
powerful combination for analytical chemists who are interested in performing
oxidation or reduction reactions followed by rapid and sensitive detection. This
concept already serves a large variety of applications, a large part of which is
covered in vol. 70 of the TrAC journal and a recent review by Jahn and Karst.1
Possible applications include those related to drug screening and proteomics, as new
developments in EC combined with electrospray ionization (ESI)-MS are often
driven by demands from these fields of research.2
Routine EC/MS experiments in industrial and academic laboratories typically
employ commercially available electrochemical cells which are connected to the ESI
interface of mass spectrometers. Although this type of setup has been used
successfully for a large variety of analyses, further developments are ongoing to
satisfy the needs for reduced flow rates, shorter transit times and more innovative
electrochemical cells. The use of microfluidics technology can facilitate to meet those
demands. First, operation at low flow rates enables the use of nano-electrospray
ionization, thereby increasing the ionization efficiency and the overall signal to
chemical noise ratio, especially in the presence of increased salt concentrations.3
Second, the small volumes of miniaturized electrochemical cells reduce transit times,
enabling the detection of short-lived reaction products. Third, microfabrication
techniques facilitate further system integration to add functionality (e.g., integrated
sample preparation or separation), while parallelization can help to achieve the
desired throughput. For example, microfluidic chips containing a sample
enrichment column, a nano-LC separation column and a nano-electrospray emitter
are already commercially available.4
In this review, we first describe design aspects, materials and fabrication
technologies related to the development of miniaturized electrochemical cells, as
well as some aspects of their interfacing with mass spectrometers. Following this,
we explore trends observed in a variety of reported electrochemical cells, with a
strong focus on microfluidic electrochemical reactors. Macro-scale cells and electroactive ESI emitters are reviewed by Baumann and Karst,5 and Prudent and Girault,6
and therefore they are only discussed briefly, with a special focus on the materials
and geometric aspects of those cells. Electrochemical detection and electrokinetic
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systems are excluded from this review, since a more general review on
electrochemical microsystems is published by Zimmerman.7 Moreover, many
papers on electrochemical detectors for column or electrophoretic separations, or
microreactors for electrosynthesis have been published since the end of the sixties,
and these have already been reviewed by Ewing et al.,8 and Ziogas et al.,9
respectively. For this review, we focus on microfabricated microfluidic
electrochemical systems aimed at conversions coupled to mass spectrometers for
subsequent detection of reaction products.

2.2 Why miniaturize electrochemical cells?
Traditional reasons to use microfluidics instead of macro-scale reactors include the
promise of using less sample, less reagents, creating less waste, more effective heat
transfer, while using (at least theoretically) low-cost, disposable devices if produced
in large quantities.10 However, for the combination of electrochemistry with mass
spectrometry there are several additional advantages that clearly stand out. One of
the most important arguments to miniaturize is based on geometric effects, which
can be illustrated by the following equations in relation to figure 2.1. As a starting
point, a microfluidic channel is considered with an electrode at the bottom (here the
working electrode), which is a thin-layer arrangement and a typical configuration
for microfluidic electrochemical cells.

Figure 2.1: Schematic representation of a microfluidic channel with a working electrode at the
bottom, which is a typical configuration for microfluidic electrochemical cells.
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To achieve full conversion, diffusion towards the electrode surface has to take place
within the time the analyte resides above the electrode. In general, the diffusion time
(td) scales quadratically with the diffusion distance (xd):
 =


2

(2.1)

where D is the diffusion coefficient and n the dimensions in which diffusion takes
place (1, 2 or 3). In a microfluidic channel, the residence time is given by the length
of the working electrode (WE) in contact with the solution (l) divided by the average
linear flow velocity (ū), or by the channel volume above the WE (V) divided by the
volumetric flow rate (Q):


=

ū

=




(2.2)

In chromatography, the plate number represents the number of equilibrations
during the residence time within the column and is approximated by Poppe11 as:
≈




(2.3)



The equilibrium time (teq) is (among other factors) depending on the diffusion
coefficients and length of the diffusion path. In thin-layer flow cells, a similar
situation is valid, since ions need to diffuse from the top of the channel to the bottom
where the electrode is located. We can therefore define a plate number for thin-layer
electrochemical flow cells, by replacing teq in equation 2.3 for the diffusion time td as
described in equation 2.1, with xd equal to the channel height h:
 =


2
2
=
=

ūℎ
ℎ

(2.4)

This thin-layer plate number is a dimensionless number describing the
electrochemical conversion performance of a thin-layer electrochemical cell,
analogous to the plate number in chromatography describing the separation
performance of a column. In microfluidic channels the surface to volume ratio is




very high (for the electrode and the channel volume above it this ratio scales with )




and the aspect ratio can be made low (height vs. width of the channel, ). These
properties are exploited to optimize electrochemical conversion performance by
locating electrodes at the bottom of shallow and wide channels (to minimize h and
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maximize V). According to equation 2.4, thin-layer plate numbers can reach well
above 1, while keeping total cell volumes low. Therefore, the microfluidic approach
for electrochemical cell design, in which electrodes are included in microfabricated
channels, can result in both a high electrochemical conversion performance and a
low analyte consumption, which is beneficial for a variety of analytical applications,
including EC/MS.12
By careful design, the time between electrochemical reactions and mass
spectrometric detection can be reduced to a few seconds or less, allowing the study
of reactive intermediates.13,14 Moreover, flow rates in general are lower in
microfluidic devices. Micro-scale electrochemistry is therefore more compatible
with state-of-the-art nano LC or nano-electrospray. Finally, the use of microfluidics
allows chemical reactions under otherwise critical conditions to take place in a safe
way, such as those involving highly reactive compounds or those taking place at
high pressure.15 It is for the latter reason that microfluidic chips can be used directly
upstream of HPLC columns in an on-line approach.

2.3 Design aspects of miniaturized electrochemical cells
The design of a miniaturized electrochemical cell involves many aspects, including
the choice of materials (substrate, working, counter and reference electrode), the cell
geometry and its fluidic and electrical behavior. In the next sections all these aspects
are discussed.

2.3.1 Working electrode materials
A good WE, in general, shows a fast and reproducible charge transfer with the
reaction of interest. Ideally, the measured current for this reaction is not disturbed
by background reactions, including possible electrolysis of the solvent, that might
take place at the same potential as the targeted reaction. Other factors that can
influence the choice of working electrode material are the cost, toxicity, robustness
and proneness to fouling.
The most commonly used materials are carbon, gold and platinum, of which the
latter is probably the most favorable for its electrochemical inertness and ease of
fabrication.16 Drawbacks of platinum however are its high cost and the limited
potential window at negative potentials, especially in acidic conditions (see the book
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of Bard and Faulkner, fig. E.2).17 Gold shows similar behavior to platinum, but has
the added drawback that its surface can oxidize easily at positive potentials (~1.12V
vs. NHE).17 However, gold is a useful material for functionalization by forming
monolayers at the gold surface to enhance or catalyze specific reactions, which is
often done using thiol groups.17
Carbon electrodes can be used in a wide potential window (-1.3 to +1 V).17 They are
used mostly in the form of (porous) glassy carbon or carbon paste. One of the
materials that gained a lot of interest from the electrochemical community over the
last decade is (boron) doped diamond (BDD). The most striking feature of doped
diamond is its high overpotential for oxygen and hydrogen evolution, resulting in
the widest potential window in aqueous media reported so far (approx. 3.5 V).18 This
large potential window opens the possibility for effective hydroxyl (●OH) radical
production in aqueous media. Since BDD can produce these hydroxyl radicals if
operated at sufficiently high potentials, they can remove fouling films from the
surface which are formed by, e.g., polymerization reactions . Moreover, compared
to other electrodes, BDD shows superior mechanical and chemical stability.18
One important aspect in the light of miniaturization is compatibility with cleanroom
fabrication processes. Metal electrodes are easy to fabricate using deposition
techniques such as sputtering and evaporation to form thin film electrodes.19 Carbon
electrodes can be made using either pyrolysis of organic materials such as
photoresist or deposition of graphite-like films using various sputtering
techniques.20 Fabrication of doped diamond electrodes is more difficult compared to
metal or carbon electrode fabrication. Fabrication techniques include chemical vapor
deposition (CVD), vacuum high temperature annealing (at 1550 °C) and
immobilization of doped diamond particles onto a (conducting) substrate. Doped
diamond electrodes can be shaped into (micro)electrodes by selective deposition21
or etching of thin films22. Examples of miniaturized cells with different electrode
materials, such as copper,23 gold,24–27 platinum,28,29 and various carbon materials,30,31
including BDD,32 are summarized in table 2.3.

2.3.2 Miniaturized reference electrodes
In general, an ideal reference electrode (RE) is non-polarizable, shows no hysteresis
or memory effects and its potential is not influenced by the composition of the
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electrolyte and temperature. For a miniaturized electrochemical cell, two more
requirements are important: the miniaturized reference electrode is small (volume
of electrode in same range or smaller than the volume of the microfluidic channels)
and it is easy to fabricate.
An extensive overview of microfabricated reference electrodes is given by Shinwari
et al.33 So far, miniaturized reference electrodes have not been able to reach a
performance comparable with the macro-scale REs. In practice, the miniaturized
reference electrode used in miniaturized cells is often a compromise where, e.g., thin
films of platinum,29 palladium,12 gold,25–27 iridium oxide34 or silver/silver
chloride28,35,36 are used as pseudo-reference.

2.3.3 Electrode layout
Early attempts for electrochemical conversion followed by mass spectrometric
detection were based on detector cells for HPLC applications.2 With trends in
miniaturization of HPLC columns, detectors also needed to be miniaturized to keep
performance and limit of detection at adequate levels.8 However, miniaturization of
cells for detection results in design demands different from reactor cells for
optimized conversion, e.g., due to increased current densities in the latter
application.
One of the major problems faced when miniaturizing electrochemical reactor cells is
a decreased conductance of liquids due to smaller cross-sectional areas of
microfluidic channels. As such, there is a risk to introduce ohmic drop. Undesired
effects of ohmic drop are potential shift and peak distortion in CV diagrams, and
problems faced with the compliance of potentiostats.
In general, this problem can be addressed by several preventive measures.
Obviously, increasing electrolyte conductivity would decrease ohmic drop.
However, in many cases this is undesired, as a high salt concentration will
negatively affect mass spectrometric detection, e.g., due to massive ion suppression.
Decreasing the distance between working and counter electrode (CE) is an effective
approach and used in many thin-layer flow cell designs, where the liquid is
sandwiched between the WE and CE.37,38 The main problem with that approach is
that the products generated at the CE also end up in the analyte. For reversible
reactions, oxidation products formed at the WE might actually be reduced at the CE,
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thus lowering the overall conversion efficiency of the electrochemical cell. Addition
of a conductive membrane such as Nafion to separate the WE and CE is often done,
e.g., in the field of electrocatalysis.39 The main drawback is that this membrane
complicates the fabrication process. In our work, the WE and CE are located in
separate channels, which are connected by narrow frit channels to create a
conductive path between these electrodes. These frit channels are long enough to
prevent diffusion of generated products to the other electrode during the run of the
experiment.14,29

2.3.4 Substrate materials
Several platforms can be distinguished for fabricating microfluidic chips, based on
the substrate material used.9,40 Here we focus mainly on the materials we think are
more

suitable

for

EC/MS

applications.

In

our

opinion,

that

excludes

poly(dimethylsiloxane) (PDMS) because of the drawbacks of absorption of organic
solvents (causing swelling) and small molecules,41 and because it can only withstand
moderate pressure (approx. below 1 MPa) once bonded to, e.g., glass or a second
PDMS layer.
Traditional materials that are used frequently to fabricate microfluidic chips are
glass and silicon. Glass and silicon are relatively difficult to process, but offer the
advantage of high inertness to various (aggressive) chemicals. Also, the
microfabrication process using these materials can be conducted with nanometer
precision and high aspect ratios. Usually the fabrication of these channels involve
reactive ion etching in silicon, or wet etching using HF in glass or silicon.19 Chips
fabricated using the direct (glass-glass) or anodic (glass-silicon) bonding method can
withstand pressures up to at least 30 MPa, which is important for, e.g., HPLC
applications.15
Various other (polymer-based) substrate materials are used for microfluidic devices,
such as poly(methylmethacrylate) (PMMA), polycarbonate (PC), polyesters (e.g.,
PET), polystyrene (PS) and the photoresist SU-8. However, most of these polymers
show limited resistance against organic solvents or acids.40 A promising group of
materials is the cyclic olefin (co)polymers (COCs or COPs), which is sold
commercially by a number of manufacturers under the brand names of Apel, Arton,
Topas, Zeonex and Zeonor. COP offers many of the advantages of glass/silicon
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based chips, such as the resistance to (strong) acids, bases, most polar organic
solvents and esters.42 It also shows excellent optical properties of good transparency
in the near UV range and low autofluorescence. Microfluidic chips composed of
COP are shown to be robust, since channel burst pressures of up to 34.6 MPa have
been reported.43
Major benefits and drawbacks of the various substrate materials are summarized in
table 2.1. Which material is best suited for the design of an electrochemical cell
depends on the application. For HPLC or mass spectrometric applications,
glass/silicon, SU-8 or COC based materials seem most appropriate since high
pressures or (partly) organic solvents can be expected.
Table 2.1: Major benefits and drawbacks of substrate materials used for microfluidic
electrochemical cells.
Material

Ease of

fabrication

Cost

Chemical

resistance

Max. pressure

Glass29/Silicon44

-

-

++

30 MPa15

PDMS25,26,32

++

++

-

<1 MPa

COC/COP27

+

+

+

34.6 MPa43

SU-824

+

+

+

45 MPa45

PMMA23/PET31/PC/PS

+

++

--

Varies per material

2.3.5 Interfacing electrochemical cells with the mass spectrometer
There are several ways of coupling miniaturized electrochemical cells with mass
spectrometers, including the use of matrix-assisted laser desorption/ionization
(MALDI),46 secondary ion mass spectrometry (SIMS)47 and ESI. MALDI is a
relatively soft ionization method, with the drawback that before ionization and
detection, the sample is combined with a matrix material and collected on a MALDI
target plate, which limits the speed of analysis that can be achieved. SIMS uses a
primary ion beam with energies of typically several keV to eject ions from the sample
surface, which has to be located in the mass spectrometer high vacuum.47 In the
overview of miniaturized cells, discussed in the following section, the most
commonly used method is ESI. ESI offers the advantage of also being a relatively
soft ionization method, and it allows for an on-line approach with short transit times.
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Interfacing electrochemical cells with mass spectrometers via ESI is not
straightforward from an electrical engineering point of view. The main problem is
that in many mass spectrometers the liquid in the ESI tip is connected to high
voltage, while the working (or counter) electrode is connected to (near) ground
potentials in many potentiostats. The result is that current will flow from the ESI tip
to the working electrode with a loss of control over the reactions occurring at the
working electrode. Electrical decoupling of the two systems is essential for a proper
functioning of both the ESI interface and the electrochemical cell.
Zhou and Van Berkel,48 and Pitterl and co-workers49 published papers on various
methods to couple electrochemical cells to ESI-MS, including the use of a metal
connector in the liquid path between the ESI tip and the electrochemical cell, or the
use of a sample loop, to ensure some level of galvanic control. Other options are to
use floating current or voltage sources. The ESI tip is typically operated at several
kilovolts, so care has to be taken to ensure a safe working environment. For example,
a floating, battery operated potentiostat might still be connected to ground through
a PC using a USB cable, thus providing a potential hazard of electric shock. Some
mass spectrometers operate the ESI tip at ground potential, while the mass
spectrometer itself is operated at high voltage. This is ideal for applications where
the use of a metal connector for galvanic control is undesired due to the extra dead
volume it introduces into the system.14
A unique benefit of miniaturization, which is difficult to realize with macroscale
cells, is the reduction of the transit time between generating (reactive) metabolites
and detecting them. By careful design this transit time can be significantly reduced,
as demonstrated by several authors, using either the spray interface itself as
electrochemical cell,30 or by using photocatalytically active materials in a spray
needle.44 The reported reaction time is a rather long 15 min in the latter
photocatalytic design, although the principle might allow a faster transit. Other
straightforward methods for fast transit times aim at minimizing the dead volume
between the electrochemical chip and the spray needle, either by integrating the
spray needle into the chip26 or by coupling a commercially available spray needle
onto the chip.14
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2.4 Flow-through electrochemical cells
A large variety of electrochemical cells are used in a wide range of applications. In
this section, macro-scale cells will be discussed first in which we limit ourselves to
flow-through cells used in combination with ESI-MS. Next, we provide an overview
of various microfluidic electrochemical reactors and discuss the current trends, in
particular towards miniaturization and integration.

2.4.1 Macro-scale electrochemical cells for ESI-MS
Hambitzer and Heitbaum pioneered in 1986 the coupling of electrochemical cells to
mass spectrometry with the use of thermospray ionization for the detection of
reaction products in solution.50 Following this, in 1989 Volk et al. added high
performance liquid chromatography to establish an EC/LC/thermospray-MS system
capable of studying reaction pathways.51 Coupling of electrochemical cells to an
electrospray ionization interface was done in 1995 by Zhou and Van Berkel.48 A
history of these developments and a review regarding the combination of
electrochemical flow cells with mass spectrometers have been published by Diehl
and Karst,52 Baumann and Karst,5 and very recently Cindric and Matysik.2 Here, we
will briefly mention the key characteristics of the basic types of electrochemical flow
cells, followed by a summary of technical properties in table 2.2. This will be used
later for comparison with miniaturized electrochemical cells.
The flow-through (coulometric) and thin-layer (amperometric) cells are two
important types of electrochemical cells which have been used extensively in
academic work and industry. The flow-through cell (figure 2.2A) is typically
equipped with a carbon-based (porous glassy carbon (PG) or graphite) WE, a
palladium/hydrogen RE and a CE which can be made from various materials. Its
performance is characterized by a high conversion efficiency (~100 %) due to the
large electrode surface area.53 In a thin-layer flow cell (figure 2.2B) the analyte is
directed over a WE in a thin sheet with a thickness defined by a gasket. In these types
of cells the WE is often an exchangeable disk made from, e.g., glassy carbon (GC),
platinum, gold or BDD. The cell’s housing facilitates insertion of a RE (typically
palladium/hydrogen). In some cases the housing acts as the CE (e.g., ReactorCell,
Antec) with a large surface area, while in others a separate CE is inserted. Compared
to the flow-through cell, the conversion efficiency of thin-layer cells is generally
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lower and it is dependent on the flow rate.5,53 However, they have the advantages
that a large variety of electrode materials is available, they are less vulnerable to
clogging and in case of electrode fouling, it is straightforward to clean or replace the
WE.
Electrochemical cells installed prior to an HPLC column have to fulfill additional
requirements. To minimize band broadening, the cell and connections need to have
a low amount of dead volume and they need to be able to withstand an increased
amount of pressure.54 To achieve this, robust cells have been made to withstand
pressures >10 MPa.54,55 A selection of macro-scale electrochemical cells for ESI-MS is
listed in table 2.2.

Figure 2.2: Schematic drawing showing the general
principle of A: the flow-through cell, which typically
employs a porous graphite working electrode (WE) and
B: the thin-layer cell with an exchangeable WE that is
available in a variety of materials, among which: glassy
carbon, platinum, gold and boron-doped diamond.

Table 2.2: Macro-scale electrochemical flow cells for EC/MS.
Cell type

Cell

Flow rate

volume

regime

(µL)

(µL/min)

Pd

41.8

10-300

4.13

N/A

Pd

18.0

2-50

41.3

N/A

WE

RE

CE

material

material

material

PG

Pd/H2

PG

Pd/H2

Max. operating
pressure (MPa)

Thin-layer

plate

Flow-through

(ESA 5020
guard cell)
Flow-through

(ESA 5021
conditioning cell)
Thin-layer
(Antec
ReactorCell)
Thin-layer

(Antec µPrepCell)
Pre-column cell

Pre-column cell
a
b

GC, BDD,

Au, Pt,
Ag, Cu,

Ti-basedb

GC

GC

0.7

5-20

0.28

1.8-7.2

PTFE

Ti-basedb
GC, BDD,

loaded

Pd/H2

Ag/AgC
l
Pd

Ti

Peptide oxidation and
cleavage,56 Drug metabolism.57
Peptide oxidation and
cleavage,58 Drug metabolism.59
Drug metabolism,60 Antioxidant

CarbonPd/H2

Applications

numbera

reduction,61 Environmental
xenobiotics research,62
Nucleotide oxidation.63

11

20-100

2.5-5

4.6-22.8

Disulfide bond reduction.64
Adrenaline/levodopa

Pt

10

N/A

10.2

N/A

oxidation/LC/UV-vis
spectroscopy.54

Pd

Calculated using D=10-9 m2/s.
Exact composition of electrode material is not disclosed.

66

1000-2000

17.0

5.9·10-4-

1.2·10-3

Dopamine oxidation/LC/MS.55
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2.4.2 Microfluidic electrochemical cells
Microfabrication technology offers the possibility to integrate parts of EC/ESI-MS
analysis systems into microfluidic devices. In addition, this technology provides
freedom of design regarding cell geometry and enables the use of various cell and
electrode materials. These types of systems generally employ small volumes (nL
range) and provide an enhanced control over reaction and analysis conditions. Both
miniaturized electrochemical reactors9 and the coupling of microfluidic devices to
ESI-MS have been reviewed.65 In table 2.3 an overview is given of microfluidic
electrochemical cells used for different analytical applications. In the subsequent
sections various miniaturized electrochemical cells for EC/MS applications will be
described and trends towards miniaturization and further system integration will
be discussed.
2.4.2.1

Miniaturization of electrochemical cells

The first microfluidic electrochemical reactor for coupling with mass spectrometers
that was fabricated with the help of microfabrication techniques came from
Mengeaud et al.28 The reactor was produced by structuring layers of ceramic
material in a rapid fabrication process. Platinum interdigitated electrodes were
screen-printed and the reactor chambers were cut from ceramic tape, after which the
device was assembled by pressing the various layers together and sintering the
assembled device at high temperature, resulting in seven parallel 60 mm long
reaction chambers of 1 mm wide and 100 µm high. A PDMS seal was introduced to
establish a leakage-free connection to and from the microreactor reservoirs. Methyl2-furoate was methoxylated electrochemically at 4 V using a floating power supply.
The reaction was monitored by coupling the microfluidic reactor on-line to ESI-MS
using a six port valve with a sample loop. At the potentials used, hydrogen bubbles
were formed at the cathode, and it was concluded that a degassing device would be
needed to further optimize the microreactor and the experimental conditions.

Table 2.3: Microfabricated microfluidic electrochemical cells.
Cell type

Cell material

Microfluidic

Ceramic

electrochemical cell
Imaging

Glass

PET

electrochemical
reactions
Nanoscale reactor
Electroactive ESI

Integrated
microsystems

Emerging materials
a

Calculated using D =

Electrode materials
Platinum ink (WE,

CE), Ag/AgCl (RE)
Pt (WE, CE, RE)
Carbon ink (WE),

Ag/AgCl (CE)

Flow rate

Thin-layer

regime

plate numbera

35 µL

50-150 µL/min

3.4-10

175 nL

0.5-8 µL/min

72-1150

312 nL

0.1-0.7 µL/min

N/A

Cell volume

Applications
Electrochemical synthesis/MS

detection.28
Drug metabolism/MS detection.29
SECM/MALDI-MS and SECM/ESI-

MS analysis.46
ToF-SIMS sensing of

PDMS/SiN

Au (WE), Pt (CE, RE)

1.9 µL

N/A

N/A

PDMS/Glass

Au (WE, CE, RE)

1.4 nL

3.6 nL/min

138

H2 generation in nanochannels.25

SU-8/Glass

Au (WE, CE)

1.8 pL

9.9 nL/min

5.7

H2 generation in nanopores.24
Cysteine tagging in ESI emitter.31
Drug metabolism.26

PET ESI emitter

Carbon ink

21 nL

250 nL/min

2.4·10-2

PDMS

Au (WE, CE, RE)

118 nL

0.5-1 µL/min

0.34-0.68

Si

TiO2

100 nL-4 µL

N/A

N/A

COP

Au (WE, CE, RE)

36 nL

1-10 µL/min

3.5·10-4-3.5·10-3

PDMS/Si/SiO2

BDD (WE, CE, RE)

~530 nL

2 µL/min

1.8·10-3

10-9

m2/s.

electrode/electrolyte interface.47

Photocatalytic oxidation of

drugs.44
Organic electrochemistry.27
BDD micro-electrode

characterization.32
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Even though the microreactor dimensions are relatively large, an estimated thinlayer plate number Ntl>1 was found. This is the result of an increased cell volume by
parallelization of microchannels, resulting in a residence time of 50 s with a flow rate
of 50 µL/min, whereas the diffusion time for 100 µm (D=10-9 m²/s) is only 5 s. In this
experiment, the inert material properties of the ceramic reactor cannot be fully
exploited, as the resistance of the PDMS seal to various organic solvents is limited.66
However, the ceramic material itself offers promise to be used for rapid fabrication
of highly inert and solid electrochemical microreactors.
Microfabrication technology enables significant improvements in cell design. The
design freedom offered by lithography-based microfabrication allows one to realize
a wider range of structure sizes and shapes compared to cutting or milling of
substrate materials, where the dimensions of the blade or drill and the resolution of
the equipment can be limiting factors. An example of such a device is a platinum
three-electrode system integrated in glass substrates containing shallow
microfluidic channels, with an internal volume of 175 nL.29 The WE and CE are
located in individual channels to avoid mixing of their reaction products. Small
connecting frit channels enhance the conductance between these electrodes, thereby
effectively reducing the ohmic drop and facilitating a uniform current density over
the WE surface. The pseudo-RE is located upstream in close proximity to the WE.
For this geometry, thin-layer plate numbers Ntl between 72 and 1150 are calculated
for a large range of flow rates (0.5-8 µL/min) using D=10-9 m²/s, which predicts full
conversion (based on diffusion considerations only). Indeed, an efficiency of
approximately 100 % for the oxidation of ferrocyanide was found using UV/vis
spectroscopy measurements, over the full range of flow rates. Oxidation of the drug
mitoxantrone was demonstrated by coupling the electrochemical cell to an
electrospray microchip, to which the ESI high voltage was applied. The ESI circuit
was decoupled from the electrochemical cell using a grounded metal connector.
Although adding electrolyte (20 mM NH4HCO3 in this case) is beneficial for the
electrochemical conversion efficiency, it also brings the risk of gas bubble formation
at the ESI electrode. To avoid this, the electrical resistance between the ground
connector and ESI chip was increased by adding 35 cm of capillary tubing (ID
75 µm). Using this EC/ESI-MS setup, all known metabolites of mitoxantrone were
generated and detected.
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Mass spectrometric imaging of electrode processes

Another type of electrochemical cells coupled to mass spectrometers is developed
for initiating and simultaneously monitoring electrode reactions. Momotenko et al.46
demonstrated the use of an electrochemical push-pull scanner coupled to MS
instruments,

which

enabled

simultaneous

electrochemical

and

chemical

characterization of electrode processes. The microfluidic push-pull probe housed a
WE (carbon ink) and a CE/RE (silver/silver chloride ink) and two microfluidic
channels (0.16 µL each), which can scan a dry or immersed surface and locally
initiate electrochemical reactions in a nanoliter volume by pushing out and pulling
back the analyte/electrolyte solution at defined flow rates. The reactions products
are subsequently transported towards a MALDI or ESI interface in the form of a
continuous train of bubbles, thereby preserving the spatial resolution of the
measurement when scanning a surface. This probe has been used to
electrochemically scan a fingerprint by ferrocene methanol cycling while detecting
the presence of the explosive picric acid by MALDI-MS. Also alkaline phosphatase
activity has been monitored using this probe by delivering locally a high
concentration of the substrate p-aminophenylphosphate (PAPP), which is
enzymatically converted to p-aminophenol (PAP). The product PAP was detected
both amperometrically and by ESI-MS. For high resolution SECM measurements,
convection at the tip of the microelectrode is undesired and they showed by
simulation that with this microchannel and electrode geometry, there is little fluid
movement in the small confinement between the WE and the substrate at the low
flow rates used (0.3 µL/min). A consequence of such a low flow rate is the significant
transfer time in the microfluidic channel, which can be up to 28 s (calculated from
the reported dimensions).
In another study, Liu et al.47 developed a probe for in situ chemical imaging of
electrode/electrolyte interfaces with ToF-MS. A PDMS microfluidic device together
with an electro-osmotic pump was assembled on a ToF-SIMS stage for operation in
the high-vacuum MS environment. The microdevice contains a gold WE covered by
silicon nitride, and platinum pseudo-reference and counter electrodes. A 200 µm
diameter hole was created in the silicon nitride/gold layers using the primary ion
beam to provide access to the interior of the chip for acquisition of SIMS spectra.
From this, information of the solution composition at the electrode/electrolyte
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interface can be obtained, which was demonstrated by monitoring the progression
of the oxidation of iodide (from a potassium iodide electrolyte solution) at a gold
electrode by detecting both adsorbed and dissolved oxidation products when
various potentials between -0.2 and 0.8 V were applied. However, since an
integration time of 60 s was used, it can be expected that the detection of relatively
short-lived reaction intermediates will be difficult.
2.4.2.3

