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1. Introduction

The focus of this work is the electrochemical investigation of biomolecules at the solid-liquid
interface to study their structure-function relation down to a single molecule level depending on
the electron transfer process, the investigation technique and the electrode material. In order to
be able to investigate biomolecules electrochemically the molecules have to be electroactive and
there must be the possibility for an electrical interaction of the biomolecule with an electrode
surface [I].

In nature there exist several biomolecules such as proteins and enzymes which are naturally
redox-active. These biomolecules are characterized by bearing redox-active centers, e.g. heme,
quinones, flavins, iron-sulfur clusters, in their active sites, whose oxidation state can reversibly
change, thus being the basis of their ability to exchange electrons. These biomolecules play im-
portant roles in biological processes central to sustaining life on earth, such as respiration and
photosynthesis, since they involve as a crucial step electron transfer reactions between molecular
partners [2, B]. Gaining fundamental understanding of the structure-function mechanism of such
redox proteins and enzymes one can learn useful lessons from the study of biological electron
transfer systems which have evolved over millions of years and which might be helpful to design
new electrochemical systems for innovative technical applications. For example, in polymer elec-
trolyte membrane fuel cell (PEM FC) research the electrocatalysis of the oxygen reduction to
water at neutral pH is still a main issue, whereas in the mitochondrial electron transport chain
it is achieved using non-noble metal catalytic sites from NADH and FADH, [4]. Furthermore,
biochemical electron transfer reactions can be utilized in biosensor devices for biomedical anal-
ysis and applications, e.g. for glucose detection in the blood. Amperometric electrochemical
biosensors can be constructed based on the measurement of hydrogen peroxide concentration
produced within the oxidation of glucose to D-gluconic acid in the presence of the redox enzyme
glucose oxidase [5, [6]. Therefore, major driving forces for fundamental research in the field of
bioelectrochemistry include the development of innovative functional devices in biosensor tech-
nology, bioelectronics and bioelectrochemical fuel cells. However, one of the main problems in
bioelectrochemistry still is the electronic communication between the biomolecule and the elec-
trode. Beside embedding of biomolecules into conductive polymers [7], in principle there are
other possibilities to provide electron transfer between the electrode and the redox-active site.
Either the biomolecules are attached to the electrode surface so that direct interfacial electron
transfer is possible or the biomolecules are in solution and the electron transfer with the electrode
is maintained using small electron mediators to relay electrons between the electrode and the
active site of the biomolecule. However, it was shown in the past that mediated electron transfer

is disadvantageous in several points. Since the biomolecules are in solution their behavior, which
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1. Introduction

is often diffusion controlled, can only be investigated using integral measurement techniques such
as cyclic voltammetry. Structure-function relation studies down to the single molecule level can
not be performed. Detailed studies of mediated electron transfer mechanism can become quite
complex as side reactions and additional reaction products due to undefined mediator interactions
with the electrode and the reaction educts/products have to be taken into account. Furthermore,
adsorption and subsequent denaturation of the biomolecules on the electrode surfaces leading to
electrode fouling might occur.

In order to avoid these disadvantages and to enable single-molecule studies using high resolution
SPM techniques, the biomolecules were stably immobilized onto the electrode surface in this
thesis. Since it is well known from literature that biomolecules easily denaturate when they are
in direct contact with metallic electrode surfaces [8,[9] a carbon material electrode, highly oriented
pyrolytic graphite (HOPG), was chosen as substrate material for model electrode studies. Due
to its atomically flat surface HOPG also offers the possibility to identify and to investigate the
electrochemical behavior and structure-function relation of a single biomolecule attached to the
surface using electrochemical scanning tunneling microscopy (EC-STM). However, as the HOPG
surface is hydrophobic and only contains a few defect site the surface has to be functionalized to
make it suitable for biomolecule immobilization. In order to provide electrochemical investigation
of biomolecules the surface functionalization and the immobilization mechanism have to fulfill
three requirements: 1. fast interfacial electron transfer, i.e. high conductivity from the electrode
to the biomolecule or vice versa, 2. stable, if possible, covalent binding of the biomolecules to
the electrode surface and 3. immobilized biomolecules should maintain their activity.

A commonly used method to chemically functionalize carbon materials is the electrochemical
anodization of the surface in order to form oxygen-containing functional groups and to enhance
interfacial electron transfer [I0HI3]. Recent studies on the electrocatalytic activity of the redox
enzymes horseradish peroxidase (HRP) [I4] and glucose oxidase (GOx) [I5], both chemisorbed
on oxidized HOPG, towards the reduction of hydrogen peroxide and the oxidation of glucose,
respectively, have shown that enzymes immobilized by this procedure maintain their functionality.
Wang et al. [I5,[16] also confirmed good electronic coupling between the oxidized HOPG electrode
and the enzyme by visualizing the electron transfer by a potential dependent EC-STM study.
Gating the tunneling current in the EC-STM by the redox level of a protein has so far only be
achieved for covalently immobilized azurin [3, 17, [18]. Compared to chemisorption or adsorption
due to electrostatic, covalent immobilization has the advantage of strong bonds between the
electrode surface and the biomolecule [I9]. Furthermore, it offers the possiblity for specific
immobilization, i.e. by chosing an adequate immobilization chemistry the biomolecules can be
bound onto the electrode surface in a certain orientation. In the group of Ulstrup azurin was
specifically bound to Au(111) modified by thiolate self-assembled monolayer using the cysteine
within the protein structure as anchor [I7].

The new approach aspired here is to combine covalently immobilization of biomolecules onto the
HOPG and benefit from the large atomically smooth surface of the basal plane for high-resolution
EC SPM studies on single biomolecules. By electrochemical reduction of a carboxyphenyl layer
[20, 21] and subsequent EDC/NHS coupling the biomolecules will be covalently bound to the
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graphite surface. This method was already utilized to bind enzymes such as laccase onto glassy
carbon supports and to study their catalytic activity electrochemically [22]. These electrodes were
electrochemically characterized and studied using bulk measurement techniques such as cyclic
voltammetry. However, the degree of coverage of the surface, the orientation of the enzymes i.e.
the position of the active site and the activity of a single enzyme are still a question of dispute;
they can not be extracted from such integral electrochemical measurements. Within this work
it will be shown that this immobilization technique is also suitable for single molecule studies
using EC-STM providing fast electron transfer.

Again, the focus of this work is the electrochemical investigation of biomolecules in order to
study their structure-function relationship down to a single molecule level. Independent from the
immobilization mechanism the biomolecules still have to be electroactive so that one is able to
study them electrochemically. However, a lot of enzymes playing important roles in physiological
reactions are naturally redox-inactive and, thus, can neither be studied by electrochemical tech-
niques nor detected by possible electrochemical biosensors. Among these redox-inactive enzymes
proteases represent a large group. Proteases are enzymes that conduct proteolysis, i.e. protein
break down, by hydrolysis of the peptide bonds that link amino acid residues. Proteases occur
naturally in all organisms and are part of several metabolic processes and physiological reactions
from e.g. digestion of food proteins to highly-regulated cascades such as the blood-clotting cas-
cade [23] or the apoptosis pathways [24]. Furthermore, proteases are significantly involved in the
metastasis of malign tumors and the reproductive cycle of viruses such as Hepatitis C [25] and
HIV [26]. Therefore, proteases are important pharmaceutical targets providing high potential
in the field of cancer and HIV diagnostics and therapy. For example, by preventing the func-
tion of the protease by an adequate inhibitor, the reproduction of cancer cells and viruses can
be decelerated or even be completly disturbed [27], 28]. Understanding the reaction mechanism
of these proteases using suitable investigation and detection methods and being able to design
applicable inhibitors is of great interest in the field of clinical diagnostics, as well as medical
and pharmaceutical research. Since electrochemistry offers specific and highly sensitive low-cost
investigation tools, which are at the same time user-friendly and have the potential to minitu-
arization and microarray technology using high-throughput screening (HTS), it would be the
method of choice for enzyme investigation and analysis. Therefore, a possibility for electrochem-
ical detection of redox-inactive proteases has been developed in this work based on the affinity
label concept known from optical detection. Recently, fluorescently tagged affinity labels were
synthesized in order to establish on-chip determination of the catalytic activity of microarrayed
proteases |29, 30]. Here, for the first time, it is attempted to transfer the optical detection to the
electrochemical detection of enzymes by applying redox-active markers instead of fluorophores.
From literature it is known that encouraging approaches to construct active molecular circuits
involve ferrocene-based systems since the ferrocene/ferrocenium interconversion is fast and the
redox couple is stable in a variety of environments [31], [32]. Therefore, the first step of the
bottom-up approach was to synthesize watersoluble affinity labels suitable for cysteine proteases
where a ferrocene moiety serves as redox-active tag, so-called ferrocene affinity labels (FcAL) [33].

In the second step, two promising ferrocene affinity labels and enzymes labeled with these two
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1. Introduction

FcALs were electrochemically characterized in order to verify the functionality of the FcALSs using
cyclic voltammetry (CV), which is often the method of choice when starting with an unknown
system [34]. In order to provide a detailed proof-of-principles, the electrochemical properties of
unlabeled and labeled enzymes are characterized from bulk enzyme electrodes down to a single
molecule level using in-situ electrochemical scanning tunneling microscopy (EC-STM). EC-STM
images are always a convolution of the "true" surface topography and its conductivity and show
therefore contrasts between high and low conductive surface features e.g. adsorbed molecules.
This has already been theoretically proposed by Schmickler [35] in 1990 and was confirmed ex-
perimentally by Tao [36] six years later. Tao [36] investigated Fe(III)-protoporphyrin (FePP)
and protoporphyrin (PP) molecules adsorbed on HOPG by EC-STM and was able to distinguish
between the ion-containing and the ion-free conformation of the molecule due to their different
electrochemical properties. Since EC-STM allows to map changes in the nanoscopic chemical
environment the binding process of the electroactive ferrocene affinity label to the immobilized
enzymes will be studied in-situ directly on the electrode surface. In the third step, the FcALs will
be used in order to investigate the catalytic activity of the enzyme electrodes in the absence and
presence of inhibitors. Only if it is possible to detect changes in the enzymatic behavior caused
by the inhibitors, the FcAL concept and the electrochemical detection method using FcALs is

interesting for future applications in electrochemical biosensors and biomedical analysis.

As already mentioned, in order to electrochemically characterize enzymes attached to elec-
trode surfaces EC-STM was used throughout this work since it allows to perform electrochem-
ical studies on a single molecule level. In general one can say that the invention of scanning
probe microscopy (SPM) [37H39] has had a tremendous impact on the field of nanoscience and
nanoelectronics during the last decades and has made significant contributions to the analy-
sis of protein/enzyme-surface interactions. Especially the EC-STM has offered the possibility
of attaining a so far, unmatched level of comprehension of the electron transfer mechanisms
through redox-active metalloproteins and -enzymes. In-situ EC-STM provides a direct means of
associating tunneling behaviour with specific environmental and molecular parameters down to a
single molecule level, enabling in-situ to resolve tunneling pathways through individual molecules
[36, 40H42] and biomolecules [3, 18, [43] [44] and thus has the potential to study structure and
reactivity of enzymes down to a single molecule level [I5] [I6]. However, experimental problems
remain. In order to avoid any interference of the STM tip with the protein structure only small
tunneling currents can be applied. Therefore, a technique which just measures the potential (at
I = 0), still under full potantial control of the electrode and in electrochemical environment, may
be advantageous. Thus, the technique, scanning electrochemical potential microscopy (SECPM)
[45], where the tip is used as potential probe to map the potential distribution of the surface may
be able to accomplish this. Since no electrons tunnel through the sample, SECPM appears to be
especially suited for the investigation of organic and biological molecules adsorbed on electrode
surfaces in their natural environment, but under electrochemical conditions. However, so far the
SECPM was only utilized to either map the electrochemical double layer perpendicular to an
electrode surface [46] 47| or to image the distribution of tungsten in a carbon-like diamond film

[48]. In this work enzymes of different size, chemical composition and electrochemical properties
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will be studied applying constant potential mode SECPM. A comparison of SECPM images and
constant current mode EC-STM images of the same electrode area shows that SECPM has a
great potential for the non-invasive investigation of single molecules at the solid-liquid interface
[49].

In this work functionalized HOPG mainly served as a model carbon support in order to study
the electrochemical behavior of biomolecules attached to electrode surfaces. However, to exploit
biological electroactive proteins and enzymes an understanding of the principles which govern
efficient biological electron transfer is essential. Besides the immobilization technique and an
optimal electronic communication between the biomolecule and the electrode, the electronic and
electrochemical properties of the support material also play an important role [50]. Graphitic
(sp?-bonded) carbon materials, such as glassy carbon or HOPG, are susceptible to corrosion
and might therefore be disadvantagous in technical applications. Due to its unique properties
such as electrochemical inertness, low background current, its large potential window and its
biocompatibility, boron-doped (sp3-bonded) diamond is a promising alternative carbon material
for bioelectronical applications. However, enzyme and protein immobilization, as well as a fast
electron transfer are still challenging. Depending on the surface termination of the diamond
electrode (hydrogen- or oxygen-terminated), different techniques in order to functionalize and
immobilize biomolecules are known in literature. The functionalization of hydrogen-terminated
diamond is often based on a photochemical treatment to bind amine-terminated hydrocarbon
chains onto the surface [51], whereas oxidized diamond can be for example modified by silane
groups [52]. Here, the approach to functionalize the diamond surface applying producing oxygen
containing groups by different oxidation procedures and immobilize biomolecules without further
linker molecules directly onto these oxygen-terminated surfaces is investigated. Therefore, the
well-known metalloprotein azurin is used to study and compare the electrochemical behavior of

oxygen-terminated diamond and oxidized HOPG protein electrodes.

To summarize, in order to study the electrochemical behavior of biomolecules at the solid-
liquid interface the thesis contains the following subtopics:
HOPG is chosen as model electrode material which will be functionalized via different methods
to optimize the direct electron transfer between the surface and the biomolecule.
To be able to also study naturally electroinactive enzymes electrochemically, the affinity label
concept will be adopted to the electrochemical detection.
In addition to the established investigation techniques such as cyclic voltammetry and EC-STM,
which allows single molecule studies, the SECPM will be introduced as suitable imaging tool for
biological samples.
Furthermore, oxygen-terminated boron-doped diamond will be tested as alternative carbon sup-
port material for bioelectrochemistry.

The thesis is structured in 6 chapters. An introductory part containing the focus and the
outline of this work is given here in Chapter 1.
In Chapter 2 a fundamental background of interfacial electrochemistry, biophysical and biochem-

ical fundamentals, and scanning probe microscopy is given. The section on interfacial electro-
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1. Introduction

chemistry focuses on the solid-liquid interface and a detailed description of the electrochemical
double layer (EDL) occuring at every electrode/electrolyte interface. Furthermore, different elec-
trode reactions, the principles of electron transfer and their investigation by cyclic voltammetry
will be introduced. The section on biochemistry and biophysical fundamentals includes an insight
into electron transfer in biological structures and an overview of the biochemical structure and
function of the proteins and enzymes used within this work, as well as an insight into peptide
synthesis, enzyme kinetics, and biosensor technology. Since the scanning tunneling microscope
(EC-STM) is the technique of choice within this thesis to study the electrochemical behavior of
single biomolecules, the third section describes in detail the principle of the scanning tunneling
microscopy (STM), its various applications under electrochemical conditions (EC-STM), and its
applications in bioelectrochmistry. Furthermore, the latest modification of the EC SPM the
scanning electrochemical potential microscope (SECPM) will be introduced.

Chapter 3 includes information about chemicals, experimental procedures and setups, describes
the electrochemical glass cell and potentiostats. Furthermore, the setup of the EC-STMs and
the SECPM, tip preparation, and insulation are explained. Different electrodes, the electrode
preparation for different experiments, and the labeling of enzymes will be specified.

The main part, Chapter 4, presents the results of this work according to the subtopics men-

tioned above and can be subdivided into five sections. In Section 4.1 different approaches to
functionalize highly oriented pyrolytic graphite (HOPG) for biomolecule immobilization are in-
troduced. Section 4.2 presents two synthesized electroactive ferrocene affinity labels (FcAL) for
the new approach of electrochemical biosensing of redox-inactive enzymes such as the cysteine
protease papain, which serves as test-enzmye. The more promising FcAL is studied in detail in
Section 4.3 where also a comprehensive electrochemical STM investigation of FcAL labeled and
unlabeled papain down to a single molecule level is presented. Furthermore, the detection of the
enzyme labeling in solution and on the electrode surface will be verified by cyclic voltammetry
and EC-STM. Section 4.4 includes the results obtained for the investigation of biomolecular elec-
trodes using the new electrochemical scanning probe technique, the SECPM. Section 4.5 shows
preliminary results of oxygen-terminated diamond as possible support material for biomolecule
electrodes.
Although all results are discussed and compared to literature data within the sections, in Chap-
ter 4, an overall discussion of the experimental results regarding electron transfer phenomena in
bioelectrochemistry will be given in Chapter 5.

A summary and conclusions also containig an outlook on further possible investigations and

experiments are given in Chapter 6.

16



2. Fundamentals

2.1. Interfacial Electrochemistry

Interfacial Electrochemistry can be defined as "the study of structures and processes at the in-
terface between an electronic conductor (the electrode) and an ionic conductor (the electrolyte)"
[34]. The structure of the interface and the reactions that occur are of great interest to elec-
trochemists. They can be investigated with electrochemical methods by monitoring potential,
current, charge and/or capacitance. This chapter gives an introduction of fundamental prinic-
ples in electrochemistry, the structure of the solid/liquid interface and possible electrochemical
reactions including electron transfer processes between the electrode and an electroactive species

either in the electrolyte or adsorbed to the electrode.

2.1.1. The Solid-Liquid Interface and the Electrochemical Double Layer

At any interface between two phases and particularly between an electrode and an electrolyte
solution, i.e. at the solid-liquid interface, there exists a separation of positive and negative charge
in a direction perpendicular to the phase boundary. This charge separation occurs in order to es-
tablish equilibrium at the interface and forms a double layer, the so-called electrochemcial double
layer (EDL) [53, [54]. According to Grahame [55] the electrochemical double layer "is the array
of charged particles and oriented dipoles which is thought to exist at every interface". Therefore,
the double layer consists on the one side of the ionic excess charges of the electrolyte and on the
other side of the electrode charges which compensate each other. In the early twentieth century
Gouy, Chapman, and Stern developed a classical model of the electrochemical double layer which
was mainly based on the pioneering work of Helmholtz. The theory of the electrochemical double
layer describes the charge distribution and the electrical potentials arising as a consequence of

the charge separation.

2.1.1.1. The Helmholtz Model

In 1853, Helmholtz [56] modelized the solid-liquid interface as a rigid double layer comparable to
a parallel plate capacitor considering the electrode (metal) surface as one plate and the electrolyte
as the other plate holding the counter-charge. This simple model of two layers of opposite charge
was the origin of the term "electrochemical double layer". According to Helmholtz, the double

layer has a differential capacitance C'y which is given by
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E-€
Cy = dO (2.1)

where € > 1 is the dielectric constant modulating the permittivity of free space g and d is the
distance between the two virtual plates. This distance is given by the closest approach of the
centers of the ions solved in the electrolyte to the electrode surface, i.e. d is equal to the ionic
radius. Adopting a value of d of 1 A to 2 A and a value of ¢ = 4.5 (the water molecules in
the layer between the plates are oriented, and the value of € is much lower than that in the bulk
solution, e ~ 80 for dilute aqueous solution), values of C lie between 20 to 40 uF - cm~2, which
corresponds to values experimentally observed. However, the Helmholtz Model only character-
izes the close proximity of the solid-liquid interface. According to Equation [2.1] the differential
capacitance Cy is a constant which is not the case in real systems. Experimental results have
shown that Cy varies with the applied potential and the concentration of the electrolyte. There-
fore, either € or d have to depend on these variables. Furthermore, one has to account for mobile
charge carriers (ions or other charged molecules) that may diffuse to and away from the electrode

surface called the diffuse double layer.