Nanoscale electrochemical reactors

Other developments are directed towards further miniaturization to create nanoscale electrochemical reactors. These reactors have not been coupled to MS, but they
are nevertheless mentioned here because they represent efforts in scaling down
electrochemical processes to the nanometer range, thereby exploiting properties of
nanoscale structures, that can eventually be beneficial for EC/MS applications. This
is illustrated by comparison of two types of nanoreactors for the in situ generation
of H2.
In the first example, a device has been developed with shallow nanochannels
(~538 nm height) that were located on top of a gold WE and pseudo-RE to enable a
rapid diffusive mass transport towards the electrode surface.25 An external gold wire
CE was located in a microfluidic reservoir connected to the nanochannels. WE
potentials between -1.0 and -2.0 V were used to generate H2 by H2O reduction, which
can be used as a reducing reagent in a downstream process reactor. At the same
time, the potential difference between the WE and CE provides mass transport by
electroosmotic flow (EOF) through the nanochannel. The use of an external CE
prevented mixing of WE and CE products in the process reactor. The gas
permeability of PDMS to H2 facilitated the establishment of a (near-)saturated
concentration of H2 without the formation of bubbles, which was concluded from a
combination of fluorescein measurements and simulations.
In addition, an array of nanochannels has been developed in the form of ~600 nm
diameter SU-8 pores, which are provided with two gold annular nanoband
electrodes (WE and pseudo-RE) spaced 7 µm from each other.24 Also in these
structures the same set of electrodes can be used for both EOF-driven delivery and
electrochemical conversion of the electroactive species, because at these small
dimensions the potentials required for both processes are in the same range (<1 V).
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H2O is reduced to H2, and because the WE is at negative potentials with respect to
the RE, the products are transported away from the RE. Therefore, redox cycling is
avoided, but it could be expected that at oxidizing potentials, when the EOF is
directed towards the RE, the possibility of redox cycling should be considered. The
fabrication method of these reactors is amenable to massive parallelization, enabling
a significant throughput. A surface area of 340 µm2 can accommodate 1089 pores,
and in the experiments described the linear flow rate was 1.5 mm/s. Therefore, it can
be estimated that volumetric flow rates of ~28 nL/min could be achieved with
parallelization at this scale, which is in the range of flow rates compatible with
nanospray.
As can be seen in table 2.3, the thin-layer plate numbers for these two nanoreactors
are rather different. The shallow and wide nanochannels have a favorable aspect
ratio, which explains the high Ntl=138 (D=10-9 m²/s), whereas the nanopores employ
nanoband electrodes, of which the electrode length is equal to the gold film
thickness. In this configuration, the diffusion distance (~300 nm) is larger than the
electrode length (~200 nm). However, the diffusion time scales quadratically with
the diffusion distance, so at the nanoscale this occurs extremely fast, and in the case
of the nanopores in 2 dimensions as well. Therefore, even though the geometry looks
unfavorable, a thin-layer plate number of Ntl=5.7 can still be achieved, which is in
the same range as the commercially available macro-scale thin-layer cells.
2.4.2.4

Integration of electrochemical cells with electrospray ionization

Two approaches can be identified to combine electrochemical conversion and
electrospray processes in a single device. In the first approach, the electrochemistry
inherently present in the electrospray interface is employed to oxidize or reduce
analytes. In the second approach, an electrospray ionization emitter is integrated onchip together with a microfluidic electrochemical cell.
The first approach is explored in depth and reviewed by Van Berkel and Kertesz,67
and Prudent and Girault.6 Control over the extent of analyte oxidation or reduction
can be achieved by using the ESI emitter as a working electrode in an electrochemical
cell, which can be done in various arrangements and often in a custom-made setup.
Conversion of analytes can be achieved with a significantly reduced transit time in
the range of sub-second to a few seconds,13,30 thus allowing detection of short-lived
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reactive (intermediate) species.13 Berkel, Kertesz and coworkers demonstrated
various instrumental approaches to control the extent of analyte conversion in the
ESI emitter. These include the use of different surface areas for the WE and CE to
change their respective conversion efficiencies,30 the inclusion of a battery powered
electrochemical cell floating at the ESI voltage with an upstream current loop to
modulate the total available current for faradaic reactions at the emitter electrode,13
and modification of the ESI electrode with the redox buffer polypyrrole to lower its
interfacial potential.68 Alternatively, analyte electrolysis can be tuned by applying a
pulsed high-voltage, modulating the analyte conversion efficiency with the duty
cycle.69 Recently, Plattner et al. demonstrated an assay for antioxidant screening
using an electrochemical cell located in an ESI source.61 The extent to which various
antioxidants inhibit oxidation at the ESI emitter was characterized with the help of
easily oxidized indicator molecules that could be detected by ESI-MS in both the
reduced and oxidized form. Another example of an electroactive electrospray
emitter is made from PET sheets, which are structured by laser photo-ablation and
provided with carbon ink electrodes.70 This microfluidic emitter is used for the online electrochemical tagging of cysteine residues in proteins, allowing a rapid
identification method of cysteine-containing proteins by mass spectrometric
detection of shifts corresponding to the mass of the electrogenerated tag
benzoquinone.31
Pursuing the second approach of integrating an electrospray emitter together with
an electrochemical cell on chip, a stainless steel electrospray emitter was attached
directly to the outlet of the WE channel of the same glass/platinum electrochemical
chip as described in the previous section.14 In this experiment the ESI needle was
grounded and the mass spectrometer inlet was set to -3 kV. As mentioned before,
this is in our opinion the preferred arrangement to decouple the electrochemical cell
circuit from the ESI circuit when the dead volume has to be minimized, but it has to
be noted that the availability of this solution depends on the type of mass
spectrometer that is used. This arrangement reduces the dead volume, thereby
shortening the transit time between electrochemical oxidation and mass
spectrometric detection to ~4.5 s. This led to the detection of a short-lived metabolite
of chlorpromazine in the form of a radical cation.
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Further system integration was accomplished in a microfluidic electrochemical chip
that was made from PDMS, which was provided with three gold coil electrodes (WE,
CE and RE) and a graphite-based ESI emitter.26 The electrode surface and interelectrode distance can be controlled by the number of turns and the spacing between
the gold coils, respectively, and the influence of these parameters on electrochemical
performance was investigated. It was shown that controlling the inter-electrode
distance with the use of insulated gold wire coils is an effective way to reduce
adverse effects of the ohmic drop. Furthermore, oxidation of dopamine was
demonstrated with a bluetooth-controlled battery-powered potentiostat floating at
the ESI voltage, followed by ESI-MS detection with transit times (between oxidation
and detection) of 1.2 s (0.5 µl/min) or 0.6 s (1.0 µL/min). Conversion efficiencies at
these flow rates were 30 % and 10 %, respectively. This low efficiency was attributed
mainly to the cell geometry, with a low volume and relatively short WE, and it was
argued that extending the WE to 8 mm could result in a theoretical 100 % conversion
efficiency (at 0.5 µL/min), which corresponds to 160 turns of the 50 µm gold wire.
This device nicely demonstrates a clear benefit of miniaturization, i.e. the
possibilities of system integration to achieve a rapid assay. However, in this device
the short diffusion distances are not exploited to achieve a high reaction yield, which
is reflected in the relatively low thin-layer plate number of 0.68 (calculated for
D=10-9 m²/s and Q=0.5 µL/min). When the WE is extended to 8 mm, Ntl will increase
to 12, which will likely result in a significantly improved electrochemical conversion
performance. The device was fabricated using an inexpensive fabrication method
without the need for cleanroom facilities. However, the method is rather laborintensive and only suitable for prototyping. In addition, residues from the PDMS
material were found in the mass spectra, indicating once more that this may not be
the best material for EC/MS analytical devices.
In comparison, with both approaches a sub-second transfer time between
electrochemical

conversion

and

mass

spectrometric

detection

has

been

demonstrated, and with both approaches short-lived metabolites were detected.
However, in the first approach (comprising of an electro-active ESI emitter)
significantly higher flow rates were used to achieve the short transit time. Moreover,
this arrangement offers less control over the electrochemistry in the absence of a
well-defined reference potential (no RE was included) and the thin-layer plate
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number (calculated for the microchip ESI emitter) is relatively low. The microfluidic
integration of an electrochemical cell with an electrospray interface holds promise
for further developments, with more advanced electrochemical cell designs enabling
superior control over the electrochemical processes and further system integration
to achieve more functionality in a single device.
Another concept has been published by Nissilä et al., which does in fact not describe
a traditional two- or three-electrode electrochemical cell, but is nevertheless
interesting to briefly mention here. A Si/TiO2 open chamber microreactor is
integrated with a micropillar-based electrospray tip,44 and the photocatalytic
properties of TiO2 are employed to oxidize a variety of drug compounds. A drop of
analyte was applied to the reactor, which contained etched micropillars to increase
the surface area, and a UV lamp enabled photocatalytic processes to take place. After
15 min of reaction time, the products were infused into the mass spectrometer by
applying a droplet of buffer while the 3.5 kV ESI voltage was applied to the ESI tip.
The capillary effect of the micropillar array in the ESI tip facilitated transportation
of the analyte. A control experiment using human liver microsomes was performed
as well, and the sets of metabolites generated with both methods overlap for 70 %.
Besides direct electrochemical oxidation at the electrode, hydroxyl radicals and
superoxides can be generated (in aqueous solution) at the TiO2 surface that are also
able to react with organic compounds.71 However, the minutes of reaction time
needed to generate detectable amounts of metabolites implies that only relatively
stable products will be detected. Therefore, this photocatalytic microreactor could
be considered an interesting complementary device to microfluidic electrochemical
cells for drug screening applications.

2.5 Conclusion and future perspectives
Microfluidic electrochemical cells have shown promise for a large variety of
analytical applications. The versatility of the available cell and electrode materials
combined with the design freedom and fabrication technologies related to
microfabrication opens up possibilities to greatly expand this range of applications
in the future.
Comparing the macro and micro cells from table 2.2 and 2.3 reveals that, with
exception of the ceramic reactor, microfluidic cells are operating with lower reaction
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volumes and generally at lower flow rates, leading to a lower analyte consumption
and waste production. However, whereas the majority of the macroscale reactors
used are commercially available products, the majority of the microfluidic reactors
are prototypes. In some cases this is clearly reflected in the choice of materials which
is not ideal for the broader EC/MS applications (such as PDMS), but works for the
proof-of-principle. It can also be seen that the thin-layer plate number, which we
used as a measure to compare the electrochemical conversion performance of cell
geometries, can be significantly higher for microfluidic devices than for the macroscale cells once the chip is optimized for high electrochemical conversion efficiency.
Indeed, most of the microfabricated microfluidic electrochemical cells listed in
table 2.3 that were developed for the purpose of electrochemical conversion,
specifically those in the “Microfluidic electrochemical reactors” and “Nanoscale
reactors” categories, have thin-layer plate numbers well above 1. On the contrary,
the devices in the “Emerging materials” category were developed to demonstrate
useful material properties (COC, BDD), and don’t show a fully optimized
electrochemical microfluidic reactor.
Miniaturization has certain benefits of low volumes, rapid diffusive mass transport
over short distances and the advantages related to microfluidic cell design and
microfabrication. Therefore, as can be seen in table 2.3, all of the microfluidic
electrochemical cells are of the thin layer type. When a combination of high
throughput and high conversion efficiency is needed, the microfluidic technologies
described here are not necessarily the best solution, and the use of porous electrodes
might be a better choice. Furthermore, work has still to be done to find a more robust
and reliable reference electrode for electrochemical microfluidic chips. All of the
discussed prototypes compromise on this aspect by employing a pseudo-reference
electrode from materials with possibly unpredictable potentials.
The most important trends in the development of electrochemical microchips for
EC/MS applications are visualized in figure 2.3, which are:
•
•
•

miniaturization of electrochemical reactors;
system integration to increase functionality; and,
the use of novel materials.
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Figure 2.3: Major trends in the development of microfluidic electrochemical cells for EC/MS
applications. Graphics are reprinted with permission from: ref. 24 and ref. 29 Copyright 2012
American Chemical Society, ref. 26 Copyright 2005 The Royal Society of Chemistry, ref. 27 Copyright
2010 The Royal Society of Chemistry, ref. 32 Copyright 2011 Elsevier.

Miniaturization using microfabrication techniques enables the design of more
complex and innovative electrochemical cells, as well as nano-scale structures that
operate at low voltages and combine electrochemical conversion with electroosmotic
transport of species, a concept that can be scaled up massively to thousands of
parallel reactors. As indicated, further system integration can be expected to take
place as well, such as the integration of liquid chromatography or sample pretreatment functionality in EC/ESI devices, which is particularly relevant for
proteomics applications. Furthermore, new materials with advantageous properties
are emerging for both electrochemical cells (e.g., COC) and electrodes (e.g., BDD).
Polymer microfluidic chips could find their place as low-cost disposable devices for
routine analysis, when cross-contamination is a risk and cleaning of the devices is
not an option. Alternatively, BDD-based microchips can offer new analysis
possibilities by combining unique material properties with microfluidic cell design.
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Mass spectrometric detection of
short-lived drug metabolites
The costs of drug development have been rising exponentially over the last six decades,

making it essential to select drug candidates in the early drug discovery phases before
proceeding to expensive clinical trials. Here we present novel screening methods using an
electrochemical chip coupled on-line to mass spectrometry (MS) or liquid chromatography
(LC) and MS, to generate phase I and phase II drug metabolites and to demonstrate protein
modification by reactive metabolites using small amounts of analyte (20 µL). The short
transit time (~4.5 s) between electrochemical oxidation and mass spectrometric detection –
enabled by an integrated electrospray emitter – allows us to detect a short-lived radical
metabolite of chlorpromazine which is too unstable to be detected using established test
routines. Furthermore, detoxification of electrochemically generated reactive metabolites of
paracetamol is mimicked by their adduct formation with the antioxidant glutathione. Finally,
the potential toxicity of reactive metabolites can be investigated by the modification of
proteins, which is demonstrated by modification of carbonic anhydrase I with
electrochemically generated reactive metabolites of paracetamol. With this series of
experiments, the potential of this electrochemical chip is demonstrated to become a
complementary tool for a variety of drug metabolism studies in the early stages of drug
discovery.

This chapter is based on a publication by F.T.G. van den Brink, L. Buter, M. Odijk, W. Olthuis, U. Karst
and A. van den Berg in Analytical Chemistry, 87, 1527-1535 (2015).
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3.1 Introduction
Today’s pharmaceutical industry is facing key challenges of innovation and
profitability. Over the past 60 years, the output of new drugs has increased linearly,
whereas the costs of developing them have risen exponentially.1 Costs of drug
development are for a large part incurred in expensive second and third rounds of
clinical trials, where the efficacy and therapeutic effect of candidate drugs are tested.
Therefore, failure of a drug candidate at one of these stages results in large financial
losses. One possible way to reduce this late-phase risk is to shift resources to the
earlier stages of drug development.2 In these stages, selection and prioritization of
candidate drug compounds take place using a variety of screening methods, among
which is a series of tests related to metabolism.
Drugs are metabolized in reactions that can be classified as phase I and phase II
reactions.3 In phase I, the compound is functionalized through oxidation, reduction
or hydrolysis. Specifically, around 75 % of the metabolized drugs are oxidized by
enzymes from the cytochrome P450 (CYP450) family.4 In phase II reactions, the often
lipophilic drug or its metabolites are conjugated to an endogenous compound,
forming a more polar product that can be further metabolized or easier excreted via,
for example, the kidneys. This overall process, involving one or both of these
reactions, results in either the activation or detoxification of a drug compound. Upon
activation, however, toxic metabolites may be formed that can cause side effects by
modifying proteins, including enzymes.
To minimize total drug development times and costs, compounds from the initial
pool of drug candidates that are ultimately destined to fail must be abandoned as
soon as possible, thereby limiting the number of compounds that are tested using
expensive procedures, such as those involving animals. For this purpose, analytical
techniques are being developed that could improve the speed of the in vitro
metabolism tests during the early screening process. A short overview of established
systems to mimic oxidative phase I metabolism reactions is given below and more
detailed information can be found in a review paper.5
An important class of systems contains CYP450 enzymes to oxidize drug
compounds. For example, the use of liver cell extracts, such as human or rat liver
microsomes (HLM/RLM), is an affordable way to screen candidate drugs. However,
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the collection of enzymes available in these extracts poorly represents the situation
in the human liver,3 and they are not always capable of producing the largest
number of different oxidation products.6 In addition, primary hepatocytes are
widely used, which provide a collection of active phase I and II enzymes that shows
more resemblance with the situation in the human liver.3 Furthermore, a close
representation of the in vivo situation is provided by the use of liver slices, especially
when used in the controlled environment of a microdevice and supplied with a
continuous flow of medium.7 However, liver slices have a limited lifetime and
ethical aspects related to the use of animal models have to be considered.
Other systems mimic the CYP450 enzyme’s electrochemical oxidation reactions.
Here, it should be stressed that each of the following approaches on its own is not
capable to completely mimic the enzyme’s activity. However, the three systems most
commonly used will provide complementary information, together performing
most of the relevant metabolism reactions.8–10
First, synthetic metalloporphyrins can serve as models for CYP450 enzymes due to
their ability to catalyze oxidation reactions.11 The active center of these porphyrins
can be iron, but other metals, such as manganese, have also been studied in this
context.11 Second, oxidation reactions can be performed using Fenton’s reagent, in
which electrophilic hydroxyl radicals are generated when Fe2+ is oxidized to Fe3+ by
hydrogen peroxide.12 In an electrochemically assisted Fenton reaction, Fe3+ is
reduced back to Fe2+ at an electrode.13 Finally, direct electrochemical oxidation can
be used to generate drug metabolites in an electrochemical cell, where oxidation
takes place at a working electrode surface.9,14
Direct electrochemistry (EC) in an electrochemical flow cell can be combined on-line
with analytical instrumentation such as MS or LC/MS. Studies on electrochemical
oxidation pathways of organic compounds were conducted by Hambitzer and
Heitbaum,15 and Volk et al.,16 the former being the first to couple electrochemical
cells on-line to thermospray ionozation-MS equipment for the detection of
nonvolatile products. The use of electrospray ionization (ESI) in this context was
introduced by Zhou and Van Berkel,17 and applied more recently using various
compounds.18–20 Speed and ease of use make this an attractive complementary
approach for the generation and investigation of drug metabolites in pharmaceutical
research. Moreover, this entirely instrumental on-line setup can be configured to
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increase the throughput and reduce the time between metabolite generation and
detection. This reduced transit time can be exploited when searching for reactive
metabolites, which are often short-lived and tend to bind to cellular membranes.20
Further applications of EC/(LC/)MS systems are described in many reviews.10,21–24
The transit time in an EC/MS system with ESI interface can be reduced by integrating
an electrochemical cell into an ESI interface, which is controlled using a potentiostat
floating at the ESI voltage.25,26 With this approach, a transit time of <2 s between
electrochemical oxidation and MS detection was established, but flow rates as high
as 30 µL/min were used to achieve this.26 Furthermore, products generated at the
counter electrode were mixed with the working electrode (WE) products and could
interfere with the MS signal. This limitation was overcome by reducing the size of
the counter electrode (CE), but this resulted in an increased current density which
could cause electrolysis of the solvent or the supporting electrolyte.25
Alternatively, the electrochemical cell in an EC/MS system can be miniaturized,
thereby exploiting the advantages of microfluidics technology to obtain a high
electrochemical conversion efficiency while using small amounts of reagent. This
can be achieved by optimizing the geometrical parameters of the microchip and the
flow rate at which it is operated.27 A conversion efficiency approaching 100 % has
been demonstrated using a system containing ~175 nL of reagent, which was able to
operate at a large range of flow rates.28 High flow rates allow rapid detection of
metabolites generated at the electrode, while low flow rates enable the use of
nanospray, thus increasing ionization efficiency. Design freedom associated with
microfluidic cell design allows integration of multiple functionalities in one
platform29 and a high degree of control over the analyte flow, including separation
of WE and CE products.28
Furthermore, electrospray interfaces have been fabricated on microfluidic chips as
well, in various forms. Capillary needles were attached to a microfluidic chip,30,31
and multiple chip-based ESI emitters were developed, as described in a published
review.32
In various studies, the reactivity of phase I metabolites towards different
biomolecules was evaluated. Reactive intermediates were generated upon oxidation
in an electrochemical cell and their reactivity was investigated by adding
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endogenous nucleophiles.33–35 First studies were performed by Getek et al., who
oxidized paracetamol (APAP) and identified adducts of the reactive metabolite
N-acetyl-p-benzoquinone imine (NAPQI) with glutathione (GSH) and cysteine.33
Furthermore, in several studies, the reactivity of metabolites towards proteins was
investigated.36–38 Lohmann et al. demonstrated the potential of electrochemical
methods in protein modification studies by showing the formation of different
protein adducts of several pharmaceuticals after electrochemical oxidation.36 Hence,
the use of EC in peptide and protein binding studies is of growing interest.
In the first part of this work, we integrated a microfluidic electrochemical cell with
an attached ESI needle in our new EC/ESI-MS setup to combine the benefits of wellcontrolled electrochemistry on-chip, low volumes of reagents and a short transit
time between electrochemical oxidation and MS detection. This was demonstrated
by oxidizing the pharmaceuticals chlorpromazine (CPZ), clozapine (CLZ) and
amodiaquine (AQ), which are known to form reactive metabolites upon
electrochemical oxidation. Following this, real-time mass voltammograms were
recorded, providing an easy qualitative assessment of the metabolites that can be
formed upon oxidation of a drug compound. Rapid identification of drug
metabolites made possible by the described instrumental improvements allowed us
to detect a short-lived metabolite of chlorpromazine.
In the second part of this work, we successfully generated phase II metabolites of
APAP by identifying the corresponding GSH adduct of the reactive metabolite
NAPQI, which was generated electrochemically on-chip. Also, protein modification
of carbonic anhydrase I (CAI) with electrochemically generated NAPQI was
observed.
With this series of experiments we show that the microfluidic electrochemical cell
can be employed in phase I metabolism studies where rapid detection of metabolites
is required, and also in studies that need the generation of reactive species for
studying both the detoxification of reactive metabolites by small endogenous
nucleophiles and the potential of inducing toxic side effects due to protein
modification. This demonstrates the potential of this system to serve as a useful
complementary screening tool in the early phases of drug discovery.
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3.2 Experimental
3.2.1 Chemicals
Solutions were prepared of chlorpromazine, clozapine and amodiaquine, each at a
5 µM final concentration in a buffer containing 50/50 (v/v) 100 mM aqueous
ammonium formate (pH 7.4) / acetonitrile, as well as a 100 µM paracetamol solution
in the same buffer. Glutathione (10 µM) was dissolved in an 1 mM aqueous
ammonium formate (pH 7.4) buffer and carbonic anhydrase I was used at a
concentration of 20 µM in an aqueous buffer containing 6 M guanidinium
hydrochloride. All ammonium formate buffers are adjusted to pH 7.4 using a 1 %
aqueous ammonia solution. Amodiaquine, chlorpromazine, clozapine, paracetamol,
glutathione, carbonic anhydrase I, guanidinium hydrochloride, formic acid and
ammonium formate were purchased from Sigma-Aldrich GmbH (Steinheim,
Germany). Acetonitrile was purchased from Merck (Darmstadt, Germany). All
chemicals were used as provided. Water was purified before utilization with an
Aquatron A4000D system (Barloworld Scientific, Nemours, France).

3.2.2 Setup
The EC/ESI-MS experiments were carried out using a previously developed
microfluidic electrochemical cell, which is shown in figure 3.1A and described in
detail elsewhere.28 In short, the device consists of glass substrates containing
microfluidic channels (5 µm height) and three integrated platinum electrodes: a
working electrode (WE), a counter electrode (CE) and a pseudo-reference electrode
(RE). Platinum electrodes are known to be easily polarizable, and therefore they
were not expected to perform well as a stable RE. Our hypothesis was that the
polarizability of the RE could be lowered by electrodepositing a layer of the
conducting polymer poly(3,4-ethylenedioxythiophene) (PEDOT).39 The potential of
the platinum/PEDOT electrode was measured to be -0.17 V vs. saturated Ag/AgCl
in the NH4formate/ACN buffer used for the experiments. See appendix A.1 for the
characterization of this electrode.
The chip was designed to provide a high electrochemical conversion efficiency and
has an internal volume of ~175 nL. The WE and CE have separate channels, thereby
separating the oxidation and reduction products. The frit channels provide a
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conductive path between the WE and CE over the entire length of the electrodes,
and fluidic resistors ensure an equal flow rate in both channels.
For oxidation of chlorpromazine, clozapine and amodiaquine, the microfluidic chip
was mounted in a dedicated chip holder (Micronit Microfluidics, Enschede, The
Netherlands), to which capillary tubing (100 µm ID) and electrical wires were
connected. A 30 mm long stainless steel ESI needle (Thermo Scientific, Breda, The
Netherlands) with a 30 µm ID was attached to the outlet of the WE channel using a
NanoPort assembly (Upchurch Scientific). The chip holder was mounted in a x-y-z
stage to align the ESI tip with the entrance of the Time-of-Flight MS (micrOTOF,
Bruker Daltonics, Bremen, Germany). The setup was placed on a custom-made table
that fits the front panel of the MS and a PMMA cover prevented spray instabilities
due to air flow. The setup is shown schematically in figure 3.1B; see appendix A.2
for more details. For flow control, a syringe pump (Nemesys, Cetoni, Korbussen,
Germany) and valves (Valco, Vici, Houston, USA) were used, which were fitted in a
Lab-in-a-Suitcase.6 The electrochemical chip was controlled using a potentiostat
(SP200, Bio-Logic, Claix, France). The ESI needle was connected to the electrical
ground of the MS.
Paracetamol was oxidized with the same electrochemical setup. Instead of an ESI
needle, an additional capillary was connected to the chip outlet. Via a T-piece, a
solution of GSH or CAI was added and the mixture was allowed to flow through a
reaction coil for 3 min. For the GSH adduct formation, this reaction coil was coupled
to the original ESI source of the MS. For the protein modification studies, the effluent
of the reaction coil was collected in an injection coil of a six-port-valve, which was
connected on-line to an LC system (Alexys, Antec, Zoeterwoude, The Netherlands)
prior to MS detection. The setup is shown schematically in figure 3.1C.
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Figure 3.1: Miniaturized electrochemical cell (A),28 schematic diagram
of the EC/ESI-MS setup used in phase I metabolism studies (B) and
schematic diagram of the EC/LC/ESI-MS setup used in phase II
metabolism and protein modification studies (C).

3.2.3 Phase I metabolism
In both experiments described below, the total flow rate was set to 2 µL/min, which
resulted in a 1 µL/min flow towards the MS. The ESI source voltage was set to -3 kV
and the MS was configured to operate in the positive ionization mode under the
conditions described in appendix A.3. Two types of experiments were carried out
using the pharmaceutical compounds chlorpromazine, clozapine and amodiaquine.
First, the transit time of the system was tested with a chronoamperometric (CA)
measurement, which lasted 2 min and was initiated after 2 min of mass spectra
recording. In three experiments, the WE potential was successively set to 0.5, 0.8 and
1.2 V. Following that, a real-time mass voltammogram was recorded by applying a
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linear potential sweep (0-1.2 V with 2 mV/s) while mass spectra were being
recorded. For comparison, chlorpromazine was oxidized in a macro-scale thin-layer
electrochemical cell (ReactorCell, Antec, The Netherlands), controlled by a Roxy
potentiostat (Antec, The Netherlands), which was connected to the original ESI
interface of the micrOTOF MS. The three-electrode electrochemical cell contained a
platinum WE, a graphite-doped Teflon CE and a palladium/hydrogen RE. The
transit time between the flow cell and the ESI source was set to 1 min using capillary
tubing. Chlorpromazine (2 µM in 50/50 (v/v) 100 mM NH4formate (pH 7.4)/ACN)
was introduced with 10 µL/min using a syringe pump (model 74900, Cole Parmer,
Vernon Hills, USA) and a mass voltammogram was recorded by applying a linear
potential sweep from 0 to 2.0 V with a scan rate of 10 mV/s.

3.2.4 Data processing
For every experiment, extracted ion chromatograms of the original compounds and
detected metabolites are shown on a normalized intensity scale. For each detected
metabolite, the transit time was determined from the three extracted ion
chromatograms which were recorded with the different WE potentials. First, the
average signal intensity during the first 2 min of recording was calculated (when the
electrochemical cell was switched off), and this baseline was subtracted from each
of the three recorded traces. Then, the point in time was determined at which the
resulting signal intensity increased to 0.05 on the normalized scale. The transit time
is subsequently reported as the average of these three values with their standard
deviation. Mass voltammograms are plotted by synchronizing the mass spectra
recorded over time with the linear potential sweep using the transit time determined
in the first series of experiments.