2.1.1.2. The Gouy-Chapman Theory

In the beginning of the 1920s, the thermal motion of the ions in the EDL was included in the
theories developed independently by Gouy [57, 58] and Chapman [59] in France and England,
respectively. They proposed the idea of a diffuse layer within the electrolyte and followed a
statistical mechanical approach. Therefore, the diffuse layer in the electrolyte near the electrode
surface can be approximated by a series of laminae, parallel to the electrode. Although all laminae
are in thermal equilibrium with each other, the ions of any species i are not at the same energy
in different laminae due to the fact that the electrostatic potential ¢ varies with the distance
from or to the electrode. Furthermore, each ion species is treated as a population of charged
point particles following a Boltzmann distribution. The energy needed to bring the ion from
outside the double layer to its actual position in the EDL defines its energy. The concentration
n; of the species ¢ with the ionic charge z; in an infinitely small laminae with respect to the bulk

[

concentration n; is:

ni) _ o (_ ziew(ﬂc)) (2.2)

n? ]CBT

e is the electron charge, T' is the absolute temperature and kp is the Boltzmann constant. The

total charge per volume is then

p(x) = ;n?zie - exp (Z;ﬁrm) (2.3)

where p(z) is related to the potential at distance by the one-dimensional Poisson equation:

()

p(z) = _S(T/)EOW (2.4)
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Combining Equation and Equation considering the boundary conditions p(x = c0) = 0,
i.e. the potential in the bulk solution is 0, and ‘;—f = 0, i.e. there is no potential change within

the bulk region, yields the Poisson-Boltzmann equation.

dy 2_2kBT 0 —ziep
(dm) = zl:nl exp T 1 (2.5)

Equation [2.5] is valid for the assumption that the dielectric constant of the solvent is inde-

pendent of distance and ion concentration. For a symmetrical electrolyte (z:z) where each ion
species has an absolute charge magnitude z the Poisson-Boltzmann Equation 2.5] can be simpli-
fied. Further integration between the electrode surface (x = 0) where the potential is ¢ and an

arbitrary location z results in [53]:

zep
tanh T

Zepo
tanh T

= exp(—Kz) (2.6)

Where

0,22\ 1/2
. (271 z%e > (2.7)

EfokBT

is the reciprocal of the characteristic diffuse layer thickness, the so called Debye-Hiickel length
given by k7! in cm if ¢* is the bulk z : z electrolyte concentration in moll~!. For dilute aqueous

solutions (e = 78.49) at 25°C:

K= (3.29-107)zc*1/2 (2.8)

For small g, i.e. pg < 52—0 mV, at 25°C, tanhﬁch ~ 42(;“} and Equation the potential of

the electrochemical double layer can be approximated by

@(x) = poexp(—kx) (2.9)

By calculating ¢ from Equation [2:6] or Equation [2.9] several useful quantities such as the
electrode surface charge density and the charge density in the solution phase ¢ at the interface,
the concentration profile of each ion species or the differential capacitance Cy can be obtained

from a thermodynamics formalism.
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2.1.1.3. Stern’s improvement

While Gouy and Chapman considered the ions as point charges Stern improved the model by
taking the finite size of the ions into account, i.e. the ions can not approach the electrode surface
closer than their ionic radius added, if they are solvated, the radius of the solvation shell. This
distance of closest approach for the centers of the ions is x5 which defines the outer Helmholtz
plane (OHP), where ¢ is the potential in the OHP. The ions closest to the electrode which form
the OHP and which are held in position by purely electrostatic forces are termed "nonspecifically
adsorbed" ions. These are mainly solvated cations. The considerations of the Gouy-Chapman
theory, especially the Poisson-Boltzmann equation in[2.5 are still valid at distance z > 5. Stern’s
interfacial model can be treated as an extension for z < x5 where no charge between the electrode
surface (zg, o) and the OHP (x4, p2) is present. Thus, according to the Poisson equation
the potential drops linearly from ¢y to ¢o. The potential profile in the diffuse layer of a z : z
electrolyte (see Equation is then given by:

zep
tanh T

zeps
tanh T

= exp(—k(z — x2)) (2.10)

The differential capacitance Cy can be obtained from the thermodynamics formalism (for
detailed information see [53]).

1 X9 1 1 1
1 L 2.11
Cy egg + seomcosh(;f)f%) Cy + Cp ( )

This model is known as the Gouy-Chapman-Stern (GCS) model schematically shown in Figure
As can be seen in Equation the double layer capacitance consists of two contributions:
Cy and Cp. Cg is the contribution of the rigid Helmholtz layer which does not depend on the
potential whereas Cp is the contribution of the diffuse layer. Of special interest is the point
of zero charge (PZC) where the electrical charge density on the surface is zero (opr = 0). For
dilute electrolytes and g, and therefore y2, being close to the PZC, Cp is dominant in Cy. For
higher concentrated electrolytes and g values significantly different from the PZC charges are
located close the electrode, the diffuse part becomes negligible and C; can be derived from the
Helmholtz model.

Although being a good approximation for the electrochemical double layer the Gouy-Chapman
theory only describes electrostatic effects disregarding polarization effects within the electrolyte,
i.e. the dependence of the dielectric constant on the distance to the electrode or the dependence of
Cp on the potential. Furthermore, the model neglects ion-ion interactions or strong nonspecific

interactions of the ions with the electrode surface. Another important issue, which will be shortly
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Scheme of the composition and the potential profile of the electrochemical double layer according
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discussed in the next paragraph, is the adsorption of charged or uncharged species by chemical

interactions with the electrode.

2.1.1.4. Specific adsorption

As already mentioned the ions that form the OHP are mainly solvated cations which are non-
specifically adsorbed by electrostatic forces. Most anions however loose part of their solvation
shell when entering the double layer and forming a chemical bond with the electrode surface.
These ions are termed "specifically adsorbed". While the nonspecific adsorption is due to long
range electrostatic effects, chemical interactions which cause specific adsorption of ions are short
range in nature and occur very close to the electrode at distances x; smaller than the OHP
(x = x2). The centers of the specifically adsorbed ions form the so-called Inner Helmholtz Plane
(IHP) at = z1. Specific adsorption of charged species can easily be detected experimentally
since specific adsorption results in a shift of the PZC.

Therefore, the currently accepted model for the structure of the electrochemical double layer

by Grahame [55] splits the interface into three regions:

e x < z1: Inner Helmholtz Plane (IHP) caused by chemical interactions between ions and

the electrode;

e 1 < x < xg: Outer Helmholtz Plane (OHP) caused by electrostatic interactions between

ions and the electrode;

e 1 > xo: Diffuse Layer, exponential decay of the potential of the electrochemical double

layer according to equation [2.9]

2.1.2. Fundamentals of Electrode Reactions

An electrode reaction is a process that involves the transfer of electrons from an electrode to
a chemical species, or vice versa. In the following, only the simple case is considered where an
electrode is immersed in an electrolyte which contains the electroactive species O with its two
different oxidation states, oxidized O and reduced R, where n is the number of the transferred
electrons within the reaction. A simple electrode reaction that converts O to R and vice versa

can be described by

O+ne” =R (2.12)

and consists of three steps: 1) the reagent O must reach the electrode surface, 2) the het-
erogeneous electron transfer process from the electrode to the species O takes place and 3) the
reaction product R must leave the electrode surface. The overall reaction rate will be limited

by the slowest elementary step either caused by mass transport (crucial in step 1 and step 3) or
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2.1. Interfacial Electrochemistry

electron transfer (crucial in step 2). Electrode reactions can involve multiple electron transfers,

e.g. metal deposition, corrosion or coupled chemical reactions.

2.1.2.1. Transition State Theory and Interfacial Electron Transfer

The transition state theory describes the kinetics of electrode reactions and the factors controlling
the corresponding reaction rates. Thereby, within the reaction, the reactant first reaches a
transition state, also called activated complex, before the reaction product is formed. The
changes in the standard free energy during the reaction pathway is shown in Figure 2.2] The
electron transfer, occuring within the electrode reaction can be described as a quantum process.
The basic model for electron transfer reactions was developed by Marcus, Hush, Levich and
Dogonadze in several contributions starting in the 1950s [61H66]. These models are based on fast
electronic motion and slow nuclear motion, the Franck-Condon principle, i.e. electron transfer

occurs via tunneling between reactant and product nuclear vibational surfaces.

Activated complex

+
Reactant AG

Standard free energy

Product

Reaction coordinate

Figure 2.2. Scheme of the changes in free energy during a reaction, the transition state is the configuration of

maximum free energy, taken from [53]

Assuming that all activated complexes are transmitted into the product via an electron transfer

process, the reaction rate constant k [s~!] can be expressed as

k= nel%exp <—§ii) (2.13)

where k. is the electronic transmission coefficient which can take values between zero and unity
and mainly depends on the electronic coupling matrix element which describes the strength of
coupling between the reactant, the product and the transition states. kp is the Boltzmann’s
constant, T' the absolute temperature and h the Planck constant. Equation [2.13]is a general
expression for a system at equilibrium. It shows that the rate constant for an elementary process
is fixed for a given temperature and pressure and does not depend on the reactant and product
concentrations. Treating the reactant and product energy surfaces as parabolic (Fig. , the

Gibbs free energy of activation A G* can be written as
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A AGO\ 2
P2
AG 4(1+ A) (2.14)

R is the gas constant, \ the reorganization energy, A G is the thermodynamic driving force
for the reaction, also called standard Gibbs free energy change in the chemical reaction. From
Figure it is clear that broad parabolic free energy surfaces and/or small values of A will give

larger values of the electron transfer rate constant k.

Standard free energy

Reaction coordinate

Figure 2.3. Scheme of the standard free energy surface for an electron transfer reaction, A G¥ is the Gibbs
free energy of activation, A GO is the thermodynamic driving force for the reaction and \ is the reorganization

energy.

2.1.2.2. Potentials and Currents

Since an electrode reaction always implies a transfer of electrons, the rate of the electrode reac-
tion can be measured by the current flow in the electrochemical cell. According to Faraday’s law

the reduction of m mole O requires the total charge @ [67]

Q=n-F-m (2.15)

where F is the Faraday constant (96 485 CM~!). Therefore, the current, i.e. the variation of
charge with time is equal to:
aQ P dm

=g =mt

Currents originating from chemical processes that obey Faraday’s law are called Faradaic

(2.16)

currents. Hence, if we are considering heterogeneous processes, the current is proportional to the
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area of the electrode. One can normalize with respect to the electrode area, A, and obtain the

current density j

I 1 dm
i —p.F.-.2=
T

The variation of the mole number with time and per area, ﬁ:ﬁv reflects the variation of

(2.17)

concentration per unit time and area v (in Ms~!'m~—2):

1 dM j
- .- - _J 2.1
v A dt n-F (2.18)

The rate constant v only depends on the rate constant k of the electron transfer and the

concentration ¢ of the redox active species

v==Fk-c (2.19)

Therefore, the Faradaic current density can be written:

j=n-F-v=n-F-k-c (2.20)

Assuming fast electron transfer, the concentrations of O and R at the electrode surface are
considered to be at equilibrium with the electrode potential, as governed by the Nernst equation
RT Co

Uy =U, —In— 2.21
0 00 + nF HCR ( )

where Upyg is the standard potential of the O/R couple, R the gas constant 8.314 JK=1M~1,
T the absolute temperature, n the number of electrons transferred within the reaction, F the
Faraday constant, ¢y concentration of the oxidized species and cg the concentration of the reduced
species. At equilibrium no net current is flowing, however, the equilibrium is dynamic, i.e.
both reactions, the reduction of O and the oxidation of R, take place, but are of equal rate
—Je = Ja = jo, where —j. and j, are the cathodic and anodic partial current densities for the
reduction and oxidation reactions and jj is the exchange current density at equilibrium, i.e. the
current density that flows at Uj.