3.2.5 Phase II metabolism and protein modification
Paracetamol (100 µM in 50/50 (v/v) 100 mM NH4formate (pH 7.4)/ACN) was
pumped into the chip with a flow rate of 2 µL/min and the potential was set to 1.2 V.
Glutathione (10 µM in 1 mM NH4formate (pH 7.4)) was added to the effluent of the
WE channel with a flow-rate of 9 µL/min. The reaction mixture with a total flow rate
of 10 µL/min was continuously pumped through a reaction coil (3 min reaction time)
and subsequently infused into the MS, which was operated in the positive ionization
mode (detailed MS parameters see appendix A.3).
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For the formation of protein adducts, carbonic anhydrase I (10 µM in 6 M
guanidinium hydrochloride) was added to the effluent of the WE channel with a
flow rate of 1 µL/min. After a reaction time of 3 min, the solution was analyzed by
means of on-line LC/MS. The LC system included two LC 100 pumps, an OR 110
organizer rack with a degasser and a pulse dampener, an AS 100 autosampler and a
Roxy column oven. The mobile phase was composed of acetonitrile and 0.1 % formic
acid (pH 2.5) and the flow rate was set to 300 µL/min. A binary gradient starting
with 25 % acetonitrile for 2 min was applied. Afterwards, the amount of acetonitrile
was increased to 60 % in 4 min and was held at this level for 3 min. Subsequently,
the amount was decreased to 25 % acetonitrile in 3 min and the system was
equilibrated for another 3 min. To prevent guanidine hydrochloride from entering
the MS, the LC effluent was discarded during the first 2.5 min of separation. MS
detection was performed in the positive ionization mode (see appendix A.3 for
detailed MS parameters).

3.2.6 Safety considerations
Care must be taken with the high-voltage ESI source when the original ESI interface
is replaced with an aluminum table (see appendix A.2). Therefore, this table and the
x-y-z stage were connected to electrical ground and the table was covered with a
PMMA cover.

3.3 Results and discussion
3.3.1 Phase I metabolism
To test the transit time of the system and to verify the amount of oxidation taking
place in the ESI needle, each experiment started with 2 min of recording with the
potential applied to the electrochemical cell switched off (open circuit). The cell was
subsequently switched on for 2 min, and finally switched off again. In figure 3.2, the
extracted ion chromatograms are shown for the drugs chlorpromazine (CPZ),
clozapine (CLZ) and amodiaquine (AQ) and their detected metabolites, together
with the oxidation pathways and structural formulae of the substances involved.
The different colors relate to the three different WE potentials (0.5, 0.8 and 1.2 V). All
of the traces in these figures follow the expected pattern: when the potential was
switched on, the signal intensities for the drug compounds decreased, while the
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signal intensities for the metabolites simultaneously increased. However, the
intensities did not change significantly when the WE potential changes, which is an
observation that will be explained further when mass voltammograms are discussed
(see figure 3.3).
Oxidation of CPZ resulted in the detection of two oxidation products (figure 3.2A).
One was the sulfoxide of CPZ and the other a short-lived radical cation, which was
formed by the transfer of one electron. Both oxidation of CLZ and oxidation of AQ
produced one metabolite (figure 3.2 B and C). When CLZ was oxidized, the
nitrenium ion of clozapine was detected and when AQ was oxidized, the
dehydrogenated metabolite amodiaquine quinoneimine (AQQI) was detected. Both
the nitrenium ion and AQQI are known to be highly reactive towards nucleophilic
groups, such as thiol groups of the amino acid cysteine. Therefore, formation and
detection of these oxidation products is important for assessing the toxicity of CLZ
and AQ metabolites.36
The detected metabolites were identified by their exact mass as determined by MS.
Based on these exact masses, molecular formulae were determined and
subsequently structural formulae were deduced. The detected and calculated m/z
together with the relative deviation, the molecular formulae and the corresponding
modifications of the starting compounds are listed in table 3.1. The relative
deviations are low for every oxidation product and therefore the proposed
molecular and structural formulae are in accordance to those described in the
literature.19,20,40
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Figure 3.2: Extracted ion chromatograms (normalized) of three drugs and their detected oxidation
products. The potential (0.5 V (blue), 0.8 V (green) or 1.2 V (red)) was switched on for 2 min after
2 min of recording. The transit time of the system is indicated. A: CPZ (m/z=319) and oxidation
products (m/z=318 and m/z=335); B: CLZ (m/z=327) and oxidation product (m/z=325); C: AQ (m/z=356)
and AQQI (m/z=354). Also shown are the oxidation pathways and structures of the drugs and
detected oxidation products.
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Table 3.1: Masses detected by MS, proposed molecular formulae of the oxidation products of CPZ,
CLZ and AQ and modifications of the starting compounds by electrochemical oxidation. Spectra
were recalibrated on the masses of the starting compounds.
Detected m/z

Calculated

Deviation

m/z

(ppm)

-

-

Molecular formula

Detected ion

Modification

C17H20ClN2S

[M+H]+

-e-

Chlorpromazine
319.1030
318.0969

318.0952

5.3

C17H19ClN2S

[M]•+

335.0985

335.0979

1.8

C17H20ClN2OS

[M+H]+

327.1371

-

-

C18H20ClN4

[M+H]+

-

325.1232

325.1215

5.2

C18H18ClN4

[M]+

-H+, -2e-

-

-

C20H23ClN3O

[M+H]+

-

C20H21ClN3O

[M+H]+

-2H+, -2e-

+H2O, -2H+, -

2e-

Clozapine

Amodiaquine
356.1524
354.1381

354.1368

3.7

The transit time (tr) in the system was determined for every detected metabolite from
the extracted ion chromatograms shown in figure 3.2. The resulting values are listed
in table 3.2, which are based on the time it takes for the recorded MS signal to reach
a threshold value upon the start of electrochemical oxidation, as described in the
experimental section. A possible explanation for the variation in the measured
transit times of the different compounds could be a difference in adsorption
characteristics of the substances to the glass channel walls and platinum electrodes.
In the traces of figure 3.2, a significant rise time can be observed as well, especially
for the CLZ nitrenium ion and AQQI. This behavior suggests the presence of dead
volume which acts as a capacity, and could be described by an exponential rise. For
the metabolites of CLZ and AQ, these curves are fitted successfully with average
time constants of 11 and 18 s, respectively, based on an estimation of the asymptotic
values. The traces for the metabolites of CPZ show more variation on their high
values, making it difficult to obtain a good estimate for the time constants. See
appendix A.4 for more details.
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Table 3.2: Transit time between

electrochemical oxidation of drug compounds
and MS detection of drug metabolites.
Detected metabolite

Transit time (s)

CPZ sulfoxide

5±2

CPZ radical cation

4±1

CLZ nitrenium ion

3±1

AQQI

6±2

The rapid response of this system provides two advantages. First, it allowed to
further investigate the influence of the WE potential on the oxidation efficiency of
the three pharmaceutical compounds. Therefore, a linear potential sweep from 0 to
1.2 V with 2 mV/s was applied to the WE and mass spectra were recorded at the
same time. From these data, real-time mass voltammograms (MVs) were generated
which provide a rapid qualitative analysis of the introduced substance, identifying
oxidation products that can be expected to appear. In figure 3.3, the mass
voltammograms are shown for the three different drug compounds. In every MV,
oxidation products are visible starting at 0 V. This could be attributed to
electrochemical oxidation in the ESI needle, which typically carries an electrospray
current of 45-65 nA. In the MVs of CPZ and CLZ, the signal intensity of the starting
compounds (red) decrease initially when the WE potentials increase, and do not
decrease further for potentials of 0.5 V and above. This suggests that the oxidation
efficiency did not increase significantly above this potential. This is confirmed by
both the reduced slope in signal intensities for the CPZ radical cation and the CLZ
nitrenium ion in this potential range, and by the coinciding extracted ion
chromatograms in figure 3.2 A and B. Furthermore, it can be seen that CLZ shows
the lowest oxidation efficiency, followed by AQ. When the potential exceeds 1.0 V,
the oxidation efficiency of AQ increases. This is also observed in figure 3.2C and
confirmed by applying a potential sweep up to 1.5 V (data not shown). The highest
oxidation efficiency is observed for CPZ. However, in the MV of CPZ, the signal for
the CPZ sulfoxide has a different trend compared to the signal for the radical cation.
At lower potentials, the signal for the sulfoxide increases with a more gentle slope
and after the potential exceeds 0.5 V, the signal increases steadily. This suggests that
the formation of the sulfoxide requires a higher potential compared to the formation
of the radical cation, which is an observation that could not be made in figure 3.2A.
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Second, the short transit time between metabolite generation and detection allowed
the identification of the short-lived metabolite of chlorpromazine, represented by
the peaks at m/z=318 (see figure 3.3A). This is confirmed by two observations. First,
the absence of a

C isotope peak at m/z=318.5 excludes the possibility that the

13

detected signal is caused by a doubly charged dimer of chlorpromazine. Second, the
low deviation of 5.3 ppm between the calculated and detected m/z suggests that the
proposed structure is correct.
Finally, to confirm that the CPZ radical cation is a short-lived metabolite, CPZ was
oxidized in the macro-scale thin-layer electrochemical flow cell (ReactorCell), which
was connected to an original micrOTOF ESI interface using a capillary that
introduced a time delay of 1 min. A mass voltammogram was generated by applying
a potential sweep to the WE (0-2.0 V, 10 mV/s), see figure 3.4. In this MV, the signal
intensity for the radical cation (green) compared to the signal intensity for the
sulfoxide (blue) is much lower than observed in figure 3.3A, which was recorded
using the newly developed system that has transit time of only 4.5 s. These results
show that the relatively lower signal intensity for this metabolite observed in
figure 3.4 can be attributed to the increased transit time in the system, which is
longer than the lifetime of the radical cation. A possible explanation for the detected
baseline signals corresponding to oxidation products starting at a WE potential of
0 V is some additional oxidation of CPZ in the ESI emitter. However, these signals
have much lower intensities compared to the chip-based system due to the different
ESI interface and the higher flow-rate used. Also note the difference in oxidation
potentials compared to the MV in figure 3.3A, which can partly be explained by the
use of a different RE in the flow cell compared to the chip. Our interpretation of this
data is supported by observations from Lu et al,40 who found the CPZ radical cation
in an EC/DESI-MS setup, where desorption electrospray ionization was employed.
When the flow rate was set to 5 µL/min, the transit time between oxidation and MS
detection was approximately 15 s, which they estimated to be the lifetime of this
metabolite. In comparison, our measurements are characterized by a significantly
shorter transit time at lower flow rates and a higher yield of CPZ oxidation products,
including the radical cation. With this, significant advantages of using microfluidics
technology in phase I drug metabolism studies have been demonstrated.
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Figure 3.3: Real-time mass voltammograms generated by applying a linear
potential sweep to the WE of the chip (0-1.2 V, 2 mV/s), while recording mass
spectra of A: CPZ (m/z=319); B: CLZ (m/z=327) and C: AQ (m/z=356). When the
potential is increased, the signal intensities of the original compounds (red)
decrease while the signal intensities of the detected oxidation products
(green/blue) increase. The structural formula is shown for each of the compounds
involved.
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Figure 3.4: Mass voltammogram of chlorpromazine which was oxidized in a macro-scale thinlayer flow cell. A linear potential sweep was applied (0-2.0 V, 10 mV/s) and the transit time
between oxidation and MS detection was set to 1 min. The structural formulae of the different
substances are indicated. Only a small signal at low potentials is observed for the radical cation
(m/z=318).

3.3.2 Generation of phase II metabolites and protein modification
Next, reactive metabolites were generated in the electrochemical chip to evaluate
their reactivity towards peptides and larger biomolecules such as proteins. The aim
was to investigate the detoxification process of reactive species, to form possible
phase II metabolites and to estimate toxic side effects due to protein binding.
Paracetamol (APAP) was selected as a model compound because it forms reactive
metabolites in vivo that could also be generated electrochemically.33,34
APAP was oxidized at a constant potential of 1.2 V and a solution of the endogenous
nucleophile GSH was added to the effluent of the WE channel. After a reaction time
of 3 min, the mixture was analyzed via MS using the commercial ESI interface. In
figure 3.5, the pathway of the electrochemical oxidation of APAP and the reaction of
the

generated

reactive

metabolite

NAPQI

with

GSH

are

shown.

Via

dehydrogenation of APAP, the reactive intermediate NAPQI with its electrophilic
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structure was formed. In a 1,4-Michael addition, NAPQI can directly react with the
free thiol group of the cysteine residue in GSH resulting in the corresponding
NAPQI-GSH adduct. Furthermore, the reactive benzoquinone can be formed due to
hydrolysis of NAPQI in aqueous solutions. However, no conjugate of GSH with
benzoquinone was detected in this study, although the reactivity of benzoquinone
towards cysteine containing biomolecules is well known.41–43 This demonstrates that
the reaction time to form the NAPQI-GSH adduct is short enough to avoid
hydrolysis of NAPQI taking place. Additionally, polymerization of APAP can occur
during electrochemical oxidation.
Figure 3.5 also shows the extracted ion traces of this experiment. After 4.5 min of MS
recording, the potential was switched on and held at 1.2 V for 12 min. After 3 min of
reaction time, the ion traces of APAP (m/z=152) and GSH (m/z=308) started to
decrease. This can be traced back to the electrochemical oxidation of APAP and
adduct formation of GSH with reactive oxidation products, since at the same time, a
signal for the NAPQI-GSH adduct (m/z=457) started to appear. Additionally, an
adduct of a dehydrogenated dimer of APAP with GSH (m/z=606) could be identified.
This reactive intermediate was formed after dimerization of APAP and was a side
product of the electrochemical oxidation. After 12 min of oxidation, the signal
intensities of the products decreased and the traces of APAP and GSH started to
increase again. Since GSH was modified only one time, the adduct formation
selectively took place at the free thiol group of the cysteine residue.
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Figure 3.5: Extracted ion traces of APAP (m/z=152), GSH (m/z=308), the NAPQI-GSH adduct
(m/z=457) and a GSH adduct of a dehydrogenated dimer of APAP (m/z=606). After 4.5 min of MS
recording, the potential of 1.2 V was switched on for 12 min. Also shown are the oxidation pathway
of APAP and the reaction scheme of the addition of NAPQI to GSH.
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Next, reactive metabolites of APAP were generated on-chip to modify the protein
carbonic anhydrase I (CAI), which is an important transport protein for CO2 in the
human body. It consists of 260 amino acids and contains one free cysteine moiety
with a nucleophilic thiol group. After electrochemical oxidation of APAP at 1.2 V,
the protein was added and the mixture was allowed to react for 3 min. Afterwards,
the solution was analyzed on-line using HPLC/ESI-MS. By collecting the reaction
mixture in an injection coil and switching the six-port-valve, the protein fraction was
separated from the salts and small molecules on the HPLC column to achieve a good
signal-to-noise ratio in the MS. The deconvoluted mass spectrum of unmodified CAI
is shown in figure 3.6. After deconvolution of the detected charge states (+12 to +40,
detected mass spectrum shown in appendix A.5) a mass of 28.780 kDa for CAI was
obtained, which matches the calculated mass based on the amino acid sequence.
After incubation with oxidized APAP, the corresponding mass spectrum of the CAI
adducts formed with reactive metabolites was observed (see figure 3.6). The charge
states of the protein were shifted towards higher masses resulting in a deconvoluted
mass of 28.930 kDa. The mass difference of 150 Da can be traced back to the addition
of one NAPQI to CAI. The modification of CAI is expected to take place at the free
thiol function, which is supported by two observations. First, the reactivity of
NAPQI towards thiol groups was already demonstrated for GSH. Second, CAI
contains multiple N nucleophilic residues, such as lysine and histidine, and
therefore a distribution of signals for multiple modified proteins should be detected
if these groups would have been involved as well. Furthermore, a dehydrogenated
dimer of APAP forms an adduct with the protein (29.029 kDa), which is analogous
to GSH.
With these experiments, it is shown that the electrochemical chip can generate
toxicologically relevant metabolites of APAP, which form adducts with both small
peptides and large proteins. Therefore, the chip can be employed for generating
phase II metabolites and estimating toxic side effects as a result of protein
modification.
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Figure 3.6: Mass spectra of carbonic anhydrase I (28.780 kDa) incubated with APAP without
applied potential (top) and after oxidation at 1.2 V (bottom). Following electrochemical oxidation of
APAP, CAI was modified and two adducts could be identified at 28.930 kDa (+NAPQI) and
29.029 kDa (+dehydrogenated dimer).

3.4 Conclusions
This work demonstrates the potential of an on-line EC/ESI-MS system with an
electrochemical chip for use in the screening of drug candidates for short-lived and
potentially toxic metabolites while consuming a small volume of analyte (20 µL for
an MV). Real-time mass voltammograms were recorded of the pharmaceuticals
chlorpromazine, clozapine and amodiaquine, which allow identification of
metabolites generated over a range of oxidation potentials. Although the approach
of direct electrochemical oxidation is not capable of mimicking all oxidation
reactions carried out by the CYP450 enzymes, this system can serve as a valuable
complementary tool in the drug discovery process in the sense that if a toxic
metabolite is detected, it is likely that the candidate drug compound needs to be
abandoned. This would save time and costs involved in more expensive testing
procedures, such as those involving animal models. The short transit time of our
chip with integrated ESI needle (~4.5 s) allowed us to detect an unstable radical
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cation upon oxidation of chlorpromazine, which demonstrates the advantage of our
system in the screening for short-lived metabolites. In addition, it was demonstrated
that the electrochemical chip can be used for both generation of phase II metabolites
and protein modification studies. This allows a further characterization of
electrochemically generated metabolites with regard to their reactivity towards
different biomolecules such as small endogenous nucleophiles and toxicologically
relevant proteins. Therefore, this technology shows promise to be used in valuable
assays in the early stages of the drug discovery process.
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4

Oxidation and adduct formation
of xenobiotics in a microreactor

Reactive xenobiotic metabolites and their adduct formation with biomolecules such as
proteins are important to study as they can be detrimental to human health. Here a
microfluidic electrochemical cell with integrated micromixer is presented to study phase I
and phase II metabolism as well as protein adduct formation of xenobiotics in a purely
instrumental approach. The newly developed microfluidic device enables both the generation
of reactive metabolites through electrochemical oxidation and subsequent adduct formation
with biomolecules in a chemical microreactor. This allows one to study the detoxification of
reactive species with glutathione and to predict potential toxicity of xenobiotics as a result of
protein modification. Efficient mixing in microfluidic systems is a slow process due to the
typically laminar flow conditions in shallow channels. Therefore, a passive gradient rotation
micromixer has been designed that is capable of mixing liquids efficiently in a 790 pL volume
within tens of milliseconds. The mixer is located immediately downstream of the working
electrode of an electrochemical cell with integrated boron doped diamond electrodes. In
conjunction with mass spectrometry, the two microreactors integrated in a single device
provide a powerful tool to study the metabolism and toxicity of xenobiotics, which was
demonstrated by the investigation of the model compound 1-hydroxypyrene.

This chapter is based on a manuscript by: F.T.G. van den Brink, T. Wigger, L. Ma, M. Odijk, W. Olthuis,
U. Karst, A. van den Berg, submitted to Lab on a Chip (2016).
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4.1 Introduction
Covalent binding of reactive species to biomolecules plays a crucial role in the
toxicity of xenobiotics. The fundamental idea of this concept emerged in 1938, when
Fieser was the first to suggest a toxic mechanism involving the conjugation of
xenobiotics to “substances present in the organism”.1 About ten years later, Miller
and Miller reported the binding of aminoazo dyes to proteins in rat liver.2 This was
followed by numerous studies which substantiated the link between adduct
formation and xenobiotic-induced toxicity.3–8
Adduct formation is a process usually initiated by the bio-activation of xenobiotic
compounds during phase I metabolism. Via metabolic transformation, highly
reactive and predominantly electrophilic species are generated, such as quinones
and related compounds, which are able to react with nucleophilic groups in
biomolecules. The consequences of this covalent binding are diverse and depend on
a variety of factors, such as the type and extent of the modification. In some cases,
adduct formation and the resulting structural changes can lead to the impairment or
the loss of essential functional properties of the affected biomolecules.9–11
An important class of target molecules for reactive species are proteins.11 Here, the
conjugation often occurs at nucleophilic groups of amino acids such as cysteine or
lysine. The modification of important structural or regulatory proteins can cause
cellular dysfunction or even cell death, which ultimately leads to toxic effects such
as organ damage or cancer. One important example for protein adduct-mediated
toxicity is paracetamol (APAP), which is widely used as an analgesic and antipyretic
drug. While therapeutic doses are generally considered safe, an overdose can induce
severe liver injury. The reactive metabolite N-acetyl-p-benzoquinone imine (NAPQI)
can bind to proteins and is thereby responsible for this hepatotoxicity.12
Besides organ toxicity, protein adducts can also play a role in allergic processes.
Protein modification can result in the formation of an immunogen, which is
recognized by the immune system and can therefore elicit an immune response. This
mechanism plays a role in the skin-sensitizing process of cosmetic ingredients.10,13
Due to their relevance in xenobiotics-induced toxicity, protein adducts are of interest
for the elucidation of toxic mechanisms and risk assessment of xenobiotics.
Moreover, they can serve as biomarkers for monitoring the exposure to toxic
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substances.14,15 Therefore, the development of analytical methods that enable the fast
identification and characterization of reactive metabolites and their protein adducts
is of importance.
One approach that has shown to be powerful for studying the metabolism of
xenobiotics is the direct coupling of electrochemistry with mass spectrometry
(EC/MS).16–18 This purely instrumental technique aims at mimicking oxidative
metabolism in an electrochemical cell. Compared to conventional methods, such as
in vivo and in vitro metabolism studies, this method is much faster and cheaper and
enables the direct detection of reactive intermediates due to the absence of a complex
biological matrix. Furthermore, EC/MS allows one to study adduct formation of
reactive species under defined conditions by adding selected biomolecules to the
electrochemically generated oxidation products. A comprehensive overview of the
various applications of EC/MS in metabolism studies is provided in a review.19
Conversion efficiency in an electrochemical cell depends on the contact time
between analyte and electrode surface, which is determined by the diffusion time
needed for analyte molecules to reach the electrode with respect to their residence
time within the cell. Conversion efficiencies can therefore be increased by reducing
the diffusion distances to microfluidic length scales. To this end, microfluidic
electrochemical cells were developed and coupled to MS equipment for a variety of
drug metabolism studies.20–23 Moreover, attaching an electrospray ionization (ESI)
emitter directly to the electrochemical microreactor resulted in a short transit time
of just a few seconds, enabling detection of short-lived radical drug metabolites.23
Using these technologies, high electrochemical conversion efficiencies were
obtained using small amounts of analyte, while keeping analysis times short. The
design and use of microfluidic electrochemical cells for MS-based applications are
described in more detail in a review.24
In adduct formation studies, mixing reagents is often done by introducing a
T-junction downstream of the electrochemical cell. Depending on the exact setup
and flow rates used, it can take seconds up to tens of seconds for the
electrochemically generated metabolites to reach the T-junction.23 If rapid mixing is
desired due to limited stability of reactive metabolites, another approach is needed.
Due to the small volumes of microfluidic devices, the time between
electrogeneration of reactive metabolites and follow-up reactions could be
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drastically reduced through integration of both electrochemical and chemical reactor
in a single device. However, fluid flow in microfluidic structures is usually laminar,
often with Reynolds numbers <1. Therefore, if no additional measures are taken,
mixing reagents by combining two streams of liquid will rely on diffusion only.
Microfluidic structures for mixing reagents are most commonly classified as ‘active’
and ‘passive’ micromixers. Active mixers require an external source such as acoustic
waves or magnetic fields to generate turbulence, whereas passive mixers typically
rely on reducing diffusion times or on generating chaotic advection. Extensive
reviews are published on these types of mixers.25,26 Passive mixers are in many cases
preferred due to their robustness and absence of external energy sources apart from
a pump. In the Stokes flow regime (Re<1), mixing relies on diffusion only. In classical
diffusion mixers two streams of reagent are squeezed through a narrow channel,
thereby reducing the diffusion distance required for mixing.27 In another approach,
rapid diffusive mixing was achieved by increasing the contact surface between two
streams of liquid. Each flow is subdivided in several laminae, after which these are
recombined in an alternating fashion, each of them being sandwiched between two
laminae from the other stream, thereby also reducing diffusion distances.28,29
Alternatively, laminar flow was manipulated using so-called ‘herringbone’
structures at the bottom of microchannels, which initiate helical flow trajectories.30
Furthermore, splitting and recombining was combined with grooves to achieve
folding of flow laminae in planar structures.31 Typical channel lengths required for
mixing based on the grooves or herringbone structures were several millimeters. In
the intermediate flow regime of 1<Re<100, chaotic advection starts to play a role.
Structures designed to exploit this effect for enhanced mixing include meandering
microchannels, which produce stirring as a result of twisting the flow field in threedimensional bends,32 or zig-zag channels in which recirculation zones are generated
at the corners of triangular-shaped structures.33 Furthermore, it was shown that one
can generate a swirling flow field in a microfluidic vortex chamber operated at high
pressure (15 bar), to achieve rapid mixing in a few milliseconds.34 Finally, efficient
mixing using electro-osmotic flow has been demonstrated in a parallel channel
network of only 100 pL volume,35 but this design is not expected to work well for
pressure-driven flow systems.
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In this work we demonstrate the use of a combined electrochemical/chemical
microreactor for xenobiotic toxicity studies. In the first step, reactive phase I
metabolites are generated in an electrochemical cell with integrated boron doped
diamond (BDD) electrodes. Working and counter electrodes (WE and CE) are
located in individual channels, to keep their respective products separated. To
provide sufficient ionic conductance and promote a uniform current density over
the electrode surfaces, a frit channel network is implemented to connect these two
electrodes electrically. A Pt pseudo-reference electrode (pRE) is located upstream
and in close proximity to the WE. In this design, we combine the benefits of wellcontrolled electrochemistry on chip within a small (160 nL) reactor volume and short
reaction times. In the second step, subsequent to the working electrode,
electrogenerated metabolites are allowed to react within seconds with a variety of
biomolecules in a newly designed passive gradient rotation micromixer. This mixer
is designed specifically to rapidly mix liquids in the shallow channels required for
thin-layer electrochemical flow cells and its operating principle is based on rotation
of the concentration gradient to span the channel height. A mixing efficiency of 7680 % was measured using fluorescent dyes in a 790 pL volume on a 0.12 mm²
footprint.
The model compound selected for these studies is 1-hydroxypyrene (1-OHP).
1-OHP is a partially oxidized derivative of pyrene and therefore belongs to the large
group

of

polycyclic

aromatic

hydrocarbons

(PAHs).

These

widespread

environmental contaminants are released due to incomplete combustion of organic
matter, such as carbon-based fuels and it has been reported that occupational
exposure to PAHs is related to increased risks of cancer.36–39 1-OHP is formed not
only due to oxidative transformation processes of pyrene in the environment, but
also represents an important metabolite that is used as a biomarker in several studies
related to occupational exposure to PAHs.39–42 It has already been shown in
electrolytic and photolytic investigations that oxidation of 1-OHP can lead to the
formation of quinoid species.43,44. These are potential reactive intermediates for
protein adduct formation.45
To study the electrochemical oxidation behavior of 1-OHP in the newly developed
microfluidic electrochemical cell, mass voltammograms were recorded using an online EC-MS configuration. To highlight the benefits of BDD on chip with respect to
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platinum, a mass voltammogram of 1-OHP was also recorded using Pt electrodes in
an otherwise identical electrochemical cell, showing a reduced potential window
available for oxidation and a smaller amount of products being generated.
Subsequently, the reactivity of these phase I metabolites towards nucleophilic thiol
groups was studied using a variety of endogenous compounds. First, adducts were
formed with the endogenous antioxidant glutathione (GSH), to demonstrate the
reactivity of phase I metabolites towards the thiol group of cysteine and to mimic
detoxification. Binding of GSH to the often hydrophobic xenobiotic compound or its
reactive phase I metabolite is a metabolic pathway to produce a hydrophilic adduct
that can be easier transported and ultimately excreted. Following this, the proteins
bovine β-lactoglobulin A (LGA) and human hemoglobin (Hb) were modified with
the electrochemically generated metabolites of 1-OHP. This series of experiments
demonstrates that the microfluidic electrochemical cell with integrated gradient
rotation mixer in a single platform constitutes a powerful tool in xenobiotic
metabolism studies; to generate reactive metabolites of environmental pollutants,
mimic their detoxification and study possible toxicity as a result of protein binding.

4.2 Experimental
4.2.1 Microfluidic electrochemical cell and micromixer on chip
The electrochemical cell and gradient rotation mixer integrated in a single device are
illustrated in figure 4.1 A and B. The chip is built up from four layers of microfabricated structures, shown in figure 4.1C, which are I) a BDD-on-insulator wafer
with the WE and CE structured in BDD on top of a Si3N4/SiO2 layer, and II) the pRE
and electrical contact pads made from sputtered platinum. Microchannels were
made in 5 µm thick SU-8 (III), and additional 5 µm deep structures and access holes
were etched and powder blasted in borosilicate glass, respectively (IV). The
complete fabrication process can be found in appendix F. For fluorescence
microscopy experiments and on-line EC/MS analysis to compare the performance of
different electrode materials, this cell is also fabricated with a complete Pt threeelectrode system in glass (Pt/glass version). Following the inlet of the
electrochemical cell, the flow is split at a T-junction into two separate channels – one
located above the WE and the other located above the CE (see figure 4.1D), to keep
their reaction products separated. The pRE is located in close proximity to the WE
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(300 µm distance) just before the junction to minimize the electrolyte resistance
between these two electrodes and to prevent unwanted Ohmic drop. A network of
narrow channels (frit channels) is located between the WE and CE channels to
promote ionic conductance between the WE and CE and to generate a uniform
current density over the electrodes. It has been shown previously that the use of frit
channels can significantly enhance the electrochemical conversion efficiency of a
microfluidic cell.22
The gradient rotation mixer is located just ahead of the WE, at a distance of ~1.5 mm,
to enable rapid mixing of electrogenerated products with additional reagents. For
example, if the flow rate over the WE is 1 µL/min, the time for an oxidation product
to reach the mixer will be between 0.1 s (from the end of the WE) and 1.5 s (from the
beginning of the WE). figure 4.1E shows an enlargement of the mixing structures.
This mixer is fabricated in two fluidic layers of 5 µm depth, which are I) the SU-8
layer connected to the electrochemical cell, and II) the etched borosilicate glass layer
connected to inlet 2. The channel coming from inlet 2 is also split at a T-junction,
with one channel combining with the flow over the CE, together going to the waste
outlet, and the other channel combining with the flow over the WE, together
entering the mixer. This symmetric design ensures an equal pressure throughout the
WE and CE channels, resulting in an equal flow rate in both channels and avoiding
undesired convection in the frit channel network. With a total length of 600 µm, and
a width of 200 µm, this mixer has a footprint of 0.12 mm² and a total volume of
790 pL. With a total flow rate of 2 µL/min, the mixing time is 24 ms.
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Figure 4.1: Combined electrochemical and chemical microreactor. A: Photo of completed device
equipped with BDD electrodes. B: Exploded view of the chip, showing the different layers with
microstructures. C: Schematic layout of the four layers with structures containing I) a BDD WE and
CE, and II) a Pt pRE and contact pads. Microchannels were made from 5 µm thick SU-8 (III) and
additional 5 µm deep structures and access holes were etched and powder blasted in borosilicate
glass, respectively (IV). D: Schematic diagram of the two fluidic layers of structures. E: Expanded
view of the micromixer, indicating the direction of the flow. Insets: The separate structures in SU-8 (I)
and glass (II), and a cross-sectional view along the red line (III).

4.2.2 Chemicals
For the mixing efficiency studies, solutions were prepared of 50 µg/mL Alexa Fluor
488 (AF 488) and 16 µg/mL Alexa Fluor 647 (AF 647), both in phosphate buffered
saline, pH 7.4 (PBS). These concentrations were chosen based on their reported
extinction coefficients (83000 cm-1M-1 for AF 488 and 270000 cm-1M-1 for AF 647).
For the PAH metabolism studies, a solution was prepared of 50 µM 1hydroxypyrene in 50/50 (v/v) 100 mM aqueous ammonium formate (pH
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7.4)/acetonitrile. The ammonium formate buffer was adjusted to pH 7.4 using a 1 %
aqueous ammonia solution. Glutathione was prepared at a 50 µM concentration in
water, and bovine β-lactoglobulin A and human hemoglobin were both prepared at
a 20 µM concentration in 6 M aqueous guanidinium hydrochloride.
Alexa Fluor 488 carboxylic acid, tris(triethylammonium) salt and Alexa Fluor 647
carboxylic acid, tris(triethylammonium) salt were obtained from Life Technologies
(Bleiswijk, The Netherlands). 1-Hydroxypyrene, glutathione, β-lactoglobulin A,
human

hemoglobin,

ammonium

formate,

formic

acid

and

guanidinium

hydrochloride were purchased from Sigma-Aldrich GmbH (Steinheim, Germany).
Acetonitrile was obtained from Merck (Darmstadt, Germany). Water was purified
before use with an Aquatron A4000D system (Barloworld Scientific, Nemours,
France).

4.2.3 Instrumentation and Measurements
The electrochemical/chemical microreactor was installed in a custom-made chip
holder using NanoPort fluidic connectors (Upchurch Scientific), and flushed with
buffer solution prior to use. Analyte solutions were introduced at a total flow rate of
2 µL/min at each inlet using a syringe pump (Nemesys, Cetoni, Korbussen,
Germany) installed in a Lab-in-a-Suitcase.46 Since both inlets are connected to a Tjunction, this results in a 1 µL/min flow over the WE, and both analytes combined
produce a 2 µL/min flow through the mixer and ESI interface, as well as a 2 µL/min
flow going to waste. To characterize the micromixer, a Pt/glass microfluidic chip was
installed on the microscopy table of an Invitrogen EVOS FL Cell Imaging system
(Bleiswijk, The Netherlands). Images were acquired with a Sony ICX285AQ color
CCD camera. An EVOS GFP light cube was used in combination with AF 488, and
an EVOS CY5 light cube was used in combination with AF 647. To obtain
quantitative information about the mixing efficiency, one dye was used at a time and
mixed with PBS buffer. To visualize the concentration profiles, both dyes were
mixed and overlay images were produced. Image processing and quantitative
analysis was done using ImageJ software (NIH, Bethesda, USA).
Three

different

experiments

were

performed

using

the

microfluidic

electrochemical/chemical reactor. Prior to electrochemical oxidation, cyclic
voltammetry scans were recorded in buffer solution (-2-2 V, 100 mV/s) until
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reproducible CVs were obtained. First, mass voltammograms of 1-OHP were
recorded using on-line EC-MS measurements by applying a linear potential sweep
to the WE from 0 to 2500 mV with a 10 mV/s scan rate using a portable potentiostat
(SP 200, Bio-Logic, Claix, France). Analyte was introduced at a flow rate of 2 µL/min
through inlet 1, and buffer was added at the same flow rate through inlet 2. This
resulted in a total flow rate of 2 µL/min into the MS. The oxidation products were
analyzed using a Time-of-Flight MS (micrOTOF, Bruker Daltonics, Bremen,
Germany), which was operated in the positive ionization mode. To compare the
performance of BDD with Pt as WE materials, oxidation of 1-OHP was evaluated in
the Pt/glass version of the microfluidic electrochemical cell. In this experiment, online mass voltammograms were recorded by ramping the WE potential from 0 to
1500 mV at 10 mV/s.
Second, electrogenerated reactive metabolites of 1-OHP were captured by adding
GSH to the 2nd inlet of the chemical microreactor at a flow rate of 2 µL/min. Mass
voltammograms

(0-2500 mV,

10 mV/s)

were

recorded

in

on-line

EC-MS

measurements to monitor these reactions. Third, protein modification by reactive
metabolites was studied. Using a constant potential of 1.2 V, 1-OHP was oxidized
and a protein solution (containing β-lactoglobulin A or hemoglobin) was added to
the effluent of the WE channel. The microreactor was coupled to an injection coil for
on-line HPLC/MS analysis via a six-port valve connected to an LC system (Alexys,
Antec Leyden, Zouterwoude, The Netherlands), which consisted of two LC 100
pumps, an OR 110 organizer rack with degasser and pulse dampener, an AS 100
autosampler and a Roxy column oven. By switching the valve, a 5 µL sample plug
was loaded onto the LC column (Discovery Bio Wide Pore C5, 150 x 2.1 mm
(length x inner diameter), 5 µm particle size, Supelco, Steinheim, Germany). The
mobile phase was composed of 0.1 % formic acid and acetonitrile, the flow rate was
set to 300 µL/min and the temperature was 40 °C. For LGA adducts, a binary
gradient was used starting at 25 % acetonitrile for 2 min. Following this, the amount
of acetonitrile was increased to 60 % in 4 min and kept at this level for 3 min. The
acetonitrile content was subsequently decreased to 25 % in 3 min, after which the
system was equilibrated for 3 min. For Hb adducts, the gradient also started at 25 %
acetonitrile for 2 min. Following this, the amount of acetonitrile was increased to
38 % in 8 min, followed by a further increase to 70 % in 4 min and kept at this level
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for 3 min. The acetonitrile content was subsequently decreased to 25 % in 3 min,
after which the system was equilibrated for 3 min. During the first 2.5 min of
separation, the LC effluent was directed into the waste container in order to discard
the salt fraction. MS detection was carried out in positive ionization mode, see
detailed settings in appendix B.1.

4.3 Results and Discussion
4.3.1 Operating principle of the passive gradient rotation mixer
The challenge faced when designing a mixer for this device was to work with fluidic
layers of 5 µm height, required to achieve high conversion efficiencies in the
electrochemical cell, while keeping the pressure drop over the mixer within
reasonable limits. To handle this, we designed structures capable of rotating the
concentration gradient formed upon combining the two liquids to such an extent
that it spans the mixing chamber height instead of width and diffusion distances are
drastically reduced. This promotes the mixing process within a short distance of
600 µm.
The structures constituting the gradient rotation mixer are shown schematically in
figure 4.2. One mixer inlet is provided with liquid coming from the WE of the
electrochemical cell in the SU-8 layer, and the second inlet is connected to the Tjunction etched in glass, which means that the two streams are combined on top of
one another. This combined flow enters the mixer through the first ‘neck’, a 10 µm
long channel with a 10 x 10 µm² cross-sectional surface area, which connects to the
first 10 µm deep circular mixing chamber. Inside this chamber, the flow is split and
recombined in the second neck. This structure is repeated to split-and-recombine the
flow a second time before the solution is ejected from the mixer via the third neck.
At the outlet, the channel depth is reduced to 5 µm height, as these channels are
made from SU-8 only.
At the entrance of the mixer, the concentration profile is diagonal due to the stacked
inlet channels. To rapidly mix these liquids, mass transport has to be enhanced. In
this mixing process, the initially diagonal concentration gradient that emerges upon
combining the two flows is rotated to reduce diffusion distances and enlarge
interfacial contact area of the liquids. To achieve this, 5 µm high barriers are located
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at the entrance and exit of each mixing chamber, that manipulate the flow velocity
field in such a way that the concentration profile is forced to rotate, providing a
nearly vertical gradient within the mixing chambers. See also figure 4.1E (III) for a
schematic illustration of the structures. This mixing process is further investigated
using numerical simulations.

Figure 4.2: Illustration of the rotating gradient mixer. Flow directions are
indicated with arrows, and the structure heights are doubled for easier
visualization.
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4.3.2 Numerical simulation
To predict the mixing efficiency in a 3D model of the mixing structures, simulations
were performed using COMSOL Multiphysics (version 5.1). First, the flow velocity
and pressure variables were calculated for a stationary incompressible laminar flow
according to the steady-state Navier-Stokes and continuity equation:
 ∙  = − +   
·=0

(4.1)
(4.2)

Viscosity (µ) and density (ρ) of water were used (0.89 mPa·s and 1000 kg/m3,
respectively). Boundary conditions at each inlet are set to 1 µL/min flow rate, and at
the outlet is zero pressure (vs. a reference pressure of 1 atm). All other boundaries
are provided with a no-slip condition (u=0). The calculated velocity field was
subsequently used to obtain concentration profiles by solving the steady-state
convection-diffusion equation:
 · # =   #

(4.3)

Boundary conditions at the two inlets are a starting concentration (c0) of 1 mM and
zero concentration, respectively. The concentration gradient normal to the outlet is
assumed to be zero and the normal flux at all other boundaries are zero. The
diffusion coefficients (D) evaluated are 4.4·10-10 and 3.3·10-10 m²/s from the two Alexa
Fluor dyes (AF 488 and AF 647, respectively47,48), 1.0·10-09 and 1.0·10-10 m²/s. The
concentration profiles obtained for AF 488 are shown in figure 4.3A.
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Figure 4.3: Numerical simulation results of the gradient rotation mixer. A: 3D plot of the mixer
(including spatial dimensions in µm and coordinate system) containing slices with concentration
profiles across the mixer, showing the gradient to be stretched out inside the two mixing chambers.
Insets: cross-sectional view of the concentration profiles in the three 10 x 10 µm² ‘necks’. The arrows
represent x and z components of the flow velocity field. B: Concentration distribution at the center
plane of the mixer. Along the red line, the concentration is averaged over the channel depth and
plotted as a function of position for diffusion coefficients D=1.0·10-09, 4.4·10-10, 3.3·10-10 and
1.0·10-10 m²/s. C: Concentration profile of a diffusion mixer employing a T-junction where two
streams of liquid are combined. D: Concentration profile representing zero mixing, which is used for
efficiency calculations.

It can be seen that the concentration gradient is stretched to span the mixing chamber
height over almost the entire width of the first chamber. In the second mixing
chamber, only a shallow gradient can be observed because the species are largely
mixed. In the 2D cross-sectional plots of the 10 x 10 µm² necks, a clockwise rotation
of the concentration gradient can be observed when moving in the direction of the
flow velocity. The arrows represent the horizontal (u) and vertical components (w)
of the velocity field u. These transversal components, which are absent in a regular
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straight channel carrying a laminar flow (see example in figure 4.3C), result from
manipulation of the laminar flow velocity field within these mixer structures and
are expected to be responsible for mixing in this configuration. As can be seen in
figure 4.3A (III), rotation of the concentration gradient is more than the required 45°
that would be needed for it to be vertically directed; a rotation of almost 180° was
produced instead, to form a semi-diagonal concentration profile at the outlet (IV).
Nevertheless, significant mixing did occur in the process. As it turns out,
manipulation of the concentration gradient depends on the diffusion coefficient and
flow rate that is used. If, for example, a substance with D=1.0·10-09 m²/s is used in
combination with a total flow rate of 1 µl/min, the concentration gradient is rotated
toward a more vertical direction. See appendix B.2 for an analysis analogous to the
one of figure 4.3. Here, the lower Q and higher D produce Peclet numbers
throughout the system that are shifted compared to the simulations in figure 4.3 to
favor more diffusive mass transport, and it could be expected that the rotation of the
concentration gradient, which is mainly the result of advection, is therefore less
prevalent. Using these kinds of simulations, the number of mixing chambers in
future designs can be easily adjusted to fulfil the requirements of specific
applications.
To quantify the mixing process, mixing efficiency is defined by calculating the
standard deviation σmix around the average concentration (#̅) measured over the
channel width, in an approach analogous to Johnson et al.49 This represents the extent
to which the concentration distribution deviates from perfect mixing, which is a
uniform concentration equal to #̅ everywhere in the channel:
1 1 ∑5
(# − #̅)
()*+
 *6 *
8 ∙ 100%
% = &1 − , - ∙ 100% = 01 −
(
#̅
/
7

(4.4)

The concentration is measured at N points along a line spanning the outlet channel.
σ0 represents 0 % mixing and is defined by the situation in which c0 is present over
half the channel width and the other half has zero concentration, as illustrated in
figure 4.3D. Using the concentration profiles extracted from the simulations
(figure 4.3B), predicted mixing efficiencies at 2 µL/min are 82 % for AF 488 and 79 %
for AF 647. In addition, efficiencies of 72 and 92 % were found for diffusion
coefficients of 1.0·10-10 and 1.0·10-09 m²/s, respectively.
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The simulated pressure drop over this mixer was 130 mbar. The pressure of a
straight channel with a certain width (w), height (h) and length (l), with w>>h, is
related to the flow rate (Q) by:
9=

12

:ℎ;

(4.5)

With w=200 µm, h=5 µm, Q=2 µL/min and the viscosity of water (0.89 mPa·s), the
channel length providing an equivalent pressure drop is calculated to be 914 µm.
Simulation of a standard diffusion mixer based on a T-junction of this length results
in mixing efficiencies between 7.8-13 % for the four diffusion coefficients between
1.0·10-10 and 1.0·10-09 m²/s (see the result for AF 488 in figure 4.3C). From this, it can
be concluded that our newly designed gradient rotation mixer with a comparable
footprint (200 µm wide, 600 µm long) provides a significantly improved mixing
efficiency. It can be noticed that the variation in mixing efficiency with changing
diffusion coefficients is lower in our mixer compared to the control experiments.
This suggests that in our mixer a combination of diffusion and advection is
responsible for the mixing process, which qualifies this design to be used for mixing
a variety of biological and chemical substances.

4.3.3 Experimental characterization
To verify the simulations, fluorescence images were analyzed using two fluorescent
dyes. First, both dyes were individually mixed with PBS to obtain quantitative
information about the mixing efficiency. Following this, they were combined to
obtain a visualization of the concentration distributions inside the mixing chambers.
In both experiments, the flow rate at each mixer inlet is 1 µL/min, resulting in a total
flow of 2 µL/min through the mixer. From the data shown in figure 4.4A, a mixing
efficiency was calculated using a modified version of equation 4.4, in which the
recorded pixel intensity values are used instead of concentrations (fluorescence
intensity is proportional to dye concentration in dilute solutions). The
experimentally determined mixing efficiencies are 80 and 76 % for the AF 488 and
AF 647 dyes, respectively, which compares well with the simulation results.
Figure 4.4B shows the microscopy image obtained when the two dyes are combined.
In a qualitative way, this concentration distribution resembles the simulated
distribution from figure 4.3B quite well. In the first mixing chamber, the
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concentration gradient is stretched out and in the second chamber mixing has been
accomplished to a large extent. Ultimately, the purple dye that entered the mixer
from the top side can be found at the bottom of the outlet channel, and vice versa for
the green dye, which confirms that the concentration gradient has turned >45°.

Figure 4.4: Fluorescence spectroscopy measurements to determine mixing efficiency. A:
Intensity profiles for AF 488 and AF 647, measured at the outlet of the mixer when both
dyes are introduced at a flow rate of 1 µL/min. The average intensity is plotted (dashed),
around which the standard deviation was calculated. B: Combined fluorescence images of
both dyes, showing qualitatively the mixing effect and rotation of concentration gradients.
Intensity profiles from (A) are obtained from measurements along the red line, which is
positioned at the same distance from the mixer outlet as the red line in figure 4.3B.
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4.3.4 Electrochemical oxidation of 1-hydroxypyrene
The capability of the microfluidic electrochemical/chemical microreactor to generate
PAH metabolites was tested using 1-hydroxypyrene (1-OHP). A linear potential
sweep from 0 to 2500 mV was applied to the WE with a scan rate of 10 mV/s in an
on-line EC-MS experiment. From these data, mass voltammograms are produced
that allow one to determine the potentials at which oxidation products are generated
and to perform a rapid qualitative screening of the various products that are formed.
The proposed oxidation pathway of 1-OHP is shown in figure 4.5A, and the
recorded mass voltammogram in figure 4.5B. Note that only one structural formula
is presented in these figures for each (intermediate) product, but multiple isomers
can be formed upon oxidation (e.g., 1,6-pyrenequinone and 1,8-pyrenequinone are
known oxidation products of 1-OHP44). It can be seen that oxidation starts at
~400 mV with a decrease in signal intensity for 1-OHP (m/z=217 and 218) and a
simultaneous increase in the signal for the pyrene quinone (PQ) (m/z=233). The
signal intensity for PQ remains stable until the upper limit of the potential sweep at
2500 mV. Also at 400 mV, PQ is further hydroxylated to form hydroxypyrene
quinone (m/z=249), and pyrene quinone imine (PQI) is formed through addition of
an amino group followed by hydrogen loss (m/z=232). At potentials of 800 mV and
above, the signal for 1-OHP has almost completely disappeared, indicating nearly
100 % electrochemical conversion efficiency in the microfluidic cell.
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Figure 4.5: Oxidation of 1-hydroxypyrene. A: Proposed pathway showing expected intermediates
and observed metabolites. Note that one structural formula is given for each (intermediate)
product, but multiple isomers can be formed by this mechanism. B: Mass voltammogram showing
MS signal intensities of 1-OHP and its oxidation products pyrene quinones (PQ, m/z=233), pyrene
quinone imine (PQI, m/z=232) and hydroxypyrene quinone (HPQ, m/z=249) as a function of
applied WE potential. The onset of oxidation is ~400 mV.
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These results demonstrate that this electrochemical microreactor can be used in an
on-line EC-MS setup to generate mass voltammograms and obtain a rapid
assessment of phase I metabolites that could emerge upon oxidation. To
demonstrate the importance of the integrated BDD electrodes in these devices, an
electrochemical cell having an identical geometry equipped with a Pt three-electrode
system was used in the same on-line EC-MS arrangement. A mass voltammogram
was recorded by applying a linear potential sweep to the WE (0-1500 mV, 10 mV/s);
see figure 4.6. The onset of oxidation at this Pt WE is ~800 mV, which is evident from
a decrease in signal intensity for 1-OHP, and a concomitant increase in signal
intensity for the PQ and PQI metabolites. Although the signal for 1-OHP has not yet
disappeared, higher potentials >1500 mV could not be applied due to the onset of
water electrolysis. The oxidation product hydroxypyrene quinone, which was
observed upon oxidation at BDD, is absent in this mass voltammogram. This
comparison demonstrates that BDD could be regarded a better choice of electrode
material for PAH metabolism studies. A possible explanation for this superior
performance could be the capability of BDD to generate hydroxyl radicals (•OH) at
sufficiently high potentials that can oxidize organic compounds.50 This is illustrated
by studies of Comninellis et al., who used 2-naphthol and phenol to demonstrate
that oxidation at a BDD electrode occurs via two mechanisms.51,52 At relatively low
potentials, within the limits of electrolyte stability, partial oxidation occurs to form
quinones (among a few other compounds), and a polymeric film can develop at the
electrode surface. At higher potentials, in the region of electrolyte decomposition,
complete oxidation to CO2 could be achieved. This improvement was attributed to
the formation of hydroxyl radicals, which could both contribute to the oxidation of
2-naphthol and prevent passivation of the electrode surface:
< = → •=< + < ? + @ A

(4.6)

In comparison, at Pt electrodes, irreversible adsorption and polymerization of the
phenol oxidation products hydroquinone and benzoquinone was observed,53 which
rapidly decreased electrode activity.
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Figure 4.6: Mass voltammogram of 1-OHP recorded using a microfluidic electrochemical cell
equipped with a platinum three-electrode system having an identical geometry as the cell used to
obtain figure 4.5. Compared to the mass voltammogram recorded using BDD based electrochemical
cells, limited oxidation of 1-OHP took place, and the only metabolites observed were pyrene
quinones (PQ) and quinone imines (PQI).
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4.3.5 Phase I + II metabolism of 1-OHP
In the second step, the reactivity of electrogenerated phase I metabolites of 1-OHP
towards the antioxidant glutathione (GSH) was evaluated. Glutathione conjugation
is an in vivo detoxification process and part of the metabolism of PAHs. By
generating both phase I and phase II metabolites in a single microfluidic device, we
demonstrate a rapid assay to study detoxification of these common environmental
pollutants.
1-OHP was oxidized using a linear potential sweep (0-2500 mV, 10 mV/s), and the
oxidation products were allowed to react with GSH in the gradient rotation mixer
immediately after leaving the WE of the electrochemical cell. The recorded mass
voltammogram is shown in figure 4.7B. Starting at ~600 mV, two series of PQ-GSH
adducts were detected: one of a PQ with a single GSH, and one of PQ with two GSH
molecules. In addition, Na+ and K+ adducts give rise to extra series of peaks with a
mass shift of 22 and 38 m/z units, respectively, compared to the protonated
molecules. The reaction pathway leading to these GSH conjugated products is
shown in figure 4.7A. Upon electrochemical oxidation of 1-OHP, pyrene quinone is
formed that can react with the free thiol group of cysteine in a 1,4-Michael addition
to produce a pyrenediol adduct (m/z=540). This diol can undergo further
autoxidation to form the quinone adduct (m/z=538). Figure 4.7C shows the mass
voltammogram for these single adducts. In a follow-up reaction, the quinone adduct
can react with another GSH molecule to produce a diol and quinone diadduct
(figure 4.7D). The diol monoadduct and diol diadduct signals in figure 4.7 C and D
show a rather stable signal starting at ~800 mV until the upper limit of the potential
sweep. However, the quinone monoadduct and quinone diadduct signals show an
optimum at ~1300 mV, after which the peaks disappear upon increasing potential,
probably due to other reactions involving these PQ products. The nature of these
reactions could not be elucidated, because no other products were found in this m/z
range.
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Figure 4.7: Oxidation of 1-OHP followed by conjugation with GSH. A: Reaction pathway of two GSH
conjugation steps. B: Mass voltammogram showing two glutathione adducts. C: Mass
voltammogram in the low mass range showing monoadducts with GSH. D: Mass voltammogram in
the high mass range showing diadducts with GSH.
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4.3.6 Protein modification by reactive metabolites
In the next step, the reactivity of phase I metabolites of 1-OHP towards proteins was
tested, with the aim of evaluating possible toxicity as a result of protein binding. The
proteins β-lactoglobulin A and hemoglobin were used for these studies. 1-OHP was
oxidized at a constant potential of 1200 mV and oxidation products were allowed to
react with the proteins in the integrated gradient rotation mixer. The reaction
mixture was subsequently loaded onto an LC column for on-line HPLC/MS analysis.
β-lactoglobulin A (LGA) has 162 amino acids, among which is one free cysteine. It
was shown before, using GSH, that the nucleophilic thiol group of cysteine readily
reacts with the phase I metabolite PQ. Therefore, it is expected that LGA can be
modified by PQ at the cysteine thiol group in a similar fashion. Figure 4.8A shows
the deconvoluted mass spectrum of LGA (18363.3 Da), showing also a lactosemodified version of LGA (18687.6 Da), which is recorded in a control experiment
where the WE potential was set to open circuit potential (OCP). Upon
electrochemical oxidation of 1-OHP at 1200 mV, a new signal becomes visible with
a mass shifted 231.7 Da higher (18595.0 Da) compared to unmodified LGA (see
figure 4.8B). This mass difference coincides with the addition of one PQ, forming the
diol adduct in a 1,4-Michael addition analogous to the mechanism shown in
figure 4.7A, which demonstrates that protein modification by reactive PAH
metabolites

is

possible

and

can

electrochemical/chemical microreactor.

be

studied

using

our

combined
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Figure 4.8: Deconvoluted mass spectra of β-lactoglobulin A (18363.3 Da)
incubated with 1-OHP. A: The WE potential was set to OCP (control). B: The WE
potential was set to 1200 mV. Electrochemical oxidation of 1-OHP leads to
modification of LGA, which became evident from the peak at 18595.0 Da. This
peak is shifted by 231.7 m/z units with respect to the LGA peak, which
corresponds to the addition of one pyrene quinone to form a diol adduct (see
figure 4.7A).
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In a final experiment, the larger protein hemoglobin was used to verify adduct
formation by reactive metabolites of 1-OHP. Hemoglobin is an important oxygen
transport protein in red blood cells. It is constituted from two α- and two β-subunits,
designated Hb-α and Hb-β, respectively, and each subunit is provided with an ironcontaining heme group. Under the strongly denaturing conditions used in these
experiments, the protein subunits can be individually detected.
Figure 4.9A shows the deconvoluted mass spectra of Hb-α (15126.5 Da) and Hb-β
(15867.3 Da), which were recorded in a control experiment where the WE potential
was set to OCP. Upon electrochemical oxidation of 1-OHP at 1200 mV, new peaks
are observed at higher masses: 15356.9 Da for modified Hb-α and 16098.1 Da for
modified Hb-β (figure 4.9B). The mass differences of 230.4 and 230.8 Da can be
related to the addition of one PQ in a 1,4-Michael addition followed by an oxidation
step to yield the quinone adduct, analogous to the mechanism shown figure 4.7A.
Although Hb-β has two free cysteine residues, only a single adduct has been
detected. This could be due to the accessibility of the respective cysteines, or to the
fact that 1-OHP was present in only a 2.5-fold excess over Hb.
It should be noted that two different adducts are formed with the two proteins
studied. The main product from LGA reacting with electrogenerated PQ was a diol
adduct, whereas the quinone adduct was preferred upon Hb modification. The
reason for this difference in detected adducts is unclear, but it has been observed
already for the GSH adduct formation (see figure 4.7) that both types can coexist. In
the cases of the protein adducts, it could be that either one form is preferred, or both
forms are present, but due to the limited resolution obtained after deconvolution
they are not separated.
Nevertheless, these results demonstrate that also the modification of complex
proteins by electrogenerated metabolites can be investigated using our microfluidic
electrochemical/chemical reactor.
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Figure 4.9: Deconvoluted mass spectra of hemoglobin, consisting of α-subunits (15126.5
Da) and β-subunits (15867.3 Da), incubated with 1-OHP. A: The WE potential was set to
OCP (control). B: The WE potential was set to 1200 mV. Electrochemical oxidation of
1-OHP leads to modification of both subunits, which became evident from new peaks at
15356.9 Da and 16098.1 Da. This represents a mass shift of 230.4 and 230.8 m/z units,
which can be related to the addition of one pyrene quinone to the Hb-α and Hb-β
subunits, respectively, to form quinone adducts (see figure 4.7A).
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4.4 Conclusion
In this work we demonstrate the development and use of a fully integrated
electrochemical/chemical microreactor for generating phase I and II metabolites of
1-hydroxypyrene and to assess adduct formation. Detoxification by glutathione was
demonstrated, as well as protein binding by reactive metabolites to study potential
toxicity. Integrated BDD electrodes were capable of generating a larger amount of
oxidation products compared to Pt and benefit from a larger potential window of
electrolyte stability. The novel gradient rotation mixer with a sub-nanoliter volume
enables mixing reactive oxidation products with additional reagents within seconds
after they are generated and with an efficiency of ~80 %, which is ~8-fold higher than
a T-junction mixer with a comparable footprint and pressure drop. Successful
mimicry of 1-OHP detoxification by GSH and modification of β-lactoglobulin A and
hemoglobin demonstrate that this microreactor can be used to predict potential
hazards associated with exposure to this class of environmental pollutants.
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5

Electrochemical protein cleavage
in a microfluidic cell
Specific electrochemical cleavage of peptide bonds at the C-terminal side of tyrosine and

tryptophan generates peptides amenable to liquid chromatography/tandem mass
spectrometry (LC-MS/MS) analysis for protein identification. To this end we developed a
microfluidic electrochemical cell of 160 nL volume that combines a cell geometry optimized
for a high electrochemical conversion efficiency (>95 %) with an integrated boron doped
diamond (BDD) working electrode offering a wide potential window in aqueous solutions
and reduced adsorption of peptides and proteins. Efficient cleavage of the proteins bovine
insulin and chicken egg white lysozyme was observed at 4 out of 4 and 7 out of 9 of the
predicted cleavage sites, respectively. Chicken egg white lysozyme was identified based on 5
electrochemically generated peptides using a proteomics database searching algorithm. These
results show that electrochemical peptide bond cleavage in a microfluidic electrochemical cell
is a novel, fully instrumental approach towards protein analysis and eventually proteomics
studies in conjunction with mass spectrometry.