The electrons inside the electrode populate the conduction band which is called the Fermi
level EFr. Applying the potential Uy to the electrode, the Fermi level of the electrode lies in
between the energy states of the molecular orbitals of the redox species, i.e. between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). In
this case no electron transfer between the molecule and the electrode takes place (see Fig. [2.4]).
Applying a potential more negative than Uy to the electrode leads to an adjustment of the surface
concentration of O on the surface in order to reestablish equilibrium. The energy of the Fermi

level is raised to a level at which the electrons of the electrode flow into the lowest unoccupied
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Figure 2.4. The potential applied to the electrode can trigger oxidation and reduction processes. n: number

of electrons, Er Fermi level, based on [68].

molecular orbital (LUMO) of the electroactive species. Thus, a reduction process takes place
and current flows through the electrode/solution interface. Analogously, imposing an electrode
potential more positive than Uy, the Fermi level is decreased and the electroactive species donates
electrons from its highest occupied molecular orbital (HOMO) to the electrode. An oxidation
process takes place. A single occupied molecular orbital is called SOMO.

The correlation between the applied electrode potential U and the current density j is described

by the Butler-Volmer equation

3(n) = jo {exp(ogn) — exp (— Oﬁfﬂﬂ (2.22)

where 7 is defined as the overpotential, i.e. the deviation of the potential from the equilibrium

potential:

n="U-"Up (2.23)

and «, and . are the transfer coefficients (between 0 and 1) for the anodic and the cathodic
reactions, respectively. The Butler-Volmer equation is the fundamental equation of electrode

kinetics and can be reduced to three limiting forms, depending on the conditions:

e high positive overpotentials: | j, |>>] jc |

agnk’
logj = logijg + —%— 2.24
ogj = logjo + 5o (2.24)
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e high negative overpotentials: | j. |>>| jq |

a.nkF
log| — j| = logjo — 2.2
og| — jl = logjo — 5ol (2.25)
e very low overpotentials: n << QR:F and n << aRgF
nF
| = jo—— 2.26
J = Jopp (2.26)

Equations (2.24) and (2.25) are known as Tafel equations and are used to determine the ex-
change current density and the transfer coefficient.

Furthermore, in an electrochemical cell also non-Faradaic currents exist which arise from pro-
cesses of a strictly physical nature, e.g. the properties of the electrodes. As already discussed in
Section the solid-liquid interface of the working electrode in an electrochemical cell can be
described as a double layer and thus, is comparable to a capacitor with the capacitance C

Q

=5 (2.27)

where () is the charge on the electrode surface and U the potential of the electrode. By

applying a potential the capacitor is charged and a current, the so called capacitive current

I = (Z)exp (_th> (2.28)

While Faradaic currents are a function of the square root of time j t_%, the capacitive cur-

flows, according to the relation:

rents decrease exponentially with time j o< (exp(t))~!. Therefore, time dependent measurements

can be used to discriminate between Faradaic and non-Faradaic currents.

2.1.3. Cyclic Voltammetry

Potential sweep techniques, such as linear sweep voltammetry (LSV) and especially cyclic voltam-
metry (CV), have become very popular techniques for initial electrochemical studies of new sys-
tems and thus, have been applied to an ever increasing range of systems [53] [68]. With both
techniques the cell current [ is recorded as a function of the applied potential U. Usually, the
excitation signal is a potential ramp between different potentials U;, i.e. the potential is varied
linearly with time at a known sweep rate v. While LSV involves sweeping the electrode potential
between two potentials U; and Us before halting the potential sweep, CV switches the direction
when reaching the potential Us. The potential sweeps back to Uj, then the potential sweep
can either be stopped, again reversed towards Us, or alternatively continued further to a value
Us. The electrochemical spectrum obtained in such experiments gives information about the
potentials at which processes occur.

Figure 2.5 shows a typical triangular waveform of the excitation signal in a CV experiment.

The response of an electrochemical system with an electroactive species O in solution which can
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A B
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Figure 2.5. A) Cyclic potential sweep and B) resulting cyclic voltammogram.

be reduced to R is given in Fig. Since the mathematical description of these techniques
has been developed sufficiently, kinetic parameters can be determined for a wide variety of
mechanisms even of fairly complicated electrode reactions. From the sweep rate dependence the
involvement of coupled homogeneous reactions can be identified and processes such as adsorption

can be recognized.

2.1.3.1. Redox Species in Solution

Nernstian System
An electrochemical system with an electroactive species O in solution which can be reduced to
R and reoxidized to O can be described by Equation [2.12]

The cyclic voltammogram of this system has a typical reversible current-voltage response shown
in Figure 2.5B. The current response recorded when sweeping the potential to negative values
and thus, reducing the electroactive species, is called cathodic current with a peak value I, the
positive counterpart is defined as anodic current with a peak value I,;,. The corresponding peak
potentials are named U, and U,y, respectively. The electrochemical redox potential is given as
Uo = %(Ucp + Usp)-

For Nernstian systems, the kinetics at the electrode surface is rapid and the concentration
of O and R adjust to the ratio given by the Nernst equation. The solution of the diffusion
equations (Fick’s 2nd Law) under the appropriate boundary conditions leads to a mathematical
description of the voltammetric curves. The peak current Ip at 25°C can be calculated by the
so called Randles-Sevick equation [69] [70]

I, = —(2.69 - 10°)n3cD7v7 A (2.29)

where n is the number of electrons according to Equation c is the analyte concentration

in Mem ™2, D is the diffusion coefficient of the analyte in cm?s™!, v is the sweep rate in Vs—!
and A is the electrode area in cm?.
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Non-Nernstian System

In contrast to a Nernstian system where redox active species can reversibly be oxidized and

reduced an one-step reaction can be described by

O+ne” —R (2.30)

i.e. a reverse reaction does not take place. For a such an irreversible process the shape of the
cyclic voltammogram can again be obtained mathematically by solving the diffusion equations
with adjusted boundary conditions. This yields the following equation for the peak current at
25°C

I, = —(2.99 - 10°)azcD?v? A (2.31)

where « is the transfer coefficient. Therefore, the peak current is proportional to the concen-
tration and to the square root of the sweep rate as for reversible reactions, but additionally to

the square root of the transfer coefficient.
Systems with Electron Transfer Kinetic Limitations

Systems where the electron transfer kinetic is limited show a Nernstian behavior at low sweep
rates and a non-Nernstian behavior at higher sweep rates. This transition occurs when the
relative rate of the electron transfer with respect to that of mass transport is insufficient to
maintain Nernstian equilibrium at the electrode surface. This change in electrochemical behavior
can be seen from a plot of the peak current I, as a function of the square root of the sweep rate

1, . . 1 . . .
vz, i.e. [, increases with v2 but is not proportional to it.

2.1.3.2. Redox Species adsorbed on the Surface

Cyclic voltammetry is a useful technique for the quantitative investigation of reactions involving
adsorption processes. In this section we consider the simplest case where only the adsorbed
forms of O and R are electroactive in the investigated potential range. Furthermore, we assume
an adsorption so strong that the contribution of dissolved O and R to the response is negligi-
ble. Therefore, mass transport effects can be ignored. Furthermore, the electrode coverage is
independent of the applied potential.

If the redox species adsorbed to the electrode surface is in good electric contact with the
electrode, the cyclic voltammogram will show sharp and symmetrical peaks with no or only
little peak separation (Fig. [2.6). The symmetrical peaks arise because of the fixed amount of
reactant on the surface: only adsorbed O on the electrode surface can be reduced. Therefore,
also the charges associated with anodic and cathodic processes are equal. If the adsorption can
be described by a Langmuir isotherm, i.e. the Gibbs energy of adsorption AGq is considered as

independent of the coverage, U,, = U,, and the peak current is given by
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Figure 2.6. Cyclic voltammogram of a species adsorbed to the electrode surface showing Nernstian behavior.

n2F2I‘0
e——)

I, |=

A (2.32)

where I'g is the surface coverage of O before the experiment. Equation shows that the
peak current is proportional to the sweep rate v and not to its square root. The charge @
below the peaks corresponds to the oxidation or reduction of the adsorbed layer and enables the

determination of the surface coverage by

Loy =| % | (2.33)

The shape of the cyclic voltammogram changes for non-Nernstian systems.

For such diffusionless systems Laviron [7TIH73] has derived an expression from the Butler-
Volmer equation in order to determine the transfer coefficient a and the rate constant k. For the
Nernstian systems, i.e. for small sweep rates (v — 0) the cyclic voltammograms are symmetric
as in Figure The half width is independent of the transfer coefficient a% mV. For high
sweep rates (v — 00), when the reaction might be limited by the kinetic of the electron transfer,

the cyclic voltammogram looses its symmetrical shape.The peak currents lie at the following

potentials:
RT RT
= 1 k- 2.34
Uap U0+aanF n(aanF k v) (2.34)
and
RT RT &k
= Up— L g 22 2.
Uer = o ac)nF n(aan v) (2:35)
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With the help of the potential difference AU, = U, — Uy, the transfer coefficients and the

electron transfer rate can be determined when AU, > %m\/, i.e. a irreversible system can be
assumed. The slope of the graphs of Uy, = f(lnv) or U, = f(lnw) yields the transfer coefficients

o, and a., and AU, results in the rate constant .
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2.2. Biophysical and Biochemical Fundamentals

2.2.1. Charge Transfer in Biomolecules

Charge transfer processes are present in almost all biological systems and are essential for capture
and use of energy e.g. in the respiratory system, photosynthesis, in aerobic [74] and bacterial [75]
metabolism. Thereby, energy transduction proceeds via a sequence of ordered electron trans-
fer reactions. These processes are enabled by transition metalloproteins such as azurin and
cytochrome c. Theoretically, electron transfer reaction in biological systems can be described
as mentioned before in equation electrontransfer and Figure parabolic. However, for biologi-
cal systems, the protein structure surrounding the redox center plays an important role since
the protein shell, i.e. the "reaction medium" normally has a lower dielectric constant (e = 5)
than bulk water (¢ ~ 80). Therefore, the interactions between the protein shell and the charge
at the redox center, and the change in charge accompanying the electron transfer, are smaller
than between the redox center and water. Furthermore, the constrained structure of the protein
around the active site reduces the reorganization energy A and speeds up the electron transfer
reaction [76]. The kinetics of electron transfer also depends on the distance between electron
donor and electron acceptor and thus on the size of the protein. Furthermore, different path-
ways for electron transfer e.g. through-space or through-bond, also including the possibility
to change between these two electron transfer pathways, are discussed [77]. Since the peptide
chain of a certain protein comprises various amino acid residues in a particular sequence and
orientation, the electron transfer pathway between the electron donor and the electron accep-
tor is divided into a number of segments corresponding to covalently bonded parts, hydrogen
bonded parts and parts where there is van der Waals contact. To sum up, the environmental
reorganization Gibbs free energy as well as the function and the activity of a protein are strongly
connected to its structure. Conformational modifications especially in the side chain residues of
the active site often lead to changes in the functional and also electrochemical properties of the
protein [78],[79]. These findings can be explained by the interplay of different interactions such as
electronic-conformational interactions, combined electrostatic and hydrophobic effects, as well as
possible electron tunneling pathways throughout the protein. Further details and a theoretical

consideration are given in [4, [80].