This chapter is based on a manuscript by: F.T.G. van den Brink, T. Zhang, L. Ma, J.G. Bomer, M. Odijk,
W. Olthuis, H.P. Permentier, R. Bischoff, and A. van den Berg, submitted to Chemical Science (2016).
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5.1 Introduction
The study of protein structures and interactions is key to the understanding of
biological functions such as those related to health and the development of disease.1
The large number of different species in the human proteome makes it particularly
difficult to accurately identify and quantify proteins in complex biological matrices.
Various methods based on liquid chromatography coupled to mass spectrometry
(MS) have been developed to analyze complex protein mixtures from biological
samples in a comprehensive manner, which may be classified as ‘top-down’ or
‘bottom-up’ approaches.2,3
In top-down protein analysis, the mass of intact proteins in a sample is measured
and structural information is obtained by fragmentation. This enables both accurate
protein identification and detailed characterization. However, high-resolution MS
instrumentation equipped with an electron transfer or capture dissociation (ETD or
ECD) interface is required, capable of fragmenting large intact protein ions and
measuring multiply charged fragment ions with sufficient resolution and accuracy.
Cleaving proteins into defined peptide fragments is currently the main approach,
often referred to as bottom-up proteomics. Information about the proteins, originally
present in the sample, can be obtained in various ways, for example by peptide mass
fingerprinting4 or tandem MS (MS/MS) after chromatographic separation of the
generated peptides. To this end experimental MS/MS spectra are compared to in
silico generated spectra from protein sequence databases.5 More challenging but of
increasing importance is direct sequence analysis of the generated peptide
fragments (de novo sequencing) without resorting to databases as well as the
comparison of MS/MS spectra to an increasing number of spectral libraries.6–8
Highly specific cleavage of peptide bonds is critical for bottom-up proteomics.
Enzymatic digestion using proteases is the most widespread method for cleavage of
proteins at specific peptide bonds, and a number of proteases with different
specificities are available. The most commonly used protease is the enzyme trypsin,
which cleaves specifically at the C-terminal side of lysine and arginine (except if
followed by a proline).9 Alternatively, chemical cleavage may be used if specificity
for a certain peptide bond or amino acid sequence is required for which no protease
is available. For example, cyanogen bromide cleaves specifically at the C-terminal
side of methionine.9
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Electrochemical protein cleavage is emerging as an instrumental alternative to
chemical and enzymatic approaches. Over 50 years ago it was found that peptide
bonds can be cleaved electrochemically at the C-terminal side of tyrosine.10 Later,
electrochemical peptide bond cleavage at the C-terminal side of tryptophan was also
described.11 Compared to chemical and enzymatic protein cleavage, the
electrochemical approach offers advantages of 1) being a rapid, purely instrumental
approach that does not require additional reagents, 2) having a cleavage site
specificity for which no enzymatic or chemical cleavage reagent is available, 3)
opening the possibility to cleave proteins under conditions (e.g. strongly
denaturing) that enzymes cannot tolerate and 4) providing the possibility to label
reactive groups that are uniquely generated upon electrochemical cleavage.
It appeared early on that the choice of electrode material is crucial, as illustrated by
electrochemical oxidation and cleavage of tyrosine- and tryptophan-containing
dipeptides at platinum electrodes, where strong adsorption was observed.12 In these
experiments, electrochemical cleavage yields were calculated to be 9 % for tyrosineglycine and 6 % for tryptophan-glycine, based on the measured concentration of
glycine (tyrosine was only detected in small amounts and tryptophan was not
detected at all). Electrochemical peptide bond cleavage continued to be investigated
using flow-through (coulometric) cells with porous graphite electrodes. Coupling
these cells on-line to electrospray ionization mass spectrometry (ESI-MS) resulted in
a system for rapid peptide analysis capable of tyrosine-specific oxidation and
peptide bond cleavage, as demonstrated with a variety of peptides.13 Following
these investigations, the oxidation and cleavage mechanisms of tyrosine- and
tryptophan-containing tripeptides were studied in detail.14 See appendix E for the
proposed mechanisms of these cleavage reactions. Main challenges were that
cleavage yields were limited due to competing oxidation reactions and recoveries
were hampered due to adsorption, as exemplified for the tryptophan-containing
decapeptide adrenocorticotropic hormone fragment 1-10 (ACTH 1-10).13 Despite
these initial shortcomings, electrochemical peptide bond cleavage was successfully
combined with liquid chromatography in an EC-LC-MS/MS set-up for protein
analysis.15 Problems with adsorption at the electrode surface and limited cleavage
yields were aggravated in the case of proteins, requiring extensive regeneration of
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the porous graphite electrode surface and careful optimization of the reaction
conditions to observe peptide bond cleavage.
Electrochemical peptide bond cleavage was subsequently achieved in thin-layer
(amperometric) flow cells with glassy carbon (GC) and boron doped diamond (BDD)
electrodes.16 Notably, BDD electrodes performed better in terms of lower adsorption,
resulting in higher cleavage yields due to both a better recovery of products and a
lower degree of dimer formation. Thin-layer cells are often equipped with disc
electrodes over which the analyte is directed in a thin layer of liquid. The
performance of thin-layer electrochemical cells in terms of conversion efficiency
depends on the contact time between the analyte and the electrode surface, which in
turn is determined by the time needed for the analyte to diffuse to the surface in
relation to its residence time in the electrochemical cell. This ratio can be significantly
shifted in favor of electrochemical conversion by reducing the cell dimensions to
microfluidic length scales. Employing microfabrication technologies based on
photolithography enables shorter diffusion distances, reduced cell volumes and
rapid sample processing.17 Design aspects and various applications of microfluidic
electrochemical cells coupled to MS have been described previously.18 Based on
these principles, microfluidic electrochemical cells with an integrated platinum
three-electrode system have been developed in our group to study drug metabolites
in EC-MS experiments.19–21 While this kind of cells may also be exploited for peptide
bond cleavage, platinum electrodes are not suitable for applications involving
peptides and proteins due to adsorption at the surface.22
Research on conductive diamond for electrochemical measurements started in the
1980s with ion implanted electrodes,23 quickly followed by studies on the
semiconducting properties of undoped synthetic diamond related to its
photoelectrochemical behavior.24 While pure synthetic diamond is an insulator, it
can be made conductive by appropriate doping. Fujimori et al. investigated the
conductivity of diamond films obtained by microwave plasma-assisted chemical
vapor deposition upon addition of a boron-containing gas at various partial
pressures,25 while Swain et al. extensively characterized the electrochemical
properties of as-grown (untreated) poly-crystalline BDD.26 Boron-doped diamond
exhibits various striking physical, chemical and electrical properties, making it an
attractive material for a variety of electrochemical applications. These include its
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mechanical stability, optical transparency, high chemical inertness, low double layer
capacitance and background currents, and large overpotentials for hydrogen and
oxygen evolution.27 The electrochemical properties of BDD electrodes can be further
tailored to specific needs through a myriad of different surface modifications. These,
along with BDD synthesis and characterization techniques, have been extensively
reviewed.28–31
In our current research, we integrated BDD electrodes into microfluidic
electrochemical cells to combine the benefits of BDD with the advantages of a
microfluidic electrochemical cell design for peptide bond cleavage. There have been
a few reports on microstructuring BDD, such as laser micromachining,32 lift-off,33 or
dry etching techniques.34–36 Using inductively coupled plasma etching with O2/Ar,
Forsberg et al. fabricated BDD microband electrodes for electrochemical detection in
poly(dimethylsiloxane) (PDMS) microchannels,37 demonstrating the superior
robustness and stability of BDD compared to gold electrodes. However, the PDMS
channels could not be reused, possibly due to problems of analyte adsorption at
PDMS, preventing repeated, sensitive electrochemical measurements. More recently
Watanabe et al. used BDD on an alumina substrate to make an electrochemical
detector using SU-8 channels and a PDMS cover.38
Here we report for the first time on the design and fabrication of a robust and
reusable glass-based microfluidic electrochemical cell with integrated BDD
electrodes. This cell was used for peptide bond cleavage at the C-terminal side of
tyrosine and tryptophan in the tripeptides leucine-tyrosine-leucine (LYL) and
leucine-tryptophan-leucine (LWL). By coupling the device on-line to a highresolution mass spectrometer, the relation between electrode potential and peptide
bond cleavage was studied using a ''mass voltammogram''. We further show that
generation of hydroxyl radicals (•OH) at elevated potentials on BDD results in
aromatic hydroxylation of phenylalanine in the para-position to yield tyrosine in the
tripeptide leucine-phenylalanine-leucine (LFL) with subsequent peptide bond
cleavage. Applicability of the microfluidic cell to larger peptides and proteins is
shown by specific cleavage of peptide bonds at the C-terminal side of tyrosine and
tryptophan in ACTH 1-10, bovine insulin and lysozyme from chicken egg white,
demonstrating the possibility of developing this into a novel device for protein
analysis and proteomics research.
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5.2 Experimental
5.2.1 Microfluidic electrochemical cell fabrication
The electrochemical cell is constructed from two wafers: the first is a BDD-oninsulator wafer containing electrodes and microchannels, the second is a borosilicate
glass wafer that contains access holes for electrical and fluidic connectivity and
additional microfluidic structures. In the latter, 5 µm deep structures were etched in
a deep reactive ion etching process followed by powder blasting the access holes. To
prepare the BDD-on-insulator wafer, 300 nm SiO2 and 75 nm Si3N4 were grown on a
p-type silicon wafer. Following this, a 300 nm thick diamond layer with a 10000 ppm
boron doping was grown in a process performed by Neocoat SA (La Chaux-deFonds, Switzerland). Here, diamond nuclei were seeded at high density, after which
the BDD layer was grown in a hot-filament chemical vapor deposition process using
CH4 and trimethylboron in H2. The BDD working and counter electrodes were
structured using an O2 reactive ion etching (RIE) process with a mask of both
aluminum and photoresist. Next, contact pads and reference electrodes were made
from sputtered platinum (120 nm) on a tantalum (10 nm) adhesion layer in a lift-off
process. Channel structures were patterned over the electrodes in a 5 µm thick layer
of SU-8, upon which the two wafers were immediately aligned and bonded together
at elevated pressure and temperature in an anodic bond tool (EV-501, EVG, Austria).
Finally, the bond strength was increased at 180 °C and 19 kg/cm² for 1 h using a
hydraulic press (model 3889, Carver Inc., USA). The complete fabrication process
can be found in appendix F.

5.2.2 Chemicals and Sample Preparation
The tripeptides LWL and LYL were obtained from Research Plus Inc.
(Barnegat, USA). LFL was purchased from Bachem (Weil am Rhein,
Germany). Potassium ferricyanide, potassium ferrocyanide, potassium nitrate
(KNO3), potassium dihydrogen phosphate, dipotassium hydrogenphosphate,
1,1’-ferrocenedimethanol, human adrenocorticotropic hormone (ACTH) 1-10
(SYSMEHFRWG), chicken egg white lysozyme, insulin from bovine pancreas,
iodoacetamide (IAM), dithiothreitol (DTT), ammonium bicarbonate (99.5 %)
and formic acid (98 %) were obtained from Sigma Aldrich (Steinheim,
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Germany). Acetonitrile (HPLC SupraGradient grade) was purchased from
Biosolve (Valkenswaard, The Netherlands). Water was purified by a Millipore
system (resistivity 18.2 MΩ·cm, Millipore Corp., Billerica, USA).
Stock solutions of LWL, LYL, LFL and ACTH 1-10 were prepared in 89/10/1
(v/v/v) water/acetonitrile/formic acid at a concentration of 1 mM. Solutions of
lysozyme

and

insulin

were

prepared

in

89/10/1

(v/v/v)

water/acetonitrile/formic acid to a protein concentration of 100 µM. For
reduction and alkylation of lysozyme, 100 µM protein was prepared in 1 mL
ammonium bicarbonate buffer (100 mM, pH 8). DTT was added at a
concentration of 2 mM and incubated for 30 min at 60 °C. IAM was added at
a concentration of 20 mM after cooling and incubated in a dark environment
at room temperature for 60 min. After alkylation, 8 mM DTT was added and
incubated in a dark environment at room temperature for 30 min to quench
the alkylation reaction. Lysozyme precipitated upon reduction and alkylation. The
reaction mixture was centrifuged at 13000 rpm and the supernatant was
removed. 1 mL 89/10/1 (v/v/v) water/acetonitrile/formic acid was added to the
precipitate to prepare a 100 µM stock solution of reduced and alkylated
lysozyme.
Prior to electrochemical oxidation and cleavage, the peptides and proteins
were diluted to a final concentration of 10 µM (LWL, LYL, LFL, ACTH,
insulin) or 2 µM (lysozyme). To prevent acid hydrolysis or formylation of the
proteins during storage, the formic acid content of the LFL and protein
samples was increased to 5 % just before the electrochemistry experiments.

5.2.3 Instrumentation and Measurements
Prior to use, the microfluidic electrochemical cell was flushed with electrolyte
solution followed by cyclic voltammetry scans (-2 to 2 V, 100 mV/s) until
reproducible CVs were obtained. Analyte solutions were introduced at a total
flow rate of 2 µL/min using a syringe pump (Nemesys, Cetoni, Korbussen,
Germany) installed in a Lab-in-a-Suitcase.39 Cyclic voltammetric and
chronoamperometric

measurements

to

characterize

the

microfluidic

electrochemical cells were done using a potentiostat (SP 300, Bio-Logic, Claix,
France). UV/vis absorbance measurements were done in a 2.4 µL cell with an
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optical path length of 10 mm (LWCC-M-10, World Precision Instruments), a
deuterium lamp as light source (DH-2000, Ocean Optics) and a UV/vis
spectrometer (Maya 2000 Pro, Ocean Optics).
Mass voltammograms of LWL, LYL and LFL were recorded on-line by
ramping the cell potential linearly from 0 to 2500 mV at a scan rate of 2 mV/s
using a portable potentiostat (SP 200, Bio-Logic, Claix, France). A metal union
connected to electrical ground was placed between the chip outlet and
electrospray needle to decouple the electrochemical cell from the high voltage
ESI interface. For ACTH 1-10, insulin and lysozyme, the potential was ramped
from 0 to 2000 mV under otherwise equal conditions. The electrochemical
oxidation and cleavage products were analyzed using an LTQ-Orbitrap XL
mass spectrometer (Thermo Scientific, Bremen, Germany). The transit time of
1.5 min between product formation within the electrochemical cell and mass
spectrometric detection was taken into account when the cell potential was
synchronized with MS signal intensities.
Cleavage at constant potentials was done under conditions identical to the online EC-MS experiments using 1300 mV (LWL) or 2000 mV (LYL, insulin and
lysozyme). Cleavage of ACTH 1-10 was performed at two different constant
potentials of 700 and 1100 mV. Oxidation of LFL by •OH radicals was shown
to occur at a constant potential of 2000 mV. The reaction product mixtures
were collected and diluted with water to 2.5 µM (LWL, LYL, LFL, ACTH 1-10
and insulin) and 1 µM (lysozyme) and analyzed by LC-MS/MS. The cleavage
yield was calculated from the peak area of the cleavage product (Acl) and the total
area of the peaks of uncleaved tyrosine and tryptophan oxidation products (Aox),
generated in competing reactions.
CD@ E = F

GH
F ∙ 100%
GH + GI+

(5.1)

The LC-MS/MS analyses were performed on a Dionex Ultimate 3000 nano-LC
system coupled to the LTQ-Orbitrap XL mass spectrometer. The tripeptides
and ACTH 1-10 were separated on an Acclaim Pepmap column (C18,
150 mm x 75 µm (length x inner diameter), 3 µm particles, 100 Å pore size,
Thermo Scientific, Bremen, Germany) with a 40 min gradient of 2-50 %
acetonitrile in water/0.1 % formic acid at a flow rate of 300 nL/min.
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Electrochemically cleaved insulin and reduced and alkylated lysozyme were
separated on a Vydac RP-C18 column (150 mm x 2.1 mm (length x i.d.), 5 µm
particles, 300 Å pore size, Grace Vydac, Lokeren, Belgium) with a 20 min
gradient of 2-60 % acetonitrile in water/0.1 % formic acid at a flow rate of
300 µL/min.
MS scans from m/z 100 to 1500 (LWL, LYL and LFL and ACTH 1-10) and MS
scans from m/z 200 to 2000 (insulin and lysozyme) were recorded at a
resolution of 72000 and MS/MS spectra were recorded at a resolution of 17500
after fragmentation in the high-energy collisional dissociation (HCD) cell. The
normalized collision energy was set at 35 V. All data was acquired in profile
mode using positive polarity.

5.2.4 Data analysis and database searching
The LC-MS/MS data were analyzed with the database search engine PEAKS (version
7.5, Bioinformatics Solutions Inc) using the SwissProt database of (chicken)
containing 2601 protein sequences. The search parameters were as follows: Parent
Mass Error Tolerance: 10.0 ppm; Fragment Mass Error Tolerance: 0.7 Da; Enzyme:
EC (custom-defined, digestion after Y or W); Max Missed Cleavages: 5; Non-specific
Cleavage: none; Variable Modifications: Oxidation (on MFWHYC): +15.99,
Carbamidomethylation (C): +57.02; EC-Y-2 (custom-defined: on C-terminal Y): -2.02;
EC-W+14 (custom-defined: on C-terminal W): +13.98; Maximum variable posttranslational modifications per peptide: 5. The false discovery rate (FDR) threshold
was set to 0.1 % on the peptide level.

5.3 Results and Discussion
5.3.1 Microfluidic electrochemical cell design
A photo and exploded view of the three-electrode microfluidic electrochemical cell
are shown in figure 5.1 A and B.
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Figure 5.1: Schematic representation of the microfluidic electrochemical cell. A: Photo of an
assembled device. B: Exploded view of the cell, showing the different layers of structures. C: Layers
of structures containing a BDD working electrode (WE) and counter electrode (CE) (I), a Pt pseudoreference electrode (pRE) and Pt contact pads (II). Microchannels were prepared in 5 µm thick SU-8
using photolithography (III) and additional 5 µm deep microfluidic structures and access holes were
etched and powder blasted, respectively, in borosilicate glass (IV). D: Schematic diagram of fluidic
structures, indicating the channels located on top of the WE and CE. E: Expanded view of part of the
WE and frit channel network.

The device consists of four layers with micro-fabricated structures, which are
constituted as shown in figure 5.1C; I) a BDD-on-insulator wafer with the working
electrode (WE) and counter electrode (CE) structured in BDD, II) the pseudoreference electrode (pRE) and electrical contact pads made from platinum, III)
microchannel structures in SU-8, and IV) a borosilicate glass wafer which contains
powder blasted access holes for electrical and fluidic connectivity and etched
microfluidic structures. The total volume of the microfluidic cell is ~160 nL.
Following the inlet of the electrochemical cell, a T-junction directs the flow into two
separate channels – one located above the WE and the other located above the CE
(see figure 5.1D). This ensures separation of the respective reaction products. The
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pRE is located in close proximity to the WE (300 µm distance) just before the junction
to minimize the electrolyte resistance between these two electrodes and prevent
unwanted Ohmic drop.
The conversion performance of a thin-layer type electrochemical cell can be related
to a dimensionless number in analogy to the performance of a separation column,
which is usually described by the number of equilibrium stages (theoretical plates).
For thin-layer electrochemical cells, this plate number (Ntl) can be defined as a
function of both the residence time of a molecule above the electrode (tres) and the
time it takes for this molecule to diffuse to reach the electrode surface (td).18 This
number is therefore a function of cell geometry (channel height, h, and length of the
channel in contact with the electrode, l), the diffusion coefficient of the respective
molecule (D) and the average flow velocity (ū). Alternatively, Ntl can be calculated
using the liquid volume in contact with the electrode (V) and the volumetric flow
rate (Q):
 =


2
2
= =

ūℎ
ℎ

(5.2)

Based on these considerations related to mass transport, we designed a cell with
shallow, long meandering channels having a width (w) of 200 µm, h=5 µm and
l=24 mm. The cell is typically operated using a 1 µL/min flow rate over the WE and
the volume above the WE is 24 nL. Using equation 5.2 with D=1.1·10-10 m2/s for
lysozyme,40 we find that Ntl=13, indicating that a high electrochemical conversion
efficiency can be expected compared to most regular thin-layer flow cells, which
have a Ntl<1 for this compound.18 From a practical point of view, it is clear that the
channel height is the most important length scale that determines the
electrochemical cell’s conversion performance, and therefore it is essential that this
dimension can be accurately controlled in the microfabrication process.
To promote ionic conductance between the WE and CE and to generate a uniform
current density over the electrodes, a network of narrow channels (frit channels) is
located between the WE and CE channels. Previously, it has been shown that the use
of frit channels can significantly enhance the electrochemical conversion efficiency
of a microfluidic cell.21
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The electrical resistance Rel of a single channel with geometric parameters l, w and h
and electrolyte conductivity κ (S/m) is given by:
J=

K:ℎ

(5.3)

To achieve sufficient conductance, the electrical resistance needs to be low and
uniform throughout the network, while hydraulic resistance has to be sufficiently
high to limit convection causing unequal flows above the CE and WE and mixing of
reaction products. In addition, the frit channels have to be long enough to avoid
mixing of WE and CE products by diffusion at the time scale of a typical experiment
(30-60 min). In this design, the shortest path length between WE and CE via frit
channels is 3.6 mm. By calculating the diffusion distance in a 1-dimensional
concentration gradient (xd):
 = L2

(5.4)

it can be estimated that a protein such as lysozyme (D=1.1·10-10 m2/s) will diffuse
from one electrode to the other in ~16 h, which is considerably longer than the time
scale of a typical electrochemical protein cleavage experiment.
An enlargement of part of the frit channel network is shown in figure 5.1E. The
ladder network consists of 34 narrow channels (10-26 µm wide, 5 µm deep)
connecting the WE channel to a larger channel (200 µm wide, 10 µm deep) that, in
turn, connects to the CE via a second ladder network of equal dimensions. Using the
electrical resistance of a single frit channel (Rfrit) and the spacing between adjacent
frit channels (Rcc), the electrical resistance of a ladder (Rl) consisting of N frit channels
is calculated as:
5A

J = MN

*6,

1
Q
JP * + D · JHH

A

(5.5)

which converges to Rfrit/N for Rcc<<Rfrit.
Adding the resistance of the interconnecting channel (Ric), the resistance of a frit
channel branch (Rb) is:
JR = 2J + J*H

(5.6)
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From this, the total frit channel network resistance Rt can be obtained from K
identical branches in parallel with the channel connecting the WE to the CE at the
junction (Rj):

S
1
J = M + Q
JR JT

A

(5.7)

With these equations and the conductivity of 0.1 M KNO3 as electrolyte (1.08 S/m),
the total resistance between WE and CE for the chip design shown in figure 5.1,
containing 7 frit channel branches, is calculated to be 192 kΩ. This compares
favorably to the first microfluidic electrochemical cell that was equipped with a frit
channel network, which had a WE-CE resistance of 530 kΩ in the same electrolyte
solution.21
having a dynamic viscosity μ, can be approximated by:41

The hydraulic resistance of rectangular channels with w>h, filled with a liquid
JV ≈

12

ℎ
ℎ[
:ℎ; (1 − 0.63 Z −
\)
: 12: [

(5.8)

Since 1/Rhy scales with the third power of h (discarding higher order terms), whereas
1/Rel scales linear with the channel height (equation 5.3), having an array of shallow
and narrow frit channels helps in limiting convection through the frit channel
network, while maintaining sufficient conductance. In addition, the double branches
of frit channels in each corner of the meandering WE and CE channels limit
undesired convection through the frit channel network as a result of the pressure
gradient in the direction of the flow.
The hydraulic resistance of a frit channel ladder can be calculated using the
hydraulic resistance of a frit channel (Rfrit,hy) combined with the hydraulic resistances
of the pieces of connecting channel (Rcc,hy) and working electrode channel (Rw,hy)
between adjacent frit channels. Using an approach analogous to equation 5.5, we
find:
5

J,V = ^N
*6

JP

*,V

1

+ (D − 1)JHH,V + ( − D)J,V

_

A

(5.9)
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Taking into account the interconnecting channel (Ric,hy), the hydraulic resistance of a
frit channel branch can be calculated as:
JR,V = 2J,V + J*H,V

(5.10)

Prior to the cell outlets, hydraulic resistors are included to equalize the resistance of
the WE and CE channels, providing the same flow rate in both channels and thereby
reducing the risk of convection in the frit channel network. Unless a large external
hydraulic resistance is coupled to one of the channel outlets, the ratio of flow rates
in both channels will be mainly determined by these structures.
To illustrate the use of these hydraulic resistors, one can consider the outlet region
of the cell, starting from the last frit channel branch, via the hydraulic resistors to the
outlets (figure 5.1D). Both WE and CE channels are supplied with a constant flow
rate Qin, which is half the total flow rate, and the hydraulic resistance of the channel
structure between frit channels and outlet, including the flow resistor, is designated
Rf,hy. Upon a pressure variation at one of the outlets (ΔP), an undesired flow through
the frit channel branch (Qfb) can be expected to occur, which is in this simplified
situation equal to:
PR =

`9
2JP,V + JR,V

(5.11)

If, for example, capillary tubing with a length of 0.5 m and 100 µm inner diameter is

connected to one outlet only, while Qin is maintained at 1 µL/min, a flow rate Qfb of
16 nL/min could be expected in this frit channel branch. In comparison, this

unbalanced load will cause a flow of 43 nL/min through the frit channel branch in
the absence of hydraulic resistors. Therefore, by integrating these simple structures
one can connect an asymmetrical load with a ratio that is ~3 times higher before
seeing the undesired effects of asymmetrical flow rates to the same extent as one
would see when these hydraulic resistors are absent.

5.3.2 BDD material and electrochemical cell characterization
The potential window of BDD electrodes was determined off-chip with a 0.1 M
KNO3/10 mM phosphate buffer (pH 7.4) solution. A micro-structured BDD WE
(4.8 mm2), using only the bottom part of a chip without the glass top layer (see
figure 5.1 B and C) was compared to a platinum WE (2.5 mm2) in a macroscopic
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(regular) electrochemical cell having a platinum CE and a commercially available
KCl saturated Ag/AgCl RE. Cyclic voltammograms (CVs) recorded at 100 mV/s with
both WEs (figure 5.2A) show that the BDD electrode has a mainly featureless CV
over a potential range of -2 to 2.2 V, providing a potential window of 4.2 V, while
this is only 2.6 V for platinum due to the onset of water electrolysis. The small anodic
current peak in the CV of the BDD electrode just before the onset of oxygen evolution
has been reported to originate from the oxidation of non-diamond carbon impurities
at the surface.42
Electrochemical conversion efficiency was characterized by UV/vis spectroscopy
using 0.45 mM/0.45 mM ferri-/ferrocyanide in a 0.1 M KNO3/10 mM phosphate
buffer (pH 7.4) solution introduced at a flow rate of 2 µL/min while switching the
WE potential between open circuit potential (Eocp), 1 V vs. pRE (oxidation) and -1 V
vs. pRE (reduction). Ferricyanide absorbs at 418 nm, allowing calculation of the
conversion efficiency (η) from the absorbance peak heights during oxidation and
reduction (Aox and Ared, respectively) with respect to the initial absorbance (A0):
%=F

GI+/



G,

− G,

F ∙ 100%

(5.12)

Figure 5.2B shows the absorbance measurements at 418 nm as a function of time.
After absorbance has stabilized at the initial value, 1 V is applied to the WE for 5 min.
Subsequently, the potential is switched back to Eocp for 10 min, after which -1 V is
applied for 5 min. For this redox couple, an oxidation efficiency of 97 % and a
reduction efficiency of 95 % was calculated.
To be able to relate the protein cleavage potentials in the microfluidic
electrochemical cell to a KCl saturated Ag/AgCl reference electrode, the Pt pRE was
calibrated against Ag/AgCl in the two solutions containing 89/10/1 (v/v/v)
water/acetonitrile/formic acid (pH 2.0) and 85/10/5 (v/v/v) water/acetonitrile/formic
acid

(pH

1.5),

respectively.

Cyclic

voltammograms

of

1 mM

1,1’-ferrocenedimethanol in these two solutions were recorded in both the regular
electrochemical cell (micro-structured BDD WE, platinum CE and saturated
Ag/AgCl RE) and the microfluidic electrochemical cell (BDD WE and CE, Pt pRE)
and the half-wave potential from the second scan of each CV was determined in both
systems (appendix C.1). From these measurements, the potential of the platinum
pRE was determined to be on average (n=3) 225 mV vs. Ag/AgCl (KCl saturated) in
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the 1 % formic acid solution and on average (n=3) 196 mV vs. Ag/AgCl (KCl
saturated) in the 5 % formic acid solution.

Figure 5.2: A: Determination of the potential window of a micro-structured BDD WE
compared to a platinum WE in a regular electrochemical cell setup containing 0.1 M KNO3/10
mM phosphate buffer solution (pH 7.4). CVs were recorded at a scan rate of 100 mV/s using a
saturated Ag/AgCl RE and a platinum CE, showing a potential window of 4.2 V for BDD,
compared to 2.6 V for platinum. B: Optical absorbance measurements of ferricyanide using
0.45 mM/0.45 mM ferri-/ferrocyanide in 0.1 M KNO3/10 mM phosphate buffer solution (pH
7.4), which was introduced at a flow rate of 2 µL/min. At 1 V vs. pRE, ferrocyanide is
converted to ferricyanide with an efficiency of 97 %. At -1 V vs. pRE, ferricyanide is converted
to ferrocyanide with an efficiency of 95 %.
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5.3.3 Electrochemical cleavage of tripeptides
Two different tripeptides (LWL and LYL) were employed to study the specific
electrochemical cleavage of peptide bonds C-terminal to tyrosine and tryptophan in
the microfluidic electrochemical cell. First, electrochemical oxidation and cleavage
products were generated from the peptides LWL and LYL using a linear potential
sweep in an on-line EC-MS experiment. The measured mass voltammograms
allowed determination of the potential range over which cleavage occurred. To
synchronize the electrical potential with the time in the mass voltammogram, a
transit time of 1.5 min between the electrochemical cell and the mass
spectrometer was taken into account.
A decrease of the LWL signal in figure 5.3A indicated the onset of electrochemical
oxidation at ~800 mV. Oxidation efficiency increased further with increasing WE
potential. Signal intensity for the cleavage product (LW+14) reached a maximum at
1300 mV, followed by a decrease at higher potentials (figure 5.3B) likely due to the
formation of other oxidation products. LC-MS analysis of the reaction products of
LWL generated at 1300 mV revealed an oxidation yield of 95 %, which is determined
from a decrease in LWL signal intensity, and a cleavage yield of 50 % (see
equation 5.1 in the experimental section for the calculation and appendix C.2 for LCMS chromatograms).
Electrochemical oxidation of LYL started at ~450 mV (figure 5.3C). However,
compared to LWL, oxidation yield was lower and spread over a potential range from
500-1750 mV. Signal intensity for LYL decreased a second time at 1750 mV, which
may be attributed to further oxidation by hydroxyl radicals (see also results obtained
with LFL, figure 5.3 E and F). Formation of the cleavage product LY-2 started at
750 mV and increased until 1250 mV after which signal intensity remained rather
stable up to the upper limit of the voltammogram at 2500 mV (figure 5.3D). LC-MS
analysis of the reaction products of LYL generated at 2000 mV revealed an oxidation
yield of 100 % and a cleavage yield of 30 % (see LC-MS chromatograms in appendix
C.3 and equation 5.1).
LFL was used to monitor the formation of hydroxyl radicals at the BDD electrode.
Previously, it was shown that LFL can be cleaved after conversion to LYL through
hydroxylation at the para-position of the phenyl group.16 A slight decrease in signal
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intensity of LFL at 1750-2500 mV indicated that it was converted (figure 5.3E). As
proof of aromatic hydroxylation, the cleavage product LY-2 appeared at 1850 mV,
and its abundance increased until the upper limit of the potential range of 2500 mV
(figure 5.3F). LC-MS analysis of the reaction products of LFL generated at 2000 mV
showed an oxidation yield of ~8 % and a yield of the subsequent cleavage of LYL of
~30 % (see LC-MS chromatograms in appendix C.4 and equation 5.1).

Figure 5.3: Electrochemical cleavage of LWL, LYL and LFL. On-line EC-MS
voltammograms of LWL, LYL (10 µM in 89/10/1 (v/v/v) water/acetonitrile/formic acid)
and LFL (10 µM in 85/10/5 (v/v/v) water/acetonitrile/formic acid) were recorded by
ramping the potential from 0 to 2500 mV at a scan rate of 2 mV/s. Traces were extracted
and plotted versus cell potential for A: LWL (m/z 431.27), B: LW+14 (m/z 332.16), C: LYL
(m/z 408.25), D: LY-2 (m/z 293.15), E: LFL (m/z 392.26) and F: The LFL cleavage product
LY-2 (m/z 293.15).

Section 5.3

Results and Discussion

117

5.3.4 Electrochemical cleavage of ACTH 1-10
To see whether the microfluidic electrochemical cell could also be used to cleave
peptide bonds in larger peptides, ACTH 1-10 (SYSMEHFRWG), which has one
tyrosine and one tryptophan, was studied using on-line EC-MS. Mass
voltammograms show that cleavage of the peptide bond at the C-terminal side of
tryptophan occurred first, starting at a potential of 600 mV and reaching maximum
signal intensity at 730 mV (see figure 5.4). Cleavage at the C-terminal side of tyrosine
started at 730 mV and reached maximum signal intensity between 1000 and
1250 mV. These results show that selectivity in peptide bond cleavage may be
achieved by controlling the applied potential and notably by addressing tryptophan
alone or tryptophan and tyrosine together. Cleavage products generated at 700 mV
and 1100 mV were analyzed by LC-MS. The tryptophan cleavage product
(SYSMEHFRW+14) was observed upon electrochemical cleavage at 700 mV, while
both SYSMEHFRW+14 and the combined tryptophan and tyrosine cleavage product
(SMEHFRW+14) were observed at 1100 mV (see appendix C.5 for LC-MS
chromatograms).

Figure 5.4: Electrochemical cleavage of ACTH 1-10 (SYSMEHFRWG), which has one
tyrosine and one tryptophan. On-line mass voltammograms of ACTH 1-10 (10 µM in
89/10/1 (v/v/v) water/acetonitrile/formic acid) were recorded by ramping the potential
from 0 to 2000 mV with a scan rate of 2 mV/s. Traces were extracted and plotted versus
cell potential for A: ACTH 1-10 (m/z 433.86, charge 3+), B: SYSMEHFRW+14
(m/z 419.51, charge 3+) and C: SMEHFRW+14 (m/z 336.14, charge 3+).
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5.3.5 Electrochemical cleavage of insulin
Electrochemical cleavage of bovine insulin was studied to see whether the approach
could be extended to a significantly more complex molecule. Insulin is composed of
51 amino acids, including 4 tyrosines (numbered 1 to 4 and indicated in red in
figure 5.5A), which are assembled in 2 chains (A and B) that are linked by 2 disulfide
bonds, while chain A has an additional internal disulfide bond. Mass
voltammograms recorded using on-line EC-MS analysis show that cleavage occurs
over the potential range from 1200 to 2000 mV (see appendix C.6). Three cleavage
products were detected: the C-terminal peptide formed upon cleavage at site 4
(TPKA), the peptide formed upon cleavage at sites 1 and 2 (QLENY-2) and the Nterminal parts of the A and B chains released upon cleavage at sites 1 and 3, which
are linked together by an inter-chain disulfide bond (A(1-14)+B(1-16)). The cleavage
products generated at 2000 mV were analyzed and identified using LC-MS (see
figure 5.5B). These results show that peptide bonds at all 4 tyrosines in insulin were
cleaved at the BDD electrode of the microfluidic electrochemical cell. This is in
accordance with earlier work of Permentier and Bruins reporting the electrochemical
cleavage of insulin in a flow-through cell equipped with a porous graphite
electrode.15
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Figure 5.5: Electrochemical cleavage of insulin, which contains four tyrosine residues (shown in red).
Insulin (10 µM in 85/10/5 (v/v/v) water/acetonitrile/formic acid) was electrochemically cleaved at
2000 mV. A: Extracted ion chromatogram of insulin (m/z 1146.93, charge 5+). B: Combined extracted
ion chromatograms of the cleavage products TPKA (m/z 208.63, charge 2+), QLENY-2 (m/z 664.29,
charge 1+) and A (1-14)+B(1-16) (m/z 1099.16, charge 3+).

5.3.6 Electrochemical cleavage of lysozyme
To investigate whether electrochemically-mediated cleavage is applicable to a
protein, lysozyme was studied, containing 129 amino acids with 3 tyrosines and 6
tryptophans, and 4 internal disulfide bridges. To facilitate cleavage, disulfide bonds
were reduced and free SH groups alkylated with iodoacetamide prior to
electrochemical oxidation.15
Mass voltammograms of lysozyme recorded using on-line EC-MS indicated that two
distinct potential regions exist, in which the MS signal intensity for lysozyme
decreased first by 60 % followed by a further decrease towards zero at higher
potentials (see appendix C.7). It appeared that electrochemical cleavage at site 3 (a
tryptophan, see table 5.1 for numbering of cleavage sites) occurred between 800 and
1000 mV,

resulting

in

the

peptide

KVFGRC(+57)ELAA

AMKRHGLDNY
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RGYSLGNW+14, and that cleavage at site 9 started at 1900 mV, resulting in the
peptide IRGCRL released from the C-terminus of the protein. This potentialdependence indicates again that some selectivity can be achieved, as already
observed for ACTH 1-10. Table 5.1 presents an overview of the eight identified
cleavage products of lysozyme that were generated after peptide bond cleavage at 7
out of 9 possible sites (2 out of 3 tyrosines and 5 out of 6 tryptophans) at a potential
of 1000 mV and 2000 mV. See appendix C.8 for LC-MS chromatograms. The
database search algorithm PEAKS was used for protein identification using a
chicken protein sequence database (Gallus gallus (chicken), SwissProt) resulting in a
single significant match to lysozyme based on 5 identified peptides (peptides
marked with validation P in table 5.1,). Manual inspection allowed the identification
of 2 additional peptides marked with M in table 5.1, which were filtered out by
PEAKS because of their short length. These results indicate that the microfluidic
electrochemical cell has the potential to be used for protein and proteomics research.
The first report on the electrochemical cleavage of lysozyme described cleavage
between two tryptophan residues (site 5) using a graphite rod anode.11 In later work
Permentier and Bruins observed four peptides upon electrochemical digestion of
lysozyme on a porous graphite electrode.15 Comparing our results to earlier data, we
see that the same 5 out of 6 tryptophan and 2 out of 3 tyrosine residues were cleaved
in the work of Permentier and this work. However, a larger number of peptides of
increased length were recovered from the microfluidic electrochemical cell, which is
especially relevant for confident protein identification. This improvement is likely
due to the reduced adsorption at the BDD working electrode compared to the porous
graphite electrode used in earlier studies.

Table 5.1: Electrochemical cleavage of chicken egg white lysozyme (reduced and alkylated with iodoacetamide). Chicken egg white lysozyme contains
3 tyrosine and 6 tryptophan residues which are numbered as cleavage sites 1 to 9. Lysozyme (2 µM in 85/10/5 (v/v/v) water/acetonitrile/formic acid)
was electrochemically cleaved at 1000 and 2000 mV.
Full sequence of chicken egg white lysozyme (reduced and alkylated with IAM)

KVFGRCaELAA
TDY4GILQINS
DGNGMNAW 7 VA

A MK RH G L D NY 1
RW 5W 6 C a NDGRT
W 8 RNRC a KGTDV

Detected cleavage products

RGY 2 SLGNW 3 VC a
GSRNLCaNIPCa
QAW 9IRGCaRL

AAKFESNFNT
S A L L S S DI T A

QATNRNTDGS
SVNC a AKKIVS

Cleavage site

Validationb

Monoisotopic mass (Da)

2, 3

M

589.2567

2000

3

P

3283.5920

1000

VC AAKFESNFNTQATNRNTDGSTDY -2

3, 4

P

2808.2042

2000

VCbAAKFESNFNTQATNRNTDGSTDY4GILQINSRW5+14

3, 5

P

3891.8066

2000

4, 5

P

1098.5774

2000

7, 8

M

388.1820

2000

RNRC KGTDVQAW +14

8, 9

(P)

1503.7005

2000

IRGCbRL

9

P

773.4327

2000

SLGNW 3+14
KVFGRCbELAAAMKRHGLDNY1RGY2SLGNW3+14
b

4

5

GILQINSRW +14
VAW8+14
b

9

Cleavage potentialc (mV)

Cysteine(C) was alkylated with iodoacetamide after reduction of disulfide bonds with DTT.
P: validation by database search algorithm PEAKS; (P): validation by database search algorithm PEAKS with a low score; M: validation manually by
MS/MS spectra.
c) Cleavage potential: the potential at which the highest intensity of cleavage product signals was observed.
a)

b)
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5.4 Conclusions
In this work we demonstrate the development and use of a microfluidic
electrochemical cell for protein identification studies. To this end, peptides and
proteins were cleaved electrochemically in a microfluidic cell equipped with
integrated BDD electrodes and a volume of ~160 nL. Advantages of the cell design
and the superior properties of BDD were exploited to be able to generate lysozyme
cleavage products that allowed us to identify this protein by interrogating a
sequence database as a proof of concept for future proteomics studies.
Tripeptides (LWL and LYL) were used to demonstrate specific electrochemical
peptide bond cleavage at the C-terminal side of tyrosine and tryptophan, followed
by cleavage of the decapeptide ACTH (1-10), which contains both a tyrosine and a
tryptophan residue. Peptide bond cleavage was found to be potential-dependent
with tryptophan being cleaved at a lower potential than tyrosine suggesting that
some selectivity may be obtained by varying the potential. Next, bovine insulin was
cleaved at all 4 tyrosines, and finally chicken egg white lysozyme was successfully
identified in the UniProt_SwissProt database based on 5 electrochemically generated
peptides. For each compound, mass voltammograms recorded using an on-line
EC/MS set-up allowed rapid screening for cleavage potentials using small amounts
of sample, after which electrochemically generated peptides were analyzed in more
detail using LC-MS/MS.
Further improvements will be needed to increase cleavage yield. The possibility of
a chemical labeling approach based on the reactive spirolactone at the C-terminus of
the cleaved peptides to introduce affinity tags for enrichment opens further
possibilities even in the absence of complete electrochemical peptide bond cleavage.
The observed dependence of peptide bond cleavage on the applied potential opens
further possibilities to achieve some selectivity. In this context it is interesting to note
that, while cleavage at sites 3 and 9 in lysozyme occurred C-terminal to tryptophan,
the potentials required for cleavage were different. While the potential for cleavage
at site 3 was similar to that observed for ACTH 1-10 (700-800 mV), cleavage at site 9
required more than 1900 mV. This indicates that other parameters, such as sequence
context, may contribute to defining the cleavage potential in addition to whether a
tryptophan or tyrosine peptide bond needs to be cleaved. Electrochemical protein
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cleavage in a microfluidic format could thus become an attractive, fully instrumental
approach for protein digestion in proteomics research applications and the analysis
of biopharmaceuticals
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Electrochemical disulfide bond
reduction at diamond electrodes
Disulfide bonds are covalent links within proteins, providing them with their 3D structure.
In chapter 5, electrochemical peptide bond cleavage was demonstrated. However, if no
measures are taken, disulfide bonds can link together protein cleavage products, as was shown
with insulin, which could hamper identification. Therefore, in this chapter results are
presented on the use of our previously developed microfluidic electrochemical cell for disulfide
bond reduction in peptides. All disulfide bonds of insulin were successfully reduced and the
reduction products were analyzed using on-line EC/MS and off-line LC/MS. In addition, a
preliminary experiment is described in which an electrical pulsed potential is employed.
Upon alternating positive and negative working electrode potentials, both disulfide bond
reduction and oxidative peptide bond cleavage are expected to take place. A unique cleavage
product from the cyclic peptide octreotide generated with this pulse was most likely detected,
but not yet confirmed. These promising preliminary results encourage further study of these
electrochemical protocols and careful analysis of the reduction and oxidation products, to
develop an effective assay for the electrochemical generation of cleavage products for protein
identification.
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6.1 Introduction
Mass spectrometry (MS) and liquid chromatography (LC)/MS have been established
as powerful techniques for protein identification or characterization.1,2 Typically,
sequence information is obtained from peptides that are generated by cleaving the
protein at specific peptide bonds, using enzymes such as trypsin or pepsin,3 or by
electrochemical digestion.4 See appendix E for the proposed mechanisms of the
electrochemical peptide bond cleavage reactions. These peptides are subsequently
characterized by tandem mass spectrometry (MS/MS), providing structural
information for protein identification. In many proteins, however, disulfide bonds
are formed between cysteine residue pairs that provide the protein with its threedimensional structure. These bridges are among the most common posttranslational modifications, contributing to protein stability and biological function.5
They are reversible covalent bonds formed by oxidation of cysteine thiol groups,
which hampers mass spectrometric analysis of protein samples because they link
electrochemically cleaved peptides together and therefore reduce the amount of
peptides that could be identified.6
Reduction of disulfide bonds prior to MS analysis is most commonly done using
chemical reducing agents such as dithiothreitol (DTT), followed by alkylation of the
thiol groups to prevent them from forming new disulfide bridges in an uncontrolled
manner. This is a time-consuming process, taking multiple hours, and excess
reagents need to be removed afterwards. As an instrumental alternative,
photocatalytic reduction at TiO2 has been explored in combination with matrixassisted laser desorption ionization/MS.7 With this procedure, the inter-chain
disulfide bonds of insulin could be reduced, as was shown by detection of the
separated A and B chains. To achieve a high reduction yield, glucose was used as a
hole scavenger to avoid immediate recombination of photo-generated conduction
band electrons. Electrochemical reduction is another purely instrumental approach,
allowing disulfide bond reduction at an electrode surface. This concept has been
demonstrated about 50 years ago, by reducing disulfide bonds of insulin at a
dropping mercury electrode.8 More recently, efficient electrochemical reduction at
titanium-based electrodes was demonstrated by Kraj et al., using a thin-layer
electrochemical cell coupled to electrospray ionization (ESI)/MS.9 Electrochemical
reduction of insulin was achieved with an efficiency of >98 % under optimized
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conditions, with a strong flow rate dependence causing the efficiency to drop at
higher flow rates. A square-wave pulsed potential scheme was used to regenerate
an oxide layer during the positive potential step, which is subsequently reduced at
the negative step. The reductive potential and pulse duration can, in addition to the
flow rate, modulate the overall reduction efficiency. Interestingly, no remarks were
made regarding oxidative peptide bond cleavage, which indicates that this was
either not observed, or outside the scope of the studies.
In the previous chapters, we have demonstrated the benefits of using microfluidic
electrochemical cells for generating electrochemical oxidation products from a
variety of compounds, producing drug metabolites,10 protein cleavage products and
reactive metabolites from environmental pollutants. The electrochemical cell used
in chapter 5 for protein cleavage was designed for high electrochemical conversion
efficiencies and was equipped with individual working and counter electrode
channels, to keep their respective products separated. In particular, integrated
electrodes made from boron doped diamond (BDD) were shown to be useful due to
the limited tendency of organic compounds to adsorb at the electrode surface
compared to, e.g., platinum (see chapter 4). It could be expected that this
electrochemical cell is also useful for generating reduction products. In the
experiments described here, we use this microfluidic device to reduce disulfide
bonds of insulin electrochemically at the integrated BDD electrodes. A linear
potential sweep was applied to the working electrode (WE) to generate a mass
voltammogram, allowing us to identify the potentials at which disulfide bond
reduction takes place. This proof-of-concept experiment demonstrates the
possibility for this device to be used for protein disulfide bond reduction, being an
application complementary to the earlier described electrochemical peptide bond
cleavage.
In a preliminary experiment, the small circular peptide octreotide was used to test a
pulsed oxidative/reductive potential scheme, to see whether our microfluidic device
could be used to generate peptide fragments as a result of cleaving both a disulfide
bond and a peptide bond. Initial results look promising, but the products detected
on-line will have to be analyzed by LC/MS in future work to increase confidence.
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6.2 Experimental
6.2.1 Microfluidic electrochemical cell
The electrochemical cell used in these experiments is identical to the one used
previously for peptide bond cleavage in proteins. In short, this device is equipped
with an integrated three-electrode system made from BDD: a working and counter
electrode (WE and CE) etched in BDD, and a Pt pseudo-reference electrode (pRE).
The WE and CE are located in separate channels of 5 µm height, which are connected
by a ‘frit channel’ network to promote ionic conductance and a uniform current
density over the entire length of the electrodes. The pRE is located just upstream of
the junction to minimize the electrolyte resistance between the WE and pRE, and
thereby unwanted Ohmic drop. See figure 6.1 for a photo and schematic
representation of this device. Further details regarding cell design and fabrication
can be found in chapter 5 and appendix F.

Figure 6.1: Representation of the microfluidic electrochemical
cell. A: Photo of an assembled device. B: Exploded view,
showing the different layers with microfabricated structures.
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6.2.2 Chemicals
Insulin from bovine pancreas, octreotide and formic acid (98%) were obtained
from Sigma Aldrich (Steinheim, Germany), acetonitrile (HPLC SupraGradient
grade) was purchased from Biosolve (Valkenswaard, The Netherlands) and
water was purified by a Millipore system (resistivity 18.2 MΩ·cm, Millipore
Corp., Billerica, USA). Both insulin and octreotide were prepared at a concentration
of 10 µM in 85/10/5 (v/v/v) water/acetonitrile/formic acid.

6.2.3 Instrumentation and measurements
Prior to use, the microfluidic electrochemical cell was flushed with the 85/10/5
(v/v/v) water/acetonitrile/formic acid solution and the WE potential was maintained
at 2.5 V for 10 min to oxidize adsorbed organic products, followed by cyclic
voltammetry scans (-2 to 2 V, 100 mV/s) until reproducible cyclic voltammograms
were obtained. Analyte solutions were introduced at a total flow rate of
2 µL/min using a syringe pump (Nemesys, Cetoni, Korbussen, Germany),
resulting in a 1 µL/min flow over the WE. Electrochemical measurements
were done using a potentiostat (SP 200, Bio-Logic, Claix, France).
Mass voltammograms of insulin were recorded on-line by applying a linear
potential sweep to the WE from 0 to -2500 mV at a scan rate of -2 mV/s. The
electrochemical reduction products of insulin were analyzed using an LTQOrbitrap XL mass spectrometer (Thermo Scientific, Bremen, Germany). The
transit time of 80 s between product formation within the electrochemical cell
and mass spectrometric product detection was taken into account when the
cell potential was correlated with MS signal intensities.
Reduction products were generated from insulin and octreotide dissolved in
85/10/5 (v/v/v) water/acetonitrile/formic acid solution at -2000 mV, and oxidation
products were generated from octreotide in the same solution at 800 mV.
Reaction product mixtures were collected and diluted with water to 2.5 µM
and analyzed using LC/MS. Separation and analysis was done on a Vydac RPC18 column (Grace Vydac, Lokeren, Belgium) with a 40 min gradient of 2-50 %
acetonitrile in water/0.1 % formic acid at a flow rate of 250 µL/min using a LC
system (Shimadzu, Kyoto, Japan) coupled to the LTQ-Orbitrap XL mass
spectrometer.
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For the preliminary pulsed experiments, an initial choice for the pulse
duration was made by considering the average residence time of the analyte
above the WE. With a total liquid volume above the WE of 24 nL and a flow
rate of 1 µL/min, this residence time is on average 1400 ms. Here, both the
oxidative and reductive pulses were chosen to be 700 ms, which is the
maximum pulse duration with this residence time. The reason for this is that
upon every pulse non-faradaic currents emerge due to charging of the electrical
double layer, and therefore minimizing the amount of potential steps is expected to
be beneficial for the cleavage yield.

6.3 Results
6.3.1 Electrochemical disulfide bond reduction of insulin
The possibility of disulfide bond reduction in our microfluidic electrochemical cell
was demonstrated using insulin. This small protein is composed of 51 amino acids
that are assembled in two chains (A and B). These chains are linked together by two
disulfide bonds, while chain A has an additional internal disulfide bond, as
indicated in figure 6.2. A mass voltammogram was recorded using on-line EC/MS
to determine at what potentials disulfide bonds can be reduced. In figure 6.2, the
peaks are indicated for insulin: m/z=1434.17 (4+), 1147.73 (5+) and 956.45 (6+), and
the separated B-chain: m/z=850.68 (4+) and 680.75 (5+). Starting at -800 mV, the signal
for the B-chain (green) was detected, which means that the two inter-chain disulfide
linkages are reduced. This signal first shows a local optimum around -1100 mV, and
increases subsequently to higher intensity towards the limit of the sweep
at -2500 mV. The signal for insulin shows a decrease in signal intensity towards the
limit of the sweep at -2500 mV, but does not disappear completely. From these
results it could be concluded that disulfide bond reduction is possible at BDD
electrodes in our microfluidic electrochemical cell, and that this reaction occurs with
increased efficiency at the more negative potentials.
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Figure 6.2: Electrochemical disulfide bond reduction of insulin. The mass voltammogram of insulin
(10 µM in 85/10/5 (v/v/v) water/acetonitrile/formic acid) was recorded by applying a linear potential
sweep to the WE, and plotting MS signal intensities as a function of m/z and potential. Three charge
states are shown for insulin: m/z=1434.17 (4+), 1147.73 (5+) and 956.45 (6+). Upon increasing WE
potential, the insulin signal intensities are reduced, and two other peaks appear starting at -800 mV,
which correspond to the B-chain: m/z=850.68 (4+) and 680.75 (5+).

In the literature it was already reported that the A-chain could hardly be seen in
positive ionization mode, possibly due to the lack of basic amino acids.6,9,11
Therefore, a possible reduction of the intramolecular disulfide bond in the A-chain
could not be confirmed using this mass voltammogram.
LC/MS chromatograms were recorded for reduced insulin collected from the
microfluidic electrochemical cell with the WE potential set to -2000 mV. The
chromatograms for insulin and the separated B-chain are shown in figure 6.3 A and
B, respectively, confirming that these products are present. In addition, clear
chromatographic peaks were detected at m/z=1168.00 (see figure 6.3C),
corresponding to the doubly charged A-chain with an intact intramolecular disulfide
bond. At m/z=1169.00, multiple peaks were detected (see figure 6.3D). The first two,
with identical retention times as the peaks at m/z 1168.00, can be related to an isotope
of the A-chain with intact intramolecular disulfide bond, whereas the two later
eluting peaks can be assigned to a doubly charged A-chain with reduced disulfide
bond. Double peaks are detected in both cases, but the nature of these isobaric
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compounds is currently unclear. This experiment shows as a proof-of-concept that
disulfide bonds can be reduced in our microfluidic electrochemical cell.

Figure 6.3: Electrochemical disulfide bond reduction of insulin. Insulin (10 µM in 85/10/5 (v/v/v)
water/acetonitrile/formic acid) was reduced at a constant WE potential of -2000 mV. Extracted ion
chromatograms are shown for insulin (m/z=1147.73, 5+), the separated B-chain (m/z=850.68, 4+), the
separated A-chain with intact intramolecular disulfide bond (m/z=1168.00, 2+) and the separated
A-chain with reduced intramolecular disulfide bond (m/z=1169.00, 2+).

6.3.2 Preliminary: combined peptide and disulfide bond cleavage
The circular peptide octreotide (FCFWKTCT-ol), a drug used to for the treatment of
certain tumors, contains one (internal) disulfide bond and one tryptophan. At
positive potentials, cleavage at the C-terminal side of tryptophan can take place as
described in chapter 5. At negative potentials, the disulfide bond can be reduced as
described above. In a preliminary experiment, it was tested whether disulfide bond
reduction could be combined with oxidative cleavage to generate unique peptide
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fragments. A pulsed potential of -2000/800 mV with durations of 700/700 ms was
applied to the WE, and the products were analyzed on-line using MS. When both
the disulfide bond and the tryptophanyl peptide bond are electrochemically cleaved,
the peptide FCFW+14 (m/z=616.22, 1+) is expected to be formed. In this on-line ECMS experiment, octreotide was almost completely consumed and a signal has been
observed at m/z=616.22, indicating that the anticipated product might have been
formed. However, the signal was rather weak, and LC/MS data will be needed for
this experiment to be conclusive. See appendix D for the extracted ion
chromatograms and mass spectra of octreotide that were recorded while oxidative,
reductive and pulsed potentials were applied in the electrochemical cell.