2.2.2. Proteins and Enzymes

Proteins and enzymes, i.e. catalytically active proteins, are linear polymers of a-amino acids
linked by peptide bonds and folded into a globular form. All amino acids contain an amine
group, a carboxylic acid group and a side chain which varies between different amino acids. In
the a-amino acids, the amino and carboxylate groups are attached to one carbon atom, which is
called the a-carbon. The peptide bonds are formed between the carboxyl and the amino group
of adjacent amino acids. The precise amino acid content and the sequence of the amino acids of a
specific protein is defined by the sequence of the bases in the gene that encodes that protein. The

universal genetic code specifies 20 amino acids that are naturally incorporated into proteins. In
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Figure the structures of these 20 amino acids are shown. Depending on their side chain, the
amino acids have different molecular weights (MW) and chemical properties. The composition
of all amino acids in a protein determines its biological activity. Proteins not only catalyze all

(or most) of the reactions in living cells, they control virtually all cellular processes.

Small MNucleophilic
OH OH SH
% b L X L
COOH HzN COOH N COOH HzN COCH HzN COOH
Glycine (Gly, G) Alanine (Ala, A) Serine (Ser, S) Threonine (Thr, T) Cysteine (Cys, C)
MW: 57.05 MW: 71.09 MW: 87.08, pK, ~16  MW: 101.11, pKa ~ 16 MW: 103.15, pK ;= 8.35
Hydrophobic ﬁ\ S/
COOH COOH COOH HoN COOH H COOH
Valine (Val, V) Leucine (Leu, L) Isoleucine (lle, 1) Methionine (Met, M) Proline {Pro, P)
MW: 99.14 MW: 113.18 MW: 113.16 MW: 131.19 MW: 97.12
Aromatic H Acidic
0, OH
N o]
\
OH
H,N~ “COOH H,N" “COOH H,N" ~COOH H;N" "COOH HzN" "COOH
Phenylalanine (Fhe, F) Tyrosine (Tyr, ) Tryptophan (Trp, W) Aspartic Acid (Asp, D) Glutamic Acid (Glu, E)
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Figure 2.7. Structure of the 20 amino acids occurring in nature, together with their molecular weight (MW)

and some chemical properties, taken from [8T]

In this section the proteins and enzymes used in this thesis are described concerning their
structure and function in biological systems. When not stated otherwise, the crystal structure of
the proteins is plotted with PyMOL [82] using the corresponding accession code obtained from
the Protein Data Bank (PDB) [83]. The color coding shows a-helices in red, 8-sheets in yellow,
and loops in green.
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2.2.2.1. Ferritin and Apoferritin

Iron plays a significant role in many biological processes [84] [85] and is found in several enyzmes to
transport (hemoglobin), store (myoglobin), and use (cytochromes, cytochrome oxidase) oxygen
for respiration. However, since iron is toxic its concentration in living organisms has to be tightly
controlled, which is maintained by the metalloprotein ferritin.

The tertiary structure of the ferritin molecule is a nearly spherical shell with a diameter of 12 nm
consisting of 24 protein subunits (total molecular weight 440 kDa) that surrounds a crystalline
ferrihydrite phosphate core with a diameter of up to 8 nm. At the intersections of three or
four peptide subunits channels are formed. Eight hydrophilic and six hydrophobic channels
link the interior of the protein shell with the exterior, providing pathways for the transfer of
Fe?* that passes through the hydrophilic channels into the protein shell. Therefore, ferritin is
a metalloprotein that regulates the iron metabolism. It has the capacity to remove ferrous ions
from serum, oxidize them to Fe3t and reversibly store the resulting ferric ions in a hydrated
iron oxide, forming 8FeO(OH) - FeO(H3PO3) in its interior [86] [87]. When iron is needed in the
organism, ferritin reduces ferric to ferrous ions. Iron becomes soluble and hydrated and exits the
protein through one of the polar (hydrophilic) three-fold channels. While one ferritin molecule
can contain up to 4500 Fe(III) ions, the iron free conformation apoferritin only consists of the
hollow protein shell (molecular weight 18.5 kDa). The loading and unloading of iron from ferritin
involves electron transfer steps which are thought to happen in the four-fold channels, however,

so far the nature of the electron transfer is not clear [88] [89).

2.2.2.2. Horseradish Peroxidase

Horseradish peroxidase (HRP) is a heme-containing enzyme which belongs to the plant peroxi-
dase superfamily. It is produced on a large scale from horseradish roots (Armoracia rusticana)
since HRP is widely commercially used e.g. as a component of clinical diagnostic kits, for
chemiluminescent assays or immunoassays, as well as treatment of waste water (for reviews see
[00-92]). HRP comprises a single polypeptide of 308 amino acid residues [93]. Its structure is
largely a-helical with only a small region of (-sheet [94] forming two domains, the distal and
proximal domain. HRP contains two different types of metal centers, iron(III) protoporphyrin
IX, referred to as the heme group, and two calcium atoms (Fig. . Both are essential for
the structure and function of the enzyme. The heme group is attached to the enzyme at the
proximal histidine residue (His-170) by a coordinate bond between a histidine side-chain and the
heme iron atom. The heme group is located between the distal and proximal domains which
each contain one calcium atom.

Most reactions catalyzed by HRP can be expressed by the following equation, in which AHs

and AH* represent a reducing substrate and its radical product, respectively [90].

H20s + 2AH, "8° 2H,0 + 2AH* (2.36)

34



2.2. Biophysical and Biochemical Fundamentals

Figure 2.8. A) Crystal structure of horseradish peroxidase (PDB 1W4W). The heme group is colored in
turquoise, the calcium atoms are shown in blue. B) Molecular structure of the active site of horseradish per-
oxidase, the Heme B, adapted from [90].

Although the conversion of hydrogen peroxide to water is not the primary function of HRP,
its catalytic activity towards this reaction made HRP interesting for electrochemists and to one
of the most studied members of the family of heme enzymes [95]. The electrocatalytic activity
of native and genetically engineered HRP has been extensively studied on different substrate
materials such as gold, silver, platinum, and different carbon materials [8, [O6HI00] in order to
develop highly selective and efficient bioelectrocatalysts, e.g. for bioelectrochemical fuel cell

applications.

2.2.2.3. Azurin

Azurin belongs to the copper-containg redox proteins (type-1) [I0I] which are found in several
bacteria and plants and play important roles in biochemical pathways such as respiration and
photosynthesis [102]. Azurin is involved in the oxidative phosphorylation of its expressing organ-
ism, where it acts as an electron transfer component, most probably shuttling electrons between
cytochrome cg5; and nitrite reductase [103]. Its functional behavior is based on the reversible
oxidation of Cu™! to Cu™. Azurin is a small protein (9-14 kDa) with a mononuclear copper
coordinated by cysteine, two histidines, and an axial methionine [I04HI06]. According to crystal-
lographic data, azurin has the dimensions of (36 x 25 x 22) A3. Tts structure is characterized by
a globular, 3-barrel conformation where the active redox site is located approximately 8 A be-

low the surface and a surface disulfide bridge between Cys-3 and Cys-26 is formed. Since the
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disulfide offers a convenient means for anchoring azurin to gold surfaces, azurin has become an
ideally suited candidate for metalloprotein investigation in bioelectrochemistry. Furthermore, a
hydrophobic patch around the copper center can be exploited to confine azurin molecules on
Au surfaces. The redox potentials of azurins from different sources were estimated and found
to be in the range between 220 mV and 320 mV vs. NHE [44] 107, [I08]. Furthermore, azurin
has extensively been used in the past for single molecule scanning probe microscopy studies
[3, 17, 18] [43] [109] 110]

2.2.2.4. Papain

Papain is a cysteine protease that can be extracted from the latex of the papaya fruit. It
consists of a single polypeptide chain with 212 amino acid residues and has a molecular weight
of 23.4 kDa [IT1]. In its tertiary structure, the chain is folded into two structural domains (L-
and R-domain) stabilized by three disulfide bridges containing a-helices and (-sheets (Fig. [2.9)).
The active site is located in the cleft between these two domains containing a catalytic triad
made up of the amino acids cysteine-25 (Cys-25), histidine-159 (His-159) and asparagine-158
(Asp-158). According to crystallographic data, papain has the dimensions of (29 x 34 x 45) A3,
Papain is proteolytic, i.e. it hydrolyzes proteins to form oligopeptides and amino acids. By
breaking peptide bonds papain digests proteins. This mechanism involves the deprotonation
of Cys-25 by His-159. Thereby, Asp-158 helps to orient the imidazole ring of His-159 to allow
the deprotonation and enables Cys-25 to perform a nucleophilic attack on the carbonyl carbon
of a peptide backbone. The free amino terminal of the peptide subsequently forms a covalent
bond with the enzyme resulting in an acyl-enzyme intermediate. The enzyme is then deacylated
by a water molecule, and releases the carboxy-terminal portion of the peptide. Papain is the
prototype of cysteine endopeptidases, due to its homology with mammalian cysteine proteases
involved in several serious diseases related to tissue degeneration [I12]. Papain is often in the
focus of biochemical and biophysical studies [29, TT3HIT5] due to its easy availability and its high
stability. Papain is mainly used in the pharmaceutical industry, in medicine, as well as in the

food processing industry.