6.4 Discussion
It was demonstrated that disulfide bonds in proteins can be reduced and cleaved
electrochemically in a microfluidic cell. Reduction of all three disulfide bonds of
insulin could be observed, as evidenced from the detection of the separated A and
B-chains, as well as A-chains with and without internal disulfide bond.
Because both electrochemical disulfide bond reduction and peptide bond cleavage
were successfully achieved so far, a pulsed potential scheme was used with the aim
of generating unique products as a result of both types of cleavage. For this, the
circular peptide octreotide was used and preliminary EC/MS data gave some
evidence that this pulsed potential enabled generation of such a product (FCFW+14).
However, LC/MS data will be required to confirm this.
Furthermore, optimization of the electrical pulse scheme is needed, because this will
most likely increase the cleavage yields. Currently, double layer charging takes
around one third of the pulse duration, which should be taken into account when
optimizing such an experiment. Pulse durations and possibly the duty cycle in
combination with the flow rate could be adjusted to increase the yield of unique
electrochemically generated peptides. Alternatively, the RC time constant could be
reduced by reducing the resistance between the WE and CE, for example by
increasing the electrolyte concentration. It should also be noted that reduced
disulfide bonds can be re-oxidized in certain circumstances. According to reports,
this reverse reaction is less favorable at longer time scales, due to changing of the
orientation of the reduced groups, and in acidic solvents.8,12
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6.5 Conclusions
The entirely instrumental approach to generating small peptides in a microfluidic
electrochemical cell for MS-based protein analysis relies on rapid disulfide bond
reduction with analysis times of minutes, with possible applications in protein
identification where an increased number of cleavage products is desired for
improved sequence coverage. If, in addition, also the combined reduction and
oxidative peptide bond cleavage is proven to be feasible and reproducible, this
method can be further developed to achieve disulfide bond reduction and protein
digestion in a single chip for proteomics research.
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Conclusions and Outlook
7.1 Conclusions
The research in this thesis is focused on the development and use of electrochemical

and chemical microreactors for the generation of metabolites and protein cleavage
products. First, microfluidic electrochemical cell design aspects are considered,
based on a literature review (chapter 2) and based on a novel device that has been
designed and fabricated (chapter 4 and 5). Second, oxidative metabolism and adduct
formation was demonstrated, both with drugs (chapter 3) and with environmental
pollutants (chapter 4). Third, electrochemical protein cleavage has been
accomplished, both through oxidative peptide bond cleavage (chapter 5) and
disulfide bond reduction (chapter 6).

7.1.1 Electrochemical/chemical microreactors
Miniaturization of electrochemical cells for mass spectrometry-based applications
were reviewed and it was concluded that newly developed cells tend to become
smaller (nanometer-sized), multi-functional (e.g., on-chip electrospray ionization
emitters), and equipped with or made from high-performance materials (cyclic
olefin copolymer cells or boron-doped diamond electrodes). The conversion
performance of an electrochemical cell was defined in the form of a thin-layer plate
number (Ntl), which is the ratio of the residence time of an analyte molecule in the
liquid adjacent to the electrode, and the time it takes for this molecule to diffuse
towards the electrode surface. Because of the shallow channels obtained with
microfabricated devices, thin-layer place numbers for microfluidic electrochemical
cells can be increased to values Ntl>10, even for proteins. This compares favorably
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with classical macro-scale thin-layer cells, for which Ntl could drop below 1 for these
compounds, showing that microfluidic electrochemical cells can achieve
significantly higher conversion efficiencies.
The use of boron doped diamond (BDD) as an electrode material in these chip-based
devices has shown to be a major improvement compared to platinum electrodes. It
was already observed in macro-scale cells that BDD shows properties superior to
platinum, especially with regard to reduced adsorption of organic compounds. In
addition, in a simple experiment to compare platinum directly with BDD electrodes
it was found that BDD showed an increased potential window for aqueous
electrolyte stability, higher conversion rates and more oxidation products.
Ultimately, a cell has been designed in which the BDD working electrode and
counter electrode are located in separate channels, to isolate their respective reaction
products, and these electrodes are connected electrically via a frit channel network
to promote ionic conductance and to generate a uniform current density over the
electrode surface. A platinum pseudo-reference electrode was located in close
proximity to the WE. The electrochemical cell had a conversion efficiency of >95 %
for the ferri-/ferrocyanide redox couple, and has an internal volume of 160 nL,
showing that these microfluidic electrochemical cells can convert analyte with a high
efficiency while consuming small amounts of reagent.
In addition to the electrochemical cell, an integrated passive gradient rotation mixer
was developed. This mixer rotates the concentration gradient that develops
naturally by combining two flows in a planar fashion, to be directed over the channel
height instead of the (much larger) width. This reduces the diffusion distances
required for mixing and increases the efficiency ~8-fold compared to a simple
T-junction of similar dimensions. With a small footprint of 0.12 mm² and 790 pL
volume, a mixing efficiency of ~80 % is achieved for fluorescent test compounds.
With typical flow rates of 2 µL/min, the time it takes for an oxidation product to
reach the mixer is between 0.1 and 1.5 s, depending on where exactly at the working
electrode the product is generated. The mixing time itself is 24 ms. This combination
of electrochemical and chemical microreactor enabled combined phase I and II
metabolism studies to be performed in a single device.
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7.1.2 Metabolite generation
Drug metabolism studies started out with a previously developed electrochemical
cell.1 In these experiments, the focus was on an instrumental improvement with
respect to interfacing microfluidic devices with electrospray ionization-mass
spectrometry (ESI-MS). An ESI needle was connected directly to the outlet of the
chip, reducing the transfer time between electrochemical oxidation and MS
detection to just a few seconds. This allowed us to detect a short-lived reactive
intermediate product of chlorpromazine, demonstrating that these devices are
suitable for screening drug candidates for short-lived and potentially toxic
metabolites.
Subsequently, the newly developed BDD-based microfluidic electrochemical cell
with gradient rotation mixer was used to study phase I and II metabolism of
1-hydroxypyrene, a common environmental pollutant. In these experiments it was
demonstrated that this device can be used for both the electrogeneration of reactive
phase I metabolites and the formation of adducts with biomolecules. Detoxification
by glutathione was observed (phase II metabolites), as well as the formation of
protein adducts, which could indicate potential toxicity.

7.1.3 Protein cleavage
Oxidative peptide bond cleavage has been demonstrated at BDD electrodes on-chip
using a variety of peptides and proteins. Using tripeptides, electrochemical cleavage
of tryptophyl and tyrosyl peptide bonds was demonstrated. Ultimately, chicken egg
white lysozyme could be identified based on five electrochemically generated
peptides using a proteomics database searching algorithm.
In addition, electrochemical reduction of disulfide bonds was shown, which allows
one to disrupt the protein three-dimensional structure and make internal cleavage
sites more accessible. The two chains of insulin could be separated in this way, which
was a result of reducing the two inter-chain disulfide bonds that hold them together.
In preliminary experiments, an attempt was made to cleave both these types of
bonds using an electrical pulsed potential. The first results indicate that this might
indeed be possible, because a small signal was observed that can be related to a
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product of octreotide that results from both oxidative peptide bond cleavage and
disulfide bond reduction.
Both reactions discussed here are traditionally done using enzymes and chemicals,
requiring often labor-intensive sample preparation and purification steps prior to
MS-based analysis. Performing these reactions electrochemically allows for a cleaner
approach and therefore makes rapid analysis possible. Therefore, these results show
that our device has a clear potential for use in proteomics applications.

7.2 Outlook
7.2.1 Detection
Most of the results described in this work are obtained using mass spectrometric
detection. As an alternative approach, optical detection methods could be
considered, allowing one to incorporate the detector in the form of a wave guide
together with the electrochemical cell on-chip.2 Alternatively, in another
collaboration within this STW project, optical detection based on Raman
spectroscopy has been combined with electrochemical conversion to obtain an
integrated spectroelectrochemical analysis system.3 Although these approaches
measure different metabolite properties, they will both be capable of doing so within
milliseconds after they are generated, opening the way to detect metabolites with
much shorter lifetimes compared to MS-based techniques and to study electrode
processes in a more fundamental manner.

7.2.2 Drug metabolite synthesis
As already concluded in chapter 2, the presented devices are useful to generate
reactive metabolites for a rapid qualitative assessment of potential toxicity, as was
subsequently shown in chapters 3 and 4 by real-time recording of mass
voltammograms for a variety of compounds. However, these microfluidic chips are
inherently impractical for the large-scale (mg amounts) synthesis of metabolites,
which is necessary during drug development.4 This would require an alternative
electrochemical reactor design that can be operated at higher flow rates while
maintaining quantitative conversion.
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7.2.3 Proteomics and antibody characterization
Although electrochemical protein cleavage has been demonstrated for a few isolated
model compounds, it would be interesting to prove its potential in real proteomics
samples. However, the experience is that micrometer-sized structures are not always
compatible with the types of sample used in these situations. Larger proteins and
protein mixtures tend to clog channels easily due to the formation of aggregates or
precipitation, especially in the presence of increased formic acid concentration,
which functions as the electrolyte in these experiments. Therefore, one way is to use
filtered protein samples, but this might result in the loss of proteins. Alternatively,
increased robustness to circumvent these problems might be taken into account as a
cell design constraint.
Antibody engineering has gained tremendous interest in recent years as a means to
produce biopharmaceuticals.5 Their characterization is an essential part of quality
control. To this end, Nicolardi et al. demonstrated a way to characterize the
monoclonal antibody Immunoglobulin G1 based on electrochemical disulfide bond
reduction followed by top-down mass spectrometric analysis.6 For this, a Fourier
transform ion cyclotron resonance MS equipped with a 15 T magnet was used to
obtain the required resolving power. It would be valuable for this application to
combine electrochemical reduction with oxidative cleavage, in order to obtain welldefined peptides for bottom-up analysis using more ordinary MS instruments.
Finally, within this STW project efforts are made by the group of Prof. Dr. Bischoff
to chemically label reactive spirolactones at the C-terminus of peptides that are
generated upon electrochemical cleavage of the tryptophyl or tyrosyl peptide bonds,
with the aim to enrich the cleavage products. The integrated micromixer could
provide the possibility to do this labeling immediately after the cleavage products
are generated. In addition, a heater could be integrated in the vicinity of the mixer
to speed up the reaction rate of the labeling process. If this could be achieved, we are
a step closer to a real proteomics lab on a chip.
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Supplementary data chapter 3:
short-lived drug metabolites
A.1 PEDOT-coated pseudo-reference electrode

The Pt reference electrode in the microfluidic chip was provided with a
poly(3,4-ethylenedioxythiophene) (PEDOT) layer by in-situ electrodeposition. A
solution containing 10 mM EDOT and 0.1 M polystyrene sulfonate (PSS) was
infused in the chip and 60 ms pulses of 180 mV vs. an external saturated Ag/AgCl
reference electrode were applied until the electrode was fully covered by the
conductive polymer.
The potential of a PEDOT/Pt electrode is measured vs. saturated Ag/AgCl in 50/50
(v/v) 100 mM NH4formate (pH 7.4)/ACN solution, which is the buffer solution used
for the EC/MS experiments. As can be seen in figure A.1, a stable potential of -0.17 V
is found with a drift of 4 mV in 30 min.
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Figure A.1: Potentiometric measurement with a Pt/PEDOT working electrode and a saturated
Ag/AgCl reference electrode in a 50/50 (v/v) 100 mM NH4formate (pH 7.4)/ACN solution. The
Pt/PEDOT electrode has a potential of -0.17 V vs. Ag/AgCl and a drift of 4 mV is observed during
the 30 min measurement.

A.2 Setup on-line EC/MS
A microfluidic electrochemical cell was mounted on a x-y-z stage and positioned on
a table attached to the Time-of-Flight mass spectrometer (TOF-MS) inlet. An ESI
needle was connected directly to the outlet of the working electrode channel on the
chip and could be aligned precisely with the MS inlet. A photo of the setup is shown
in figure A.2.
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Figure A.2: Setup consisting of a microfluidic electrochemical cell equipped with an ESI needle (here
a glass capillary needle), mounted in a x-y-z stage and positioned in front of a TOF-MS.

A.3 Settings and operating conditions of the TOF-MS
A.3.1 Phase I metabolism
The ESI source voltage was set to -3 kV and the MS was configured to operate in the
positive ion mode under the following conditions: ESI(+); nebulizer (N2), 0.6 bar; dry
gas (N2), 1.2 L/min; dry heater, 180 °C; capillary, 3.0 V; endplate offset, -500 V;
capillary exit, 90.0 V; skimmer 1, 30.0 V; skimmer 2, 24.6 V; hexapole 1, 26.7 V;
hexapole 2, 20.6 V; hexapole RF, 90.0 V; lens transfer time, 49.0 µs; pre-pulse storage
time, 1.0 µs; lens 1 storage, 40.0 V; lens 1 extraction, 20.9 V; lens 2, 7.4 V; lens 3,
22.0 V; lens 4, 0.3 V; lens 5, -27.5 V; mass-to-charge (m/z) ratio range 50-800.

A.3.2 Phase I and phase II metabolism
The ESI source voltage was set to -4.5 kV and the MS was configured to operate in
the positive ion mode under the following conditions: ESI(+); nebulizer (N2), 0.8 bar;
dry gas (N2), 4.0 L/min; dry heater, 180 °C; capillary, 4.5 V; endplate offset, -500 V;
capillary exit, 90.0 V; skimmer 1, 30.0 V; skimmer 2, 24.6 V; hexapole 1, 26.7 V;
hexapole 2, 22.1 V; hexapole RF, 90.0 V; lens transfer time, 52.0 µs; pre-pulse storage
time, 10.0 µs; lens 1 storage, 40.0 V; lens 1 extraction, 20.9 V; lens 2, 7.4 V; lens 3,
22.0 V; lens 4, 0.3 V; lens 5, -27.5 V; mass-to-charge (m/z) ratio range 100-1000.
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A.3.3 Phase I metabolism and protein modification
The ESI source voltage was set to -4.5 kV and the MS was configured to operate in
the positive ion mode under the following conditions: ESI(+); nebulizer (N2), 0.8 bar;
dry gas (N2), 4.0 L/min; dry heater, 180 °C; capillary, 4.5 V; endplate offset, -300 V;
capillary exit, 180.0 V; skimmer 1, 60.0 V; skimmer 2, 25.0 V; hexapole 1, 23.0 V;
hexapole 2, 21.0 V; hexapole RF, 400.0 V; lens transfer time, 70.0 µs; pre-pulse
storage time, 25.0 µs; lens 1 storage, 40.0 V; lens 1 extraction, 20.9 V; lens 2, 7.4 V;
lens 3, 22.0 V; lens 4, 0.3 V; lens 5, -27.5 V; mass-to-charge (m/z) ratio range 50-4000.

A.4 Time constant estimation for MS response
In the recorded ion traces of clozapine and amodiaquine (figure 3.2), an exponential
rise in signal intensity can be observed that is characteristic for a capacity in the
system, which is presumably dead volume. To clarify the trend of the recorded
signal, a moving average filter was applied with a width of +/- 10 data points. For
the clozapine (CLZ) and amodiaquine (AQ) metabolites, the capacitive effect was
clearly observed and the asymptotic value (A) was estimated to be the average value
of the last 30 s of the oxidation period (straight horizontal lines in Figure A.3). The
time constant (τ) was calculated to be the time at which 63 % of this value was
reached, with respect to the earlier calculated transit time tr (dashed horizontal lines
in figure A.3). This resulted in the average time constants τ=11 s for CLZ and τ=18 s
for AQ. With this, the exponential rise Ifit could be described with the equation:
A,Ad
e
\

cP* () = G Z1 − @ A

(A.1)

The fitted curves for CLZ and AQ are shown in figure A.3 A and B. For
chlorpromazine, an asymptotic value could not be defined and therefore the
calculation of a time constant is less reliable. Nevertheless, for the chlorpromazine
sulfoxide, a reasonable fit of the initial rise in signal intensity could be made by
taking the average of 30-60 s of oxidation, which results in an average time constant
τ=7 s. The fitted curve is shown in figure A.3C.
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Figure A.3: Extracted ion chromatograms of selected metabolites which are
processed with a moving average filter to clarify the trends. See figure 3.2 for the
original traces. The calculated asymptotic value (straight line) and 63 % of this
value (dashed line) are indicated, together with the corresponding fit (black). The
signals correspond to the following metabolites: A: clozapine nitrenium ion, B:
amodiaquine quinoneimine and C: chlorpromazine sulfoxide.
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A.5 Original spectra protein modification experiments

Figure A.4: Paracetamol is infused in the electrochemical cell and carbonic anhydrase I is added to
the effluent of the chip. Mass spectra are recorded before and after the microfluidic electrochemical
cell is switched on to generate N-acetyl-p-benzoquinone imine, which subsequently forms an adduct
with carbonic anhydrase I (CAI). Deconvoluted spectra are shown in figure 3.6.

B

Supplementary data chapter 4:
oxidation and adduct formation
B.1 Settings and operating conditions of the TOF MS
Table B.1: Settings and operating conditions of the Time-of-Flight mass spectrometer.
1-OHP

GSH

LGA

Hb

Mass range (m/z)

100-600

100-1200

300-3000

300-3000

Nebulizer gas pressure (bar)

0.8

0.8

1.8

1.8

Dry gas flow rate (L/min)

4

4

8

8

Dry gas heater temperature (°C)

180

180

190

180

Capillary voltage (V)

4000

4500

4000

4000

Endplate offset voltage (V)

-500

-500

-300

-300

Capillary exit voltage (V)

120

150

150

180

Skimmer 1 voltage (V)

40

50

50

60

Skimmer 2 voltage (V)

24.6

24

22.5

22

Hexapole 1 voltage (V)

26.7

25

25

23

Hexapole 2 voltage (V)

21

20

20

21

Hexapole RF voltage (Vpp)

60

400

450

500

Lens transfer time (µs)

49

52

60

70

Pre-pulse storage time

1

15

30

30

Lens 1 storage voltage (V)

40

40

40

40

Lens 1 extraction voltage (V)

21.1

20

20

21.1

Lens 2 voltage (V)

7.4

7.4

7.4

7.4

Lens 3 voltage (V)

22

22

22

22

Lens 4 voltage (V)

0.3

0.3

0.3

0.3

Lens 5 voltage (V)

-27.5

-27.5

-27.5

-27.5
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B.1 Additional data passive gradient rotation mixer

Figure B.1: Numerical simulation results of the gradient rotation mixer (obtained using COMSOL
v5.1). A: 3D plot of the mixer (including spatial dimensions in µm and coordinate system) containing
slices with concentration profiles across the mixer, showing the gradient to be stretched out inside
the two mixing chambers. Insets: cross-sectional view of the concentration profiles in the three
10 x 10 µm² ‘necks’. Note that in IIIb and IVb the color scale is adjusted to allow visualization of the
profiles. The arrows represent x and z components of the flow velocity field. For this simulation, a
mixing efficiency of 99 % is calculated using equation 4.4. B: Concentration distribution at the center
of the mixer. Along the red line, the concentration is averaged over the channel depth and plotted as
a function of position for diffusion coefficient D=1.0·10-09 m²/s and total flow rates of 1 and 2 µL/min.
In these traces and plots, a different concentration profile can be observed compared to figure 4.3: the
alternative combination of parameters (higher D, lower Q) results in reduced rotation of the
concentration gradient as a result of reduced advection and more rapid diffusion.

C

Supplementary data chapter 5:
peptide bond cleavage
C.1 Cyclic voltammograms of 1,1’-ferrocenedimethanol

Figure C.1: Cyclic voltammograms recorded using 1 mM 1,1’-ferrocenedimethanol in the two
solutions used throughout the experiments (10 % acetonitrile in 1 and 5 % formic acid). A and B:
voltammograms recorded using a regular electrochemical cell with a BDD working electrode (WE),
platinum counter electrode (CE) and Ag/AgCl (KCl saturated) reference electrode (RE). C and D:
voltammograms recorded using a microfluidic electrochemical cell with a BDD WE and CE and a
platinum pseudo-RE.
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C.2 LC-MS chromatograms oxidized and cleaved LWL

Figure C.2: LC-MS extracted ion chromatograms of products collected from a microfluidic
electrochemical cell after oxidation and cleavage of 10 µM LWL in 89/10/1 (v/v/v)
water/acetonitrile/formic acid at a potential of 1300 mV at a BDD working electrode. Analyte was
introduced at a total flow rate of 2 µL/min (1 µL/min over the WE). A number of oxidation products
are observed in addition to the cleavage product LW+14.

C.3 LC-MS chromatograms oxidized and cleaved LYL

Figure C.3: LC-MS extracted ion chromatograms of products collected from a microfluidic
electrochemical cell after oxidation and cleavage of 10 µM LYL in 89/10/1 (v/v/v)
water/acetonitrile/formic acid at a potential of 2000 mV at a BDD working electrode. Analyte was
introduced at a total flow rate of 2 µL/min (1 µL/min over the WE). A number of oxidation products
are observed in addition to the cleavage product LY-2.
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C.4 LC-MS chromatograms oxidized and cleaved LFL

Figure C.4: LC-MS extracted ion chromatograms of the products collected from a microfluidic
electrochemical cell after oxidation and cleavage of 10 µM LFL in 85/10/5 (v/v/v)
water/acetonitrile/formic acid at 2000 mV at a BDD working electrode. Analyte was introduced at a
total flow rate of 2 µL/min (1 µL/min over the WE). A: starting material LFL; B: oxidation (aromatic
hydroxylation) products LFL+16 including LYL and C: further oxidation products LFL+14, LFL+30,
LFL+32 and the cleavage product LY-2.
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C.5 LC-MS chromatograms ACTH cleavage

Figure C.5: LC-MS extracted ion chromatograms of cleavage products of ACTH 1-10 (10 µM in
89/10/1 (v/v/v) water/acetonitrile/formic acid) generated at the BDD working electrode in a
microfluidic electrochemical cell. Analyte was introduced at a total flow rate of 2 µL/min (1 µL/min
over the WE). A: cleavage products generated at 700 mV and B: cleavage products generated at
1100 mV. A pair of two isobaric chromatographic peaks with identical MS and MS/MS spectra were
observed for each cleavage product, but the nature of these compounds is not yet clear.
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C.6 LC-MS chromatograms insulin cleavage

Figure C.6: Mass voltammograms of 10 µM insulin in 85/10/5 (v/v/v) water/acetonitrile/formic acid.
The potential was ramped from 0 to 2000 mV at a scan rate of 2 mV/s while analyte was introduced
at a total flow rate of 2 µL/min (1 µL/min over the BDD WE). Traces of insulin and its cleavage
products were plotted as a function of cell potential. A: Insulin (m/z 1146.93, charge 5+); B: TPKA
(m/z 208.63, charge 2+); C: QLENY-2 (m/z 664.29, charge 1+) and D: A(1-14)+B(1-16) (m/z 1099.16,
charge 3+). A(1-14)+B(1-16) corresponds to the N-terminal parts of the A- and B-chains released upon
cleavage at sites 1 and 3, respectively, which remain linked together by a disulfide bond (see
figure 5.5 for details).
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C.7 Mass voltammograms lysozyme cleavage

Figure C.7: Mass voltammograms of 2 µM lysozyme in 85/10/5 (v/v/v) water/acetonitrile/formic acid.
The potential was ramped from 0 to 2500 mV at a scan rate of 2 mV/s while analyte was introduced
at a total flow rate of 2 µL/min (1 µL/min over the BDD WE). Traces for lysozyme and two products
(KVFGRC(+57)ELAA-AMKRHGLDNY-RGYSLGNW+14 and IRGC(+57)RL) resulting from cleavage
at the C-terminal of tryptophan (sites 3 and 9) were extracted and plotted versus cell potential. A:
Lysozyme (m/z 739.37, charge 20+), B: KVFGRC(+57)ELAA-AMKRHGLDNY-RGYSLGNW+14 (m/z
657.53, charge 5+) and C: IRGC(+57)RL (m/z 387.72, charge 2+). See table 5.1 for details.
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C.8 LC-MS chromatograms lysozyme cleavage

Figure C.8: LC-MS extracted ion chromatograms of cleavage products of lysozyme (2 µM in 85/10/5
(v/v/v) water/acetonitrile/formic acid) generated at the BDD working electrode in a microfluidic
electrochemical cell. Two different potentials were used (1000 and 2000 mV) and analyte was
introduced at a total flow rate of 2 µL/min (1 µL/min over the WE). See table 5.1 for details. Isobaric
chromatographic peak pairs were observed for all 7 spirolactone-containing peptides with two
exceptions, KVFGRC(+57)ELAA AMKRHGLDNY RGYSLGNW+14 and VC(+57)AAKFESNF
NTQATNRNTD GSTDY-2, which is possibly due to insufficient chromatographic separation.

D

Supplementary data chapter 6:
disulfide bond reduction
The circular peptide octreotide (FCFWKTCT-ol) was used to test a pulsed potential

to achieve peptide bond cleavage through oxidation and disulfide bond reduction
in a single run through the microfluidic electrochemical cell. First, the oxidation and
reduction products were analyzed separately by LC/MS. Subsequently, in an on-line
EC/MS experiment using a pulsed potential, a signal was observed that could be
related to a product resulting from both oxidative peptide bond cleavage and
disulfide bond reduction (FCFW+14), but due to absence of LC/MS data this could
not yet be confirmed.

D.1 Oxidative peptide bond cleavage
Oxidation products generated at 800 mV were analyzed by LC/MS. Extracted ion
chromatograms are shown in figure D.1, with the product labels referring to the
octreotide oxidation products that are formed along the pathways shown in
appendix E. Because octreotide has an internal disulfide bond, oxidation followed
by cleavage results in a mass of M+14+18, which overlaps with the doubly
hydroxylated product M+32. Indeed, multiple peaks can be seen in the extracted ion
chromatogram of m/z=526.23, which could be related to multiple products. In
addition, all chromatograms of the oxidation products show a peak at the retention
time of 27.1 min, which could be related to octreotide isotopes, and these signals will
need to be analyzed in future work.
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Figure D.1: Electrochemical oxidation of octreotide. Octreotide (10 µM in 85/10/5 (v/v/v)
water/acetonitrile/formic acid) was oxidized at a constant WE potential of 800 mV. Extracted ion
chromatograms are shown for octreotide (m/z=510.23, 2+), and oxidation products: M+16 (m/z=518.23,
2+), M+14 (m/z=517.22, 2+) and M+32 (m/z=526.23, 2+). The trace for M+32 shows multiple peaks,
which could be related to either peptide bond cleavage or double hydroxylation.

D.2 Reductive disulfide bond cleavage
Reduction products, generated at -2000 mV, were analyzed by LC/MS. Extracted ion
chromatograms are shown in figure D.2. Here, the M+2 peptide ion peaks originate
from both the addition of two hydrogens as a result of disulfide bond reduction and
the 34S isotope peak of octreotide, which are well separated.

Section D.3

Preliminary: pulsed potentials

159

Figure D.2: Electrochemical reduction of octreotide. Octreotide (10 µM in 85/10/5 (v/v/v)
water/acetonitrile/formic acid) was reduced at a constant WE potential of -2000 mV. Extracted ion
chromatograms are shown for octreotide (m/z=510.23, 2+) and the M+2 product (m/z=511.24, 2+). The
trace for M+2 shows two peaks, which could be related to disulfide bond reduction and the 34S
isotope of octreotide.

D.3 Preliminary: pulsed potentials
Upon application of a pulsed potential of -2000/800 mV with durations of
700/700 ms, the signal for octreotide (m/z=510.23, 2+) is reduced by 96 % (see
figure D.3A), indicating that octreotide is consumed. At the same time, a signal was
detected at m/z=616.22 (1+), corresponding to the mass of the peptide FCFW+14,
which was expected to appear upon cleavage of both the disulfide bond and the
tryptophyl peptide bond (see figure D.3B).
Mass spectra around m/z=616.22 before and after the pulse is switched on are shown
in figure D.4. Although the intensity is low, a peak is visible that could be related to
FCFW+14, together with an M+1 peak that has a relative intensity close to what
would be expected based on the 13C and 15N isotope content of FCFW+14.
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Figure D.3: Pulsed reduction and oxidation of octreotide. Octreotide (10 µM in 85/10/5 (v/v/v)
water/acetonitrile/formic acid) was reduced and oxidized using a pulsed potential of -2000/800 mV
for 700/700 ms. Extracted ion chromatograms are shown for A: octreotide (m/z=510.23, 2+), showing a
decrease of 96 % when the WE potential is pulsed and B: signal that is tentatively assigned to the
peptide FCFW(+14), resulting from both disulfide bond reduction and peptide bond cleavage
through oxidation (m/z=616.22, 1+).
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Figure D.4: Pulsed oxidation and reduction of octreotide. Mass spectra recorded when the
electrochemical cell was switched to open circuit potential (OCP) (top), where some background
signals are visible, and when the pulsed potential (700/700 ms of -2000/800 mV) was switched on
(bottom). Upon oxidation and reduction, a peak can be seen at m/z=616.22, which could be related to
FCFW+14, as well as an M+1 peak at 617.23, which could be related to an isotope of FCFW+14.

E

Peptide bond cleavage
mechanisms

Figure E.1: General oxidation and cleavage pathways for tryptophan-containing peptides (R1-W-R2),
as proposed by Permentier et al.1,2 Hydroxylation followed by oxidation produces an oxo-indolecontaining ion. This ion can either be further oxidized, or rearranges to an intermediate product.
Finally, peptide bond hydrolysis results in cleavage products R1-W+14 (a spirolactone) and H2N-R2.
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Figure E.2: General oxidation and cleavage pathways for tyrosine-containing peptides (R1-Y-R2), as
proposed by Permentier et al.2,3 Upon oxidation, a phenoxonium-containing ion is formed. This ion
can either be further oxidized, or rearranges to an intermediate product. Finally, peptide bond
hydrolysis results in cleavage products R1-Y-2 (a spirolactone) and H2N-R2.
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1
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Fabrication process document
BDD-based microreactors
F.1 Introduction

This process document describes the fabrication process of microfluidic
electrochemical cells having a working electrode (WE), a counter electrode (CE) and
a pseudo-reference electrode (pRE), and two layers of channel structures. These
devices are equipped with a platinum pRE, while the WE and CE are made from
boron doped diamond (BDD). BDD is chosen for its superior electrochemical
properties compared to, e.g., platinum, as is described in chapter 4 and 5. With the
set of masks designed for the BDD-based electrochemical cells it is also possible to
fabricate devices with a platinum WE and CE sputtered on glass, which allowed us
to easily compare these two electrode materials.
The mask set contains two types of microreactor. The first type is equipped with an
electrochemical cell only, having one inlet and two outlets, which enables fast
transport of reaction products from the WE to the chip outlet for detection. In the
second type, a micromixer is included directly after the WE to study follow-up
reactions, and these chips are interfaced fluidically with two inlets and two outlets.
In the next sections, the BDD substrates are described, followed by the mask set and
finally the process flow. Chip fabrication was done in the cleanroom of the MESA+
Nanolab facility.