2.2.3. Synthesis of peptide chains

Nowadays several methods exist to synthesize amino acids [IT6HI21] by coupling the carboxyl
group of one amino acid to the amino group of another. In order to avoid unintended reactions
protecting groups are necessary. Currently, the most adopted method is the solid-phase pep-
tide synthesis (SPPS) usually performed on a polystyrene resin introduced by Merrifield in 1963
[122]. In SPPS protecting groups such as 9H-fluoren-9-ylmethoxycarbonyl (Fmoc) [123] and tert-
butyloxycarbonyl (t-Boc) [124] are utilized in order to block side chain residues and therefore,
avoid unwanted binding. On the other hand, activating groups such as dicyclohexylcarbodiimide
(DCC) and diisopropylcarbodiimide (DIC) are commonly used to induce binding processes [125].
Synthesized chemical compounds are usually separated using high-performance liquid chromatog-

raphy (HPLC) and characterized by mass spectrometry (MS) and nuclear magnetic resonance
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Figure 2.9. Three dimensional structure of papain based on crystallographic X-ray data (PDB 1PPD) and its
active site containing the amino acids Cys-25 and His-159.

(NMR).

2.2.4. Enzyme Kinetics
2.2.4.1. Michaelis-Menten Kinectics

The kinetic of enzyme-catalyzed reactions can be described by the Michaelis-Menten kinetics
(also referred to as Michaelis-Menten-Henri kinetics). In the beginning of the 20t" century Victor
Henri supposed the formation of an enzyme substrate complex (ES) during the enzyme catalysis
process [126]. Leonor Michaelis and Maud Menten extended this idea to an overall theory of the
enzyme function mechanism [I127]. They postulated that the formation of the reversible enzyme-
substrate complex (step 1) is relatively fast before in a second step the complex dissociates again

into the free enzyme E and the product P (step 2) while the product does not bind to the enzyme

[128].

k}l kz
E+S=ES=E+P (2.37)
-1 —2

Therefore, the second step is the rate limiting step of the whole process, i.e. the reaction
rate v of the enzyme catalyzed reaction is proportional to the concentration of the ES complex.
Assuming the enzymatic reaction to be irreversible, the product does not dissociate again into
the substrate (i.e. k_o =0).

Furthermore, the substrate concentration [S] is often considered to be high enough to remain
constant within the reaction. This is valid, when the enzyme concentration is much smaller than
the substrate concentration. Briggs and Haldane [129] introduced the so-called steady state for
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step 1, i.e. k1 = k_1. Then the initial reaction rate vy depends on the dissociation of ES and is
given by
d[P]

Vo = W = k‘Q[ES] (238)

where [ES] is not known. However, the production of the ES complex can be calculated by its
formation and dissociation
d[ES]

2~ I [BIIS] - k1 [BS) — ko[BS (2.39)

Then the relation of the initial reaction rate vg to the substrate concentration [S] is given by

the Michaelis-Menten equation:

Umazx [S}
= e 2.40
%= Ko+ 9] (2.40)
Here vy,4, describes the maximum rate and Ky, is the Michaelis constant defined by
Ky = ko + k1 (2.41)
k-1

2.2.4.2. Influence of Enzyme Inhibitors

Enzyme inhibitors are compounds which interrupt the catalysis and decelerate or even stop
the enzymatic reactions. The investigation of enzyme inhibitors is essential for a better under-
standing of enzyme mechanisms. Since enzymes are involved in most cellular processes, enzyme
inhibitors are also of great interest for drug production. In general two kinds of enzyme inhibitors
have to be distinguished: the reversible and the irreversible enzyme inhibitors.

Reversible inhibitors

Common reversible enzyme inhibition is based on competitive inhibitors, i.e. the inhibitor com-
petes with the substrate for the active site. In most cases competitive inhibitors consist of
compounds similar to the substrate. The inhibitor (I) occupies the active site and, thus, avoids
the binding of the substrate to the enzyme. The formed enzyme-inhibitor complex (EI) does not

lead to a catalytic reaction. The Michaelis-Menten equation changes to:

Umaz [S]

- (2.42)

Vo

with
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a=1+ % (2.43)
and
K; = [[EE]BI]] (2.44)

aK )y is also called the apparent K.

Since the inhibitor only binds reversibly to the enzyme, the formation of the enzyme-substrate
complex instead of the enzyme-inhibitor complex can be enhanced by increasing the substrate
concentration. For [I] <« [S], the probability for the EI formation becomes negligible and,
therefore, the reaction follows the "normal” Michaelis-Menten equation. In the presence of an
inhibitor, when vy = 0.5U44, [S] = aK s, i.e. the needed substrate concentration increases by
the factor a.

In addition to the competitive inhibitors there exist also the uncompetitive and the mixed
inhibition. Uncompetitive inhibition takes place when an enzyme inhibitor does not bind to
the active site, but only to the ES complex, forming an ESI complex. Thereby, it is not nec-
essary that the uncompetitive inhibitor resembles the substrate. The decrease of the effective
ES concentration increases the enzyme’s apparent affinity for the substrate through the prin-
ciple of Le Chatelier (K, is lowered) and decreases the maximum enzyme activity (Vmaz), as
it takes longer for the substrate or product to leave the active site. Uncompetitive inhibition
works best when the substrate concentration is high. Mixed inhibition refers to a combination of
both types of reversible enzyme inhibition - competitive inhibition and uncompetitive inhibition,
i.e. the inhibitor either binds to the enzyme-substrate complex or to the active site of the free
enzyme. However, in mixed inhibition, the inhibitor does not bind to the site where the sub-
strate binds. Mixed inhibition results in a decrease of the apparent affinity of the enzyme to the
substrate (apparent Ky > Kjpr) and in a decrease of the apparent maximum enzyme reaction

rate (apparent Umaz < Umaz)-

Irreversible inhibitors

Irreversible inhibitors either bind to functional groups of the enzyme which are crucial for its
activity or even destroy them. That means they do not work by destroying the protein structure
but by specifically altering the active site of the enzyme. Usually the binding between enzyme
and the irreversible inhibitor is covalent. Irreversible inhibitors are generally specific for one class

of enzymes and do not inactivate all proteins.

2.2.5. Biosensors

Quantification of biological or biochemical processes is of great importance for medical, biolog-
ical, and biotechnological applications. Therefore, biosensor-related research has experienced

immense growth over the past decades. A biosensor is generally defined as an analytical device
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consisting of a recognition element and a transducer, which converts a biological response into
a quantifiable and processable signal. With the invention of the first enzyme electrode by Clark
and Lyons in 1962 [I30], several sensing concepts and various devices have been developed. How-
ever, finding the ideal way to convert the biological information to a processable electronic signal
is challenging due to the complexity of possible detection pathways and detection methods with
all their advantages and disadvantages. Figure schematically shows the basic components
constituting a typical biosensor, with the biological sample where the reaction takes place, the
transducer signal (which could be anything from weight or light to the current directly produced
at an electrode), the appropriate detection method, and the final conversion to an electronic
signal. Biosensors are typically classified by their type of recognition or transduction element. A
sensor might be described as a catalytic biosensor when its recognition element (e.g. an enzyme
or a series of enzymes) is able to recognize the analyte and to undergo a chemical reaction in
order to form a detectable product. A sensor might be described as a bioaffinity sensor when its
operation is based on the specific binding of the recognition element (e.g. an affinity label) to

the analyte forming a specific complex, e.g. the reaction of an antibody with an antigen.
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Figure 2.10. Basic components of biosensors showing the pathway from the biological sample to the electronic
signal (taken from [33]).

2.2.5.1. The Affinity Label Concept

The affinity label (AL) is used to characterize the function of enzymes in biological systems. An
affinity label normally consists of three parts: the recognition element, the reactive group, and
the conjugation site. The property of an affinity Label (AL) to bind specifically to a certain group
of enzymes is given by the recognition element. Its sequence is responsible for the selectivity and
for the orientation in which the label binds to the enzyme. The recognition element and the
enzyme usually form a reversible complex (anchor 1 in Fig. . Then, the reactive group of

the AL reacts with the active site of the enzyme and leads to an irreversible, covalent binding
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within the catalytic transformation (anchor 2 in Fig. [2.11)). In Figure the covalent binding is
highlighted in yellow showing a thiol-binding. The conjugation sites function as possible binding
sites for a specific marker (M) that provides the transduction signal. Depending on its physical

properties the marker can be fluorescent, radio-active, magnetic, or even electroactive.

specific, anchor 1

affinity label (AL) M

l enzymt/

Figure 2.11. Affinity label (AL) which can bind to the active site of an enzyme.

Originally, affinity labels were developed in order to tag and localize a certain enzyme in a
biological sample, e.g. tissue sample, and to analyze the specificity of the sample. Nowadays,
they are mainly used to detect not only single enzymes, but whole enzyme families. Therefore, it
is a challenging task to synthesize aflinity labels that on the one hand can specifically react with
a certain enzyme family, but on the other hand are unspecific enough to be able to react with
all members of the enzyme family. Figure [2.12] shows the basic structure of the affinity label for

cysteine proteases such as papain with succinic acid as the reactive group [I31].
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Figure 2.12. Affinity label (AL) for cysteine proteases such as papain.

2.2.5.2. Detection

In order to detect the binding of the affinity label to the active site of the enzyme a transducer
(marker) must be coupled to the conjugation site of the affinity label. Depending on the proper-
ties of this marker element, e.g. a fluorophore or electroactive species, the appropriate biosensor

could be based on optical or electrochemical detection methods.

Optical Detection
Optical biosensors are mainly based on measurements of absorption, reflection, or fluorescence
emission in the UV, visible, or IR spectrum. Besides direct, i.e. affinity label free, detecion meth-

ods such as surface plasmon resonance (SPR) [132], the indirect fluorescence methods [I33] which
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function with dyes are commonly used. In 2004, Eppinger et al. [29] succeeded in measuring the
catalytic activity of a papain microarray using a tailor-made fluorescently tagged affinity label
(FAL) that binds in an activity-dependent manner to the active site of the enzyme (Fig. [2.13).
Figure shows an image of the microarray where 44 subarrays of 4 x 4 papain spots could
be investigated for 11 different reaction times (abscissa) with four different FAL concentrations
(ordinate). Quantified data corresponding to the microcarry is plotted in Figure together
with a best-fit reaction model, derived from Michaelis-Menten kinetics and indicating that FAL
is a promising candidate for the on-chip determination of papain reactivity. The evaluated initial
velocities (vg) depending on the concentration of the FAL are shown in Figure Furthermore,
it was demonstrated that this method can also be used for the detection and characterization of
inhibitors [29].
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Figure 2.13. Optical detection of papain reactivity using a fluorescence affinity label. A) Microarray of 44
papain subarrays and B)corresponding quantified data according to Michaelis-Menten kinetics. C) Plot of initial
velocities vg versus concentration of FAL, taken from [29].

Electrochemical Detection

Electrochemical sensors have received major attention in biosensing technology [6]. The most
popular example is the development of a glucose biosensor, where the redox enzyme glucose
oxidase is used in order to build an electrochemical glucose sensitive detector [Bl 130} [134]. Com-
pared to other biosensor architectures, electrochemical biosensors exhibit inherent advantages
such as robustness, easy miniaturization and hence the design of high-density arrays, excellent
detection limits, the ability to be used in turbid biofluids [I35] [136] and, last but not least,

from an economical point of view low-cost production of microelectronic circuits and the easy
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interface with commercial electronic read-out and processing. However, electrochemical sensing
of biomolecular interactions requires in general the presence of a redox-active probe as part of
the detection system in order to generate a measurable current (amperometric), a measurable
potential or charge accumulation (potentiometric), or measurably alter the conductive properties
of a medium (conductometric). Although enzymatic transformations of substrates often serve as
transduction elements in catalytic biosensors, other biorecognition elements such as antibodies,
DNA, or redox-inactive enzymes in combination with an electroactive probe are used in affinity
biosensors. Figure [2.14] represents some of the common electrochemical biosensor systems where
the redox species is solved in solution (A), bound to an antibody which reacts with the immo-
bilized analyte (B), or is attached to a single stranded DNA (C). Figure shows a new
approach reported by Mahmoud and Kraatz [I15] which uses a ferrocene-peptide conjugate in

order to detect the cysteine protease papain.
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Figure 2.14. Different approaches to electrochemically detect biomolecular interactions (taken from [115])

The discovery of ferrocene in 1951 [I37, [138] and the elucidation of its remarkable structure is
the starting point for modern organometallic chemistry which is nowadays linked also to biology,
medicine, and molecular biotechnology, leading to bioorganometallic chemistry [I39]. Its unique
properties such as the stability in aqueous and aerobic media, the accessibility of a variety of

derivatives, and its favorable electrochemical behavior have made ferrocene groups very popular
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for biological applications and for conjugation with biomolecules. Especially the redox activity
and the high exchange current density which is due to a small solvent reorganization energy makes
ferrocene suitable as an electroactive marker for electrochemical biosensor technology. Figure
shows the cyclic voltammogram (scan rate of 100 mVs~!) of a highly oriented pyrolytic
graphite (HOPG) electrode in 10 mM phosphate buffer solution (PBS, pH 7) containing 1 mM
ferrocene monocarboxylic acid (FCMA) with a well-defined redox potential of 560 mV vs. NHE.
The redox potential of a ferrocene-moiety can be modulated by different substituents on the
cyclopentadienyl ligands. Electron withdrawing groups such as a carboxylic acid shift the redox
potential in the anodic direction, whereas electron-releasing groups such as methyl groups shift
it in the cathodic direction [T40HI42].
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Figure 2.15. Cyclic voltammogram of a graphite electrode immersed in 10 mM PBS + 1 mM ferrocenemono-

carboxylic acid, obtained at a scan rate of 100 mVs~1!.
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2.3. Scanning Probe Microscopy

The development of the scanning tunneling microscopy (STM) by Binnig et al. [37] 8] in 1982
paved the way for a variety of scanning probe techniques and the investigation of surfaces on
a nanometer scale. Since Sonnenfeld and Hansma first demonstrated that STM can also oper-
ate in electrolyte solutions [143] much progress has been made to explore the potential of this
technique. The four electrode configuration in the STM allows to carry out complete in situ
experiments under full potentiostatic control [144], 145] and has enabled new perspectives for
studying electrochemical processes at the solid-liquid interface on a nanometer or even atomic
scale. The following section will give a short introduction to the well-known electrochemical STM
(EC STM) and the latest advancement of the electrochemical scanning probe microscopies (EC
SPM) called "Scanning Electrochemical Potential Microscopy” (SECPM) which was introduced
by Allen J. Bard et al. [47].

2.3.1. Principle of Scanning Tunneling Microscopy
2.3.1.1. Setup
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Figure 2.16. Setup of a scanning tunneling microscope (STM), based on [146]
The scanning tunneling microscope (STM) consists of a piezoelectric scanner, a conductive

electrode and a sharp metal tip which is brought in close proximity to the electrode surface (Fig.

2.16)). By applying a bias voltage, Upg;qs, between tip and sample electrons can flow from the

45



2. Fundamentals

tip to the sample or vice versa depending on the polarity of Upg;,s and the distance between tip
and sample. This mechanism is based on the quantum mechanical tunneling effect which will be
described in more detail in the next paragraph. Depending on the setup, the piezoelectric scanner
can either move the tip or the sample in x-, y- and z-direction with subnanometer precision in
order to measure the tunneling current, I7, and thereby the density of states of the sample with
a resolution down to 0.1 A. Since the composition of the tunneling gap is of minor importance,
the STM can be operated in ultra high vacuum (UHV), in the gaseous phase or even in liquids.

2.3.1.2. Operation modi

Constant current mode

In the constant current mode Iy (Fig. )is kept constant at a certain setpoint while the
STM tip scans line by line in x- and y-direction above the electrode surface. The feedback
loop compares the measured tunneling current with the chosen current setpoint and controls
the current flow by adjusting the distance between tip and sample by applying a voltage Uz to
the z-piezo. Since the constant current mode adjusts the tip height, also surfaces with a higher
surface roughness can be investigated in larger xy-dimension. Limitations in x-, y- and z-scan

direction are given by the properties of the piezoelectric scanner.

Constant height mode

In the constant height mode (Fig. ) the STM tip scans above the electrode surface and
measures the tunneling current while keeping the distance between tip and sample constant. In
contrast to the constant current mode samples can be investigated with a high sampling rate due
to the fact that the tunneling current has not to be controlled by the feedback loop. However,
this mode is only suitable for small regions and atomically smooth surfaces. Typical distances
between tip and electrode surface within scanning are between 0.2 — 2 nm. Electrodes with a

high roughness might cause danger to crush the tip into the sample surface.

Figure 2.17. Two dimensional diagram of the STM scan modi: A, The constant current mode and B, the

constant height mode, both including schematic drawings of the detected tunneling current.
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Scanning Tunneling Spectroscopy

In addition to the imaging modi, the scanning tunneling spectroscopy (STS) is a very impor-
tant and useful mode to explore the local electronic properties of the electrode surface and its
adsorbates. Varying one of the tunneling parameters, e.g. the distance or the bias voltage (see
equation , allows one to investigate the tunneling barrier properties by analyzing the I-dp

or I-Ug,.s characteristics.

2.3.1.3. The Tunneling Effect

The tunneling current in the STM setup is attributed to the quantum mechanical tunneling effect
which occurs when the wave functions of the tip and the substrate atoms overlap. In quantum

mechanics the behavior of particles is governed by Schrédinger Equation.
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Figure 2.18. Energy-band model of the tip/tunneling barrier/sample arrangement in the STM.

The arrangement of the metal tip above a conductive electrode surface can be described quan-
tum mechanically as a potential barrier which the electrons have to pass when flowing from the
electrode to the tip (or vice versa). The potential barrier mainly depends on the conditions in
the tunneling gap. Figure shows a diagram of the energy levels of the STM tip, the sample
and the potential barrier with a width of dy where Ey,. is the vacuum energy level, Er 1ip
and Epg are the Fermi levels of tip and sample, respectively. Applying a bias voltage Upiqs
corresponds to a shift between these two Fermi levels by eUp;,s and results, together with the
work functions of tip ®r;;, and sample ®g, in an effective barrier height AF.ss. In the shown

diagram the electrons tunnel from the tip to the sample. Typical values for the tunneling barrier
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are 3 — 4 €V for tunneling in vacuum [I47] and 1 — 2 €V for tunneling in aqueous electrolytes
[148].

A theoretical description of the STM tunneling current, the so called Hamilton-approach, was
developed by Tersoff and Hamann [I49]. Their model was based on Bardeen’s formalism for
electron tunneling between to metal plates [150].

According to the Wentzel-Kramer-Brillouin (WKB) approximation which provides a semiclas-
sical, approximative solution to linear, second-order differential equations such as the Schrédinger

equation, the wave function is recast as an exponential function.

eU
U
I / N1ip(E) - Nsampte(E — eU) - exp(—K (AE. ;5 + % — E)2dy)dE (2.45)
0

where nyp and nsgmpie are the number of states of the tip and the sample, respectively, at
energy E with respect to the Fermi level. K is a constant with K = (47(2m.)2) - h™! =
10.25 nm~! - eV =3,

Assuming constant densities of states, a constant distance between tip and sample and only

changing bias voltage Equation [2.45] can be simplified to

U
It o const - / exp(—K(® — eU)%)do)dU (2.46)
0

The integration of Equation yields the well known relation between tunneling current I,
bias voltage Upiqs and tunneling barrier (AE.ys, do) [38]:

It o Upiasexp(—Kdo & B2, ;) o Upias - Rr (2.47)

where Ry is the effective resistance of the tunneling gap which is typically between 10° and
10! Q. It is obvious that the tunneling current is mainly proportional to the local density of
states (LDOS). Therefore, a STM image shows an area of LDOS which for pure metallic surfaces
is equal to the topography of the surface. Since the tunneling current depends exponentially on
the gap width do, a very small change of an apparent surface height (electronic structure and
surface morphology) can give rise to a large change of the tunneling current. Therefore, STM

has a high z resolution (typically 0.1 A).

2.3.2. Electrochemical Scanning Tunneling Microscopy
2.3.2.1. Setup

As already mentioned the scanning tunneling microscopy can also be operated under electro-

chemical conditions. While other electrochemical methods such as cyclic voltammetry (CV) or
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electrochemical impedance spectroscopy (EIS) are based on measurements over large areas, the
electrochemical scanning tunneling microscope provides in situ real-space imaging of electronic
and structural properties of electrodes and there alteration by chemical and electrochemical pro-
cesses with atomic resolution. However, in order to use the STM for electrochemical surface
studies some modifications have to be implemented in the common STM setup introduced in
Figure [2.16]

Figure[2.19shows the experimental setup of the electrochemical scanning tunneling microscope
(EC-STM). Following the typical arrangement in an electrochemical cell, counter electrode (CE)
and reference electrode (RE) are added to measure the current and adjust the potential. Due to
the limited space in the EC-STM cell, both electrodes are metallic wires typically made of Pt,
Pt/Ir or Au. In addition to the sample electrode, the tip in contact with the electrolyte acts
as a fourth electrode which has also to be potential controlled in order to precisely apply the
bias voltage. A bipotentiostat is able to adjust the potentials at the tip Ur;, and the sample
Us independently versus a reference electrode. The difference Ur;, — Us is defined as Upiqs
[145] 151]. While the bipotentiostat is responsible for the electrode potentials and thus for the
electrochemical processes in the STM cell, the control processing unit (CPU) of the STM controls

the movement of the tip and detects the measured tunneling current (data aquisition).

CPU ‘____I_'l_'_iR____ Bipotentiostat -
L T |
Data U.u.u ] Mrip IS

Aquisition| " " "l N L[y [ ug

Sample —

Figure 2.19. The setup of an electrochemical scanning tunneling microscope (EC-STM) is the combination of

an electrochemical cell and a STM

Due to the fact that both electrodes, the sample and the tip are in contact with the electrolyte
Faradaic currents may occur at both surfaces. While a small Faradaic current at the sample
surface Ig does not disturb the STM measurement, a Faradaic current at the tip can easily
mask the tunneling current and make the measurement impossible. Since the tunneling current

is normally adjusted between 0.2 nA and 1 nA the Faradaic leakage current should not exceed
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0.1 nA. In order to reduce the Faradaic current to a few pA, the metal tip is insulated up to
the very apex e.g. with apiezon wax, to minimize the free surface area. Furthermore, STM tips
are usually made of metals which are electrochemically inert over a large potential range such as
gold or platinum. However, the measured current at the tip I7;, is always a sum of the tunneling

current and a Faradaic current.

2.3.2.2. EC-STM of Redox Adsorbates

Since the EC-STM offers new details about structural and electronic properties of monolayers of
(bio-)molecules down to the single molecule level, theories and models of electrochemical electron
transfer considering different transport mechanisms have been developed. These models give an
expression of the EC-STM current as a function of the applied bias Up;.s and substrate poten-
tials Ug. Thereby, the electrons tunnel from the tip to the substrate (or vice versa, depending
on the sign of Up;as) through the empty redox level of the molecule. Figure schematically
shows the energy diagram of the in-situ EC-STM system with a redox molecule located in the
tunneling gap between tip and substrate (according to [44]. Performing EC-STM, the electro-
chemical potentials of the tip and the substrate can be varied with respect to the redox level of

the redox molecule .

Er i - -1 ----- - - - T—

red

7

Figure 2.20. Energy diagram of in-situ EC-STM of a redox molecule showing electron tunneling from the tip

to the substrate via the redox level of the molecule; taken from [44] and modified.

Resonant Tunneling Model

Already in 1992, even before the first experimental study of electron tunneling via a redox-
active molecule performed by Tao [36], Schmickler and Widrig [I52] proposed a model for an
enhanced tunneling current when an electroactive adsorbate is present on the sample. They used
the transfer hamiltonian mechanism to determine the dependence of the tunneling current on
parameters such as the bias voltage, the energy of reorganization A and electronic coupling of
the redox center to the electrodes. In this model the tunneling is only effective when the starting

occupied tip electron level, the intermediate molecular level and the final empty substrate level
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2.3. Scanning Probe Microscopy

have all the same energey; resonant tunneling model. The model hamiltonian consists of three
terms: an electronic hamiltonian H. representing the undisturbed states of the tip, the substrate
and the redox center, a hamiltonian Hg for the heavy particles in the system, such as the solvent
and the reactant’s inner sphere, as well as their interaction with the redox center and a transfer

hamiltonian H; for the electron transfer:

H=H.+Hs+ H; (2.48)

Leading to a tunneling current expressed by

__em [BremeUmes pry(E)|Triy(E) ps(E)|Ts(E)?
T S T ora BT B+ ps@) B PP 29

where Tr;,(E) and Ts(E) are the electronic couplings between the redox center and the elec-
trodes, tip and substrate, respectively. pr;, and ps are the electronic level densities of the tip
and the substrate. D,, is the probability of finding an empty state of energy E within the redox
couple (for further details see [3| [152]).

However, resonant tuneling implies that the electron transfer between tip and substrate is
faster than typical fluctuations of the redox level energy and thus flowing electrons never get
trapped on the moecule. Furthermore, this model does not consider the potentiostatic control

with respect to a reference electrode.

Two-Step Model

Assuming small electronic couplings of the redox centre with the electrodes the electron transfer
is normally slower than typical redox engergy fluctuations. In this case the electron transport
in the EC-STM setup can be considered as a two step process, i.e. the electrons tunnel from
the tip to the redox molecule located in the gap, then the electrons tunnel from the molecule to
the substrate. Thereby, there is no correlation between these two processes, which means that
the two electron transfer steps are independent and vibrational relaxation can occur. The two-
step electron transfer theory was developed by Ulstrup and Kuznetsov et al. They calculated
the tunneling current by standard chemical kinetics involving electrochemical rate constants
[17, 40, [44), [153-155]:

ko/rkr/o

Ir = eko/r + kr/o

(2.50)

where k°/" and k"/° refer to the rate constants for the electron transfer between the tip and
the redox centre and between the redox centre and the substrate, respectively, and have the

following forms:
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e 2kgT <)‘ - 6577 - efyUBias)2
kO™ = Koop minpTd Weff 4RBL _ 251
el TiPT ey D AkpT (2:51)
We 2kBT‘ ()\ - eUBias + 6577 - e'VUBias)2
K0 = ko sps—LL - 2.52
Kel,sPS 5 exp(eOn)exp T (2.52)

where Kei1ip and kep,s are the electronic transmission coefficients for electron transfer be-
tween tip and redox center and between redox center and substrate, respectively, pri, and pg
are the electronic level densities of the tip and the substrate, weys is the effective nuclear vi-
brational frequency, ar;, and ag are the electron transfer coefficients between the tip and the
redox center and between the redox center and the substrate, respectively, £ is the fraction of the
substrate-solution drop and = is the fraction of the bias voltage drop at the redox center. © is
representative for double-layer effects and tunneling barrier-overpotential dependencies. There-
fore, the tunneling current can be represented as a function of the overvoltage n and the bias
voltage:

-1

_ 1 wﬁff )\ + eU’Bias (% - ’y)eUBias - 5977
Ir = —ek o (eUsgias) exp( TipT ) {cosh { hpT (2.53)

2.3.2.3. Tip Induced Nanostructuring and Local Measurements

After its invention the STM was used in order to structure electrode surfaces on the nanometer
and even atomic scale. In 1990 Eigler and Schweizer [156] used an UHV STM at low temperatures
(4 K) to position individual xenon atoms on a single-crystal nickel surface with atomic precision.
In order to pull the atoms across the surface they increased the tip-atom interaction by changing
the tunnel current to a higher value and thus, lowering the tip to the atom. The invention of
the electrochemical STM provided new options to use the STM tip for surface nanostructuring,
an overview of different methods is given in [I57] [I58]. Furthermore, it was shown that the
EC-STM tip can also be used as a local current sensor [I59]. This technique combined the tip-
induced generation of single Pd particles, the characterization of the particle and the subsequent
measurement of the particle reactivity towards the hydrogen evolution reaction (HER). With
this approach new insights into structure reactivity relations of Pd particles were found, e.g.
with decreasing particle height an increase in the catalytic activity was observed [160]. Applying
this technique to enzyme electrodes, Wang et al. [I5] [I6] investigated locally probed Faradaic
currents induced by the redox enzyme glucose oxidase adsorbed on a graphite electrode.

SPM techniques are suitable tools for patterning electrode surfaces on the nanoscale. Espe-
cially, nanografting using contact mode AFM has been successfully applied e.g. for the formation
of two-dimensional patterns within inorganic, organic or biological materials [I61]. An increasing
interest is also coming up in building biomolecular structures on surfaces via nanografting for

the purpose of biosensor fabrication or investigating their electrical properties.
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2.3. Scanning Probe Microscopy

2.3.3. Scanning Electrochemical Potential Microscopy
2.3.3.1. Setup

In 2004 Woo et al. [46] reported about a modified EC-STM with a miniaturized potential
probe in order to measure the local potential of solid-liquid interfaces with subnanometer spatial
resolution. In 2007 this technique, now termed as scanning electrochemical potential microscopy
(SECPM) was established in the group of Allen J. Bard [47] together with Veeco Instruments
Inc. [45]. In order to determine the electrode surface potential in polar liquids or electrolytes,
SECPM uses the potential gradient present in the electrochemical double layer formed at the
solid-liquid interface (for detailed description see Section . The hardware is similar to
an EC-STM, the modification consists in replacing the current pre-amplifier by a high input
impedance potential difference amplifier (Fig. . Usually both amplifiers are embedded in
the system and an internal switch allows to change between EC-STM and SECPM enabling the
investigation of the same area of an electrode under in-situ conditions by both techniques for
direct comparison of the topography obtained by mapping the electron density and the surface
potential, respectively. The potential difference between the applied potential at the working
electrode and the tip (AU = Ug - Uryp) is measured with the impedance potential amplifier and
serves as feedback signal in the x-y scanning mode. Comparable to the x-y scanning modes in
STM one can choose between constant potential and constant height mode SECPM.

——_
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Figure 2.21. Simplified block diagram of the setup of a scanning electrochemical potential microscope
(SECPM). The potential of the tip is measured and fed into a high impedance amplifier; taken from [45].

Corbella et al. [48] first used the constant potential mode of this technique to investigate
the metal-distribution of electrodes by imaging the surface of tungsten-containing diamond-like
carbon (DLC) films in the x-y direction. In the constant potential mode the feedback loop
controls a given potential difference and adjusts the tip height while scanning over the surface.
This mode is comparable to the constant current mode in STM as it also produces “topographical”
images of the surface. The SECPM images of DLC films, taken with Pt/Ir tips in HyO, showed
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a granular appearance of the surface. The smallest grains that could be resolved were about
30 nm in size.

In addition, SECPM also offers the possibility to map the potential distribution of the in-
terface in x-z direction. According to the GCS model the theoretical potential ¢ of an elec-
trode/electrolyte interface changes with the distance across the electrochemical double layer
(EDL)[53]. Experimentally the SECPM tip serves as a potential probe measuring the potential
profile of an electrode while moving perpendicular to its surface (Fig. . Thereby, the de-
tected signal is given by the potential difference between the applied substrate potential Ug and
the tip potential U;,. When tip and electrode are in contact the potential measured at the tip
is equal to the applied working electrode potential Ug, i.e. AU = 0. Whereas, far away from
the surface, the potential of the EDL is equal to the potential of the bulk electrolyte wpyk, i.e.
AU = ¢g - ouik = Us - @puik- The decay of the EDL is characterized by the Debye length !
as described in Section 2,111

— rigid double layer
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g 1

diffuse double layer =————
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Figure