166

Appendix F

F.2 Boron doped diamond wafer preparation
A standard p-type silicon <100> one-side polished wafer of 525 µm thickness was
provided with layers of thermal oxide (SiO2) and stoichiometric silicon nitride
(Si3N4) prior to the BDD growth process. The thicknesses of these insulating layers
were chosen as to minimize substrate deformation due to residual film stress. The
residual stresses (σ) assumed were 1 GPa for Si3N4 (tensile) and -250 MPa for thermal
SiO2 (compressive). The stress in a film is related to the film thickness (tf) and
substrate deflection (δ) according to1,2:
(=

1 f h 
3 g  1 − i P

(F.1)

With r and ts the radius and thickness of the substrate, and E and ν the Young’s
modulus and Poisson ratio of the film material. Leaving out the substrate and
material constants, if follows that δ~σ·tf.
From this, it was determined that a SiO2 layer of 300 nm and a Si3N4 layer of 75 nm
will result in minimal deformation. Thermal oxide was grown at 1000 °C for 65 min
in H2O atmosphere and 2 L/min N2. Subsequently, stoichiometric silicon nitride was
grown at 750 °C and 150 mTorr for 75 min 15 s using 25 sccm SiH2Cl2, 250 sccm NH3
and 200 sccm N2. Following this, a 300 nm thick diamond layer with a 10000 ppm
boron doping was grown in a process performed by Neocoat SA (La Chaux-deFonds, Switzerland). Here, diamond nuclei were seeded at high density, after which
the BDD layer was grown in a hot-filament CVD process using CH4 and
trimethylboron in H2. See figure F.1 for the composition of the BDD-on-insulator
wafers.

Figure F.1: BDD-on-insulator wafer.
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F.3 Mask set and process outline
Five photolithography masks were prepared to fabricate the microreactors using
two wafers. The bottom wafer was the BDD-on-insulator wafer described in the
previous section. BDD electrodes were etched using mask 1 (EL), after which
platinum pREs and contact pads were made in a sputtering and lift-off process using
mask 2 (CP). The bottom wafer was completed by patterning microfluidic channels
in a layer of the structural photoresist SU-8 using mask 3. The top wafer was a
borosilicate glass wafer in which microfluidic channel structures were etched in a
DRIE process using mask 4 (TC). Access holes were powder blasted from the
backside of the top wafer using mask 5 (PB). In practice, the borosilicate glass wafer
is prepared first, because the wafers have to be bonded together immediately after
the SU-8 lithography step. The mask properties are listed in table F.1, and see figure
F.2 for an illustration of the fabrication process. The wafer materials are listed in
table F.2, and the basic process steps are outlined in table F.3.
Table F.1: Photolithography masks.
Position

Description

Code

Specifications

Mask 1

Etching BDD electrodes

EL

Inside black

Mask 2

Sputtering platinum

CP

Inside black

Mask 3

SU-8 lithography

BC

Inside black

Mask 4

Etching borosilicate glass

TC

Inside black, mirrored

Mask 5

Powder blasting

PB

Inside black
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Figure F.2: Basic illustration of the five photolithography steps.

Table F.2: Wafer selection.
Material

Comments

Top wafer

Borosilicate glass

Borofloat 33 (1.1 mm).

Bottom wafer

BDD/Si3N4/SiO2/Si

See section F.2 for details.
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Table F.3: Process overview.
Step

Wafer

1

Top

Mask

2

Process

Comments

Selection

Borofloat 33 (1.1 mm).

Cleaning

3

TC

Photolithography

3.5 µm Olin 908-Ti-35 ES.

4

DRIE

5 µm deep channels.

5

Resist strip

6

PB

Photolithography

Use 2 layers of Harke i-HE foil.

7

Powder blasting

8

Foil and particle

Ultrasonic cleaning before further cleanroom

removal

processing to remove particles.

Selection

BDD-on-insulator wafer.

9

Bottom

10

Cleaning

11
12

BE

Al evaporation

100 nm etching mask for BDD etching.

Photolithography

3.5 µm Olin 908-35.

13

Al etching

14

BDD etching

15

Resist strip

16

Al etching

17

RIE in O2 plasma.
Etching mask removal.

Cleaning

18

CP

Photolithography

3.5 µm Olin 908-Ti-35 ES.

19

Ta/Pt sputtering

10/120 nm.

20

Lift-off

Under mild conditions in ultrasonic bath.

21

Resist strip and

22

Photolithography

5 µm SU-8-5. Directly followed by bonding.

cleaning
23

Top

Cleaning

Keep immersed in demi water until bonding.

24

Top and

Bonding

1. Pre-bond in anodic bonder.

Dicing

On thick (UV) dicing foil, cover with thin foil.

Bottom
25

2. Bonding in hydraulic press.
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F.4 Mask layout

Figure F.3: Wafer overview.

Figure F.4: Lithography alignment marks.
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Figure F.5: Mask 1 - BDD electrodes.

Figure F.6: Mask 2 - Contact pads and pRE.
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Figure F.7: Mask 3 - Channels in SU-8 (bottom wafer).

Figure F.8: Mask 4 - Channels in glass (top wafer).
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Figure F.9: Mask 5 - Access holes.

F.5 Process flow
Table F.4: Process flow for borosilicate glass wafer (Top wafer).
Step
1

Process
Wafer selection - Borofloat 33

Borosilicate glass:

• Thickness: 1.1 mm
• Supplier: Schott Glass
• Process smooth side: keep secondary flat on the left
2

Cleaning in HNO3 and KOH

Removal of organic traces:

dip

• Beaker 1: HNO3 (99%), 5 min
• Beaker 2: HNO3 (99%), 5 min
• Quick dump rinse: <0.1 µS
Etching in KOH:
• 25 % (wt) KOH
• Temperature: 75 °C
• 10-20 s
• Quick dump rinse: <0.1 µS
• Spin drying: 2500 rpm, 60 s, incl. 45 s nitrogen purge
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Photolithography Olin 908-Ti-

Dehydration bake:

35 ES

• Hotplate: 120 °C, 10 min
Priming (HMDS):
• Spin coater: 4000 rpm, 30 s
Coating (Olin 908-Ti-35 ES):
• Spin coater: 4000 rpm, 30 s
• Thickness: 3.5 µm
Soft-bake:
• Hotplate: 95 °C, 120 s
Alignment and Exposure:
• EVG EV620 Mask aligner, Hg lamp (12 mW/cm2)
• Cover bottom objectives with protective caps
• Mask: TC, no alignment
• Exposure time: 23 s
Stabilization step:
• Room temperature, >10 min
Post exposure-bake:
• Hotplate: 120 °C, 120 s
Flood exposure:
• EVG EV620 Mask aligner, Hg lamp (12 mW/cm2)
• No mask
• Exposure time: 60 s
Development (OPD 4262):
• Beaker 1: 15 s
• Beaker 2: 15-30 s
• Quick dump rinse: <0.1 µS
• Spin drying: 2500 rpm, 60 s, incl. 45 s nitrogen purge
Hard-bake:
• Hotplate: 120 °C, 10 min

4

Etching of borosilicate glass

Deep reactive ion etching of borosilicate glass:

• Etcher: Adixen DE
• Substrate holder temperature: 0 °C
• He pressure: 10 mbar (flow: <4 sccm)
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• Substrate height: 120 mm

• Pressure: 8.5·10-3 mbar
• ICP power: 2800 W
• CCP power: 350 W (RF)
• C4F8 gas flow: 21 sccm
• He gas flow: 200 sccm
• CH4 gas flow: 12 sccm
• Ar gas flow: 10 sccm
• Time: 15 min
• Etch rate BF 33: ~340 nm/min
• Etch rate photoresist: ~160 nm/min
Chamber cleaning:
Remove fluorocarbon. After every 20 min of processing.
Load a plain Si wafer.
• Substrate holder temperature: any
• He pressure: 10 mbar (flow: <4 sccm)
• Substrate height: 150 mm
• Valve: 100 %
• ICP power: 3000 W
• CCP power: 50 W (RF)
• O2 gas flow: 200 sccm
• Time: 30 min
5

Photoresist removal in Piranha

3:1 (v:v) H2SO4:H2O2

• Put 1500 mL H2SO4 in a glass beaker
• Slowly add 500 mL H2O2
• Temperature: 95 °C
• Time: 15 min
• Quick dump rinse: <0.1 µS
• Spin drying: 2500 rpm, 60 s, incl. 45 s nitrogen purge
6

Photolithography Harke i-HE

Lamination back side (Harke i-HE dry resist foil):

dry resist foil

• Laminator: 70 °C, speed 2
• Laminate 1st layer of Harke i-HE foil
• Remove protective foil
• Laminate 2nd layer of Harke i-HE foil
• Remove protective foil and cut out the wafer
Alignment and Exposure:
• EVG EV620 Mask aligner, Hg lamp (12 mW/cm2)
• Mask: PB, alignment marks 4-4, crosshair
• Exposure time: 5 s
Protect front side (Dicing foil Nitto SWT 10):
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• Apply dicing foil with roller and cut out the wafer

• Hotplate: 70 °C, 1 min
Development (water):
• Sprayer: 45 °C, 2 min
• Inspection: small features might need longer development
• Spin drying
• Hotplate: 70 °C, 5 min
7

Powder blasting of borosilicate

For feature sizes >100µm

glass

Powder blasting:
• Particles: 30 µm Al2O3
• Pressure: 5.5 bar
• Mass flow: 0.4 g/s
• Etch rate ~91 µm/g/cm2
• Speed: 10 mm/s
• Step width: 0.5 mm
• 3 scans

8

Foil and particle removal

Foil removal (water):

• Temperature: 70 °C
• Time: 30 min
• Rinse with fresh water
• Spin drying
Particle removal before entering the cleanroom (demi water):
• Ultrasonication: 30 min
• Spin drying

Table F.5: Process flow BDD-on-insulator wafer (Bottom).
Step
9

Process
Wafer selection - BDD-on-

Boron doped diamond layer:

insulator

• Thickness: 300 nm
• Doping: 10000 ppm
• Resistivity: 11 mΩ·cm
• Supplier: NeoCoat SA, Switzerland
Silicon nitride layer:
• Thickness: 75 nm
Silicon oxide layer:
• Thickness: 300 nm
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Substrate wafer:

• Thickness: 525 +/- 25 µm
• Orientation: <100>
• Doping: p
• Polished: single side (OSP)
10

Cleaning in HNO3

Removal of organic traces:

• HNO3 (99%), 10 min
• Quick dump rinse: <0.1 µS
• Spin drying: 2500 rpm, 60 s, incl. 45 s nitrogen purge
11

Evaporation of aluminum

Evaporation of aluminum:

• Process pressure: 1.1·10-6 mbar
• Voltage: 10 kV
• Process current: 395 mA
• Evaporation rate: 13 Å/s
• Thickness: 100 nm
12

Photolithography Olin 908-35

Dehydration bake:

• Hotplate: 120 °C, 10 min
Priming (HMDS):
• Spin coater: 4000 rpm, 30 s
Coating (Olin 908-35):
• Spin coater: 4000 rpm, 30 s
• Thickness: 3.5 µm
Soft-bake:
• Hotplate: 95 °C, 120 s
Alignment and Exposure:
• EVG EV620 Mask aligner, Hg lamp (12 mW/cm2)
• Mask: EL, no alignment
• Exposure time: 9 s
Post exposure-bake:
• Hotplate: 120 °C, 60 s
Development (OPD 4262):
• Beaker 1: 30 s
• Beaker 2: 15-30 s
Prevent long development due to the risk of Al etching.
• Quick dump rinse: <0.1 µS
• Spin drying: 2500 rpm, 60 s, incl. 45 s nitrogen purge
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Hard-bake:

• Hotplate: 120 °C, 10 min
13

Etching of aluminum

Surface modification to improve wetting of photoresist:

• UV/Ozone: 5 min
Aluminum etching (PES):
• Temperature: 40-45 °C
• Etch rate: 1 µm/min
• Quick dump rinse: <0.1 µS
• Spin drying: 2500 rpm, 60 s, incl. 45 s nitrogen purge
14

Etching of BDD

Chamber cleaning:

• Electrode temperature: 10 °C
• O2 gas flow: 50 sccm
• Valve: 100 %
• Power: 100 W
• Time: 10 min
Reactive ion etching of BDD:
• Electrode temperature: 10 °C
• O2 gas flow: 50 sccm
• Pressure: 20 mTorr
• Power: 50 W
• Time: 20 min
• Etch rate BDD: ~25 nm/min
• Etch rate photoresist: ~200 nm/min
15

Photoresist removal

• HNO3 (99%), >10 min

• Quick dump rinse: <0.1 µS
• Spin drying: 2500 rpm, 60 s, incl. 45 s nitrogen purge
This step could be skipped if the photoresist is completely consumed
in the BDD etching process.
16

Etching of aluminum

Aluminum etching (PES):

• Temperature: 40-45 °C
• Etch rate: 1 µm/min
• Quick dump rinse: <0.1 µS
• Spin drying: 2500 rpm, 60 s, incl. 45 s nitrogen purge
17

Cleaning in HNO3

Removal of organic traces:

• HNO3 (99%), 10 min
• Quick dump rinse: <0.1 µS
• Spin drying: 2500 rpm, 60 s, incl. 45 s nitrogen purge
18

Photolithography Olin 908-Ti-

Dehydration bake:

35 ES

• Hotplate: 120 °C, 10 min
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Priming (HMDS):

• Spin coater: 4000 rpm, 30 s
Coating (Olin 908-Ti-35 ES):
• Spin coater: 4000 rpm, 30 s
• Thickness: 3.5 µm
Soft-bake:
• Hotplate: 95 °C, 120 s
Alignment and Exposure:
• EVG EV620 Mask aligner, Hg lamp (12 mW/cm2)
• Mask: CP, alignment marks 1-1
• Exposure time: 23 s
Stabilization step:
• Room temperature, >10 min
Post exposure-bake:
• Hotplate: 120 °C, 120 s
Flood exposure:
• EVG EV620 Mask aligner, Hg lamp (12 mW/cm2)
• No mask
• Exposure time: 60 s
Development (OPD 4262):
• Beaker 1: 15 s
• Beaker 2: 15-30 s
• Quick dump rinse: <0.1 µS
• Spin drying: 2500 rpm, 60 s, incl. 45 s nitrogen purge
19

Sputtering of tantalum and

Surface modification to improve wetting of photoresist during

platinum

lift-off:
• UV/Ozone: 5 min
Sputtering of tantalum:
• Process pressure: 6.6·10-3 mbar
• Power: 200 W
• Sputter rate: 15 nm/min
• Pre-sputter time: 1 min
• Thickness: 10 nm
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Sputtering of platinum:

• Process pressure: 6.6·10-3 mbar
• Power: 200 W
• Sputter rate: 25 nm/min
• Pre-sputter time: 1 min
• Thickness: 120 nm
20

Ta/Pt lift-off

Lift-off (acetone):

• Ultrasonic bath: sweep mode, 1 h
• Rinse with IPA
• Spin drying: 2500 rpm, 60 s, incl. 45 s nitrogen purge
21

Photoresist removal and

Photoresist removal:

cleaning in HNO3

• HNO3 (99%), >10 min
• Quick dump rinse: <0.1 µS
Removal of organic traces:
• HNO3 (99%), 10 min
• Quick dump rinse: <0.1 µS
• Spin drying: 2500 rpm, 60 s, incl. 45 s nitrogen purge

22

Photolithography SU-8-5

Dehydration bake:

• Hotplate: 120 °C, 10 min
Coating (SU-8-5):
• SüssMicroTec Spinner Delta 20:
• Step 1: 500 rpm, 500/s, 30 s
• Step 2: 3000 rpm, 1000/s, 30 s
• Thickness: 5.2 µm
Soft-bake:
• Hotplate:
• Step 1: 1: 50 °C, 1 min
• Step 2: 65 °C, 1 min
• Step 3: 95 °C, 3 min
Alignment and Exposure:
• EVG EV620 Mask aligner, Hg lamp (12 mW/cm2)
• Mask: BC, alignment marks 1-2
• Exposure time: 10 s
Post exposure-bake:
• Hotplate
• Step 1: 50 °C, 1 min
• Step 2: 65 °C, 1 min
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• Step 3: 80 °C, 2 min

Development (RER600):
• TCO Spray Developer: 3 cycles with spray gun
• Rinse with fresh RER600
• Rinse with IPA
• Spin drying: 2500 rpm, 60 s, incl. 45 s nitrogen purge
SU-8 development has to be directly followed by wafer bonding.

Table F.6: Wafer bonding and dicing.
Step
23

Process
Cleaning

Particle removal upon entering the cleanroom (demi water):

• Ultrasonication: 10 min
• Quick dump rinse: <0.1 µS
• Spin drying: 2500 rpm, 60 s, incl. 45 s nitrogen purge
Removal of organic traces:
• Beaker 1: HNO3 (99%), 5 min
• Beaker 2: HNO3 (99%), 5 min
• Quick dump rinse: <0.1 µS
Etching in KOH:
• 25 % (wt) KOH
• Temperature: 75 °C
• 10-20 s
• Quick dump rinse: <0.1 µS
• Spin drying: 2500 rpm, 60 s, incl. 45 s nitrogen purge
Spin drying just before wafer bonding.
24

Wafer bonding

Alignment and Exposure:

• EVG EV620 Mask aligner, Hg lamp (12 mW/cm2)
• Anodic bond program
• Alignment marks 3-3 (glass to SU-8)
• Verify alignment using 'separation' button
Inspection and flag removal:
• Inspect alignment using optical microscope
• Manually remove flags while applying pressure on wafer
stack using tweezers
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Pre-bonding in high vacuum:

• EVG EV501 wafer bonder
• Stack thickness incl. electrode: 4.7 mm
• Process pressure: 2·10-3 mbar
• Temperature: 100 °C
• Piston force: 1000 N
• Time: 10 min
Bonding:
• Carver model 3889 hydraulic press
• Cover the inlets with Kapton foil and place the wafer stack
between cleanroom tissues
• Temperature: 180 °C
• Load:
• Step 1: 500 kg, 5 min
• Step 2: 1000 kg, 5 min
• Step 3: 1500 kg, 60 min
• Release temperature: 60 °C
25

Wafer dicing

UV dicing foil (bottom side):

• Thickness: 125 µm
• Cut out the wafer
Nitto SWT 10 dicing foil (top side):
• Thickness: 80 µm
• Used to mount wafer stack in loading frame
Set-up Disco DAD dicing saw:
• Blade: TC300 (300 µm width)
• Hairline alignment using Si dummy wafer
Dicing parameters:
• Wafer stack thickness: 1.6 mm
• Blade: TC300 (300 µm width)
• First interval (Ch 1): 15.3 mm
• Second interval (Ch 2): 20.3 mm
• Spindle revolutions: 25000 rpm
• Feed speed: 4 mm/s
Release dicing foil:
• Cut wafer out of the loading frame (top side)
• Spectrolinker XL-1500 UV Crosslinker: 6 mW/cm2, 2 min
(bottom side)
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Samenvatting
Elektrochemische omzettingen spelen een rol in tal van processen die van belang
zijn in de industrie en in onze samenleving. Denk hierbij aan de elektrolyse en
zuivering van water, de werking van brandstofcellen en batterijen of de productie
van fijnchemicaliën. In dit proefschrift worden twee belangrijke toepassingen
besproken waarin elektrochemie wordt onderzocht als alternatief voor analyses die
normaliter zijn gebaseerd op chemische of enzymatische reacties: die van medicijn
screening en eiwit identificatie.
De meeste medicijnen op de markt worden in het lichaam geoxideerd door enzymen
van de cytochroom P450 familie, waarbij fase I metabolieten worden geproduceerd.
Het is voor farmaceutische bedrijven van groot belang om kandidaat-medicijnen
grondig te screenen op mogelijk giftige metabolieten, om hoge kosten te voorkomen
vanwege het niet doorstaan van de latere testfases. Het generen van fase I
metabolieten aan een elektrodeoppervlak is een puur instrumentele methode om
deze stoffen te analyseren. Elektrochemische cellen kunnen direct gelinkt worden
met vloeistofchromatografie en massaspectrometrie, zodat snelle en gevoelige
detectie mogelijk is. Op dezelfde manier kan mogelijke toxiciteit van fase I
metabolieten bekeken worden door ze te laten reageren met belangrijke
biomoleculen, zoals eiwitten. Daarnaast kan de verdere verwerking van medicijnen
worden bestudeerd, zoals het ontstaan van fase II metabolieten en detoxificatie.
Identificatie en karakterisatie van eiwitten is belangrijk om ziekteprocessen kunnen
te begrijpen. Voor deze analyses worden in standaard routines enzymen gebruikt
(bijvoorbeeld trypsine) om de eiwitten af te breken, waarna de peptidemengsels
middels massaspectrometrie worden geanalyseerd. Elektrochemische eiwitsplitsing
is een veelbelovend instrumenteel alternatief waarmee eiwitten specifiek geknipt
kunnen worden aan peptidebindingen van tyrosine en tryptofaan, zonder dat
samples achteraf gezuiverd moeten worden.
Elektrochemische cellen ontworpen voor omzettingen in de veelal kostbare samples
voor medicijn- en eiwitstudies moeten een klein volume en hoge efficiëntie hebben,
en zijn ofwel makkelijk te reinigen, ofwel goedkoop en voor eenmalig gebruik.
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Met microfabricage technologie kunnen structuren worden gerealiseerd met
micrometer precisie en er zijn vele materialen beschikbaar voor chips en elektrodes.
In dit werk zijn boor-gedoteerd diamant elektrodes voor het eerst geïntegreerd in
robuuste en herbruikbare glazen chips. Dit elektrodemateriaal heeft de voorkeur
over metalen (zoals platina), omdat het betere elektrochemische eigenschappen
heeft en minder snel vervuild raakt, bijvoorbeeld door adsorptie van eiwitten.
Microfabricage met fotolithografie maakt het mogelijk meerdere functies in een chip
te integreren zonder extra processtappen nodig te hebben. Hiervan is gebruik
gemaakt door een micromixer te integreren waarmee reagentia of oplosmiddelen
kunnen worden toegevoegd aan de elektrochemische reactieproducten. Deze
nieuwe mixer roteert de concentratiegradiënt die ontstaat wanneer twee vloeistoffen
worden samengevoegd. De hoogte-breedteverhouding in microkanalen maken het
normaliter moeilijk om te mengen, maar in dit ontwerp wordt juist gebruik gemaakt
van de ondiepe kanalen om snel massatransport door diffusie te bereiken.
De elektrochemische cel met mixer is hier gebruikt om elektrochemische
reactieproducten te mengen met belangrijke biomoleculen. Zo kunnen fase I en fase
II metabolisme in één chip worden bestudeerd. Ook kunnen potentieel giftige
metabolieten worden opgespoord door mogelijke reacties met eiwitten te verifiëren.
Ook was het specifiek breken van peptidebindingen door oxidatie aangetoond.
Elektrochemisch gegenereerde eiwitfragmenten konden worden gebruikt om een
eiwit te identificeren middels een database zoekalgoritme. Wanneer er echter geen
maatregelen worden genomen kunnen eiwitfragmenten aan elkaar gelinkt zijn met
zwavelbruggen, waardoor identificatie bemoeilijkt wordt. Deze bindingen worden
doorgaans gereduceerd met speciale reagentia in procedures van enkele uren. Ook
hier kan de elektrochemische microreactor een snel en schoon alternatief bieden. Tot
slot was onderzocht of het mogelijk is de peptide- en zwavelbinding tegelijk te
splitsen in één elektrochemische sample voorbereidingstap voor eiwitstudies.
Dit werk laat de ontwikkeling en het gebruik van microreactoren zien, met een
intern volume van 160 nL, welke gekenmerkt worden door een efficiënte
elektrochemische omzetting (97 %) en menging (80 %). Deze chips kunnen snel en
met minimaal sample gebruik elektrochemische en chemische reacties uitvoeren
voor medicijn- en eiwitstudies.
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barbecues die je met Trudy organiseerde altijd erg mooie avonden, bedankt!
Many thanks to Rainer, Uwe Hjalmar, Larry, Tina and Lars for the fruitful
collaborations and the productive weeks we had in your labs. There are still many
ideas on the table for further work, so I really hope the new research proposals will
soon turn into new and exciting projects.
Johan heeft mij met zijn uitgebreide ervaring in de cleanroom veel hulp kunnen
bieden bij de chip fabricage. Ook Hans, Henk, Jan N., Paul en de cleanroom staff
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hebben mij voorzien van uitgebreide technische ondersteuning. Hartelijk dank
allemaal!
De werkweek is een belangrijke traditie binnen de BIOS groep. Het was mij dan ook
een genoegen om de editie van 2015 te mogen organiseren. In de commissie met
Burcu, Wesley en Yawar heb ik erg genoten van de voorbereidingen, en ik denk dat
we kunnen terugkijken op een hele mooie week in Londen en Edinburgh. Behalve
de door ons georganiseerde werkweek had ik het geluk te mogen deelnemen aan
twee eerdere edities. In 2012 was de bestemming Grenoble, georganiseerd door
Verena, Justyna, Lennart en Guillaume, en in 2010 naar Washington en Boston,
georganiseerd door Evelien, Lingling, Paul en Maarten. Het waren geweldige
ervaringen en bedankt voor alle inspanningen en goede zorgen.
Ook sport was een belangrijk onderdeel van mijn tijd bij BIOS. Het jaarlijks
zeilweekend is daarbij een van de hoogtepunten, waarvoor hulde aan Paul, Lennart
en Bjorn de BBQ-koning. Door de jaren heen heb ik met Maarten, Loes, Wesley en
Renée de organisatie van ons Bata team opgepakt. Deze weekenden waren altijd
genieten! In dit kader denk ik ook aan ons hardloopgroepje, Egbert, Justyna, Verena,
Lonneke, Maarten en Susan. We hebben destijds hard getraind, en de leuke en
sportieve middagen zijn wat mij betreft belangrijker dan het feit dat uiteindelijk
niemand de beoogde halve marathon had afgelegd.
De afgelopen jaren ben ik vergezeld door vele kantoorgenoten. Jean-Philippe,
Guillaume, Adithya, Zhenxia, Burcu, Stefan en Jeroen, ontzettend bedankt voor de
goede gesprekken, hulp en gezelligheid, zowel op het werk als daarbuiten.
Op een gegeven moment was daar de BIOS-band, met Lennart, Rogier en Bjorn, die
nog een toetsenist nodig had. Ik voelde me vereerd en heb enorm veel plezier gehad,
het waren mooie avonden met muziek en vermaak. De kwaliteit van beide ging
zeker omhoog naarmate de avond vorderde, bedankt!
Veel meer (ex-)collega’s van de BIOS groep hebben eraan bijgedragen dat ik hier met
veel plezier heb gewerkt. Hermine, Jan E., Laura, Martijn, Josh, Jorien, Hai, Miquel,
Ksenia, Ashish, Anne, Rik, Hugo, Julia, Vasilis, Allison, Lisette, Marinke, Mathijs,
Eddy, Jean-Baptiste, Yusuf, Wei-Shu, Loan, Trieu, Ad, Séverine, Alexander, Andries,
Miguel, Sertan, Songyue, Wouter S., Arpita, Yanbo, Mingliang, Rerngchai, Masood,
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Fleur en Henriëtte: bedankt voor jullie hulp, waardevolle input, koffiemomenten en
alle gezelligheid.
Liwei, Linda, Erik, Enzo en Mathijs, het was mij een genoegen jullie te begeleiden
tijdens jullie bachelor- en masteropdrachten. Bedankt voor jullie inzet en bijdragen
aan dit project.
Ook Jarno en Dirk-Jan bedankt, die na een week hard werken klaar stonden voor de
vrijdagmiddagborrels. Dit was in de eerste plaats ontspanning, maar het heeft zelfs
inhoudelijk zo nu en dan wat onverwachte ingevingen opgeleverd. Daarnaast
hebben we met de vaste bezoekers van de Quiz nights veel gezellige avonden gehad,
alhoewel een eerste plaats tot dusver is uitgebleven. We blijven proberen!
Mijn paranymfen, Jochem en Dirk, hartelijk dank dat jullie mij ter zijde willen staan
tijdens de verdediging van mijn proefschrift. Gedurende mijn promotietraject waren
jullie altijd wel in voor een whisky, sigaartje en een goed gesprek, en toonden jullie
belangstelling in mijn werk. Hieruit had ik veel motivatie ervaren.
Tenslotte bedank ik mijn vader, moeder, broers, zus en Kamila. Jullie hebben me
gesteund, gemotiveerd, en zonder jullie was ik niet zover gekomen. Hartelijk dank
voor alle interesse en zorg!

Floris van den Brink
Enschede, mei 2016
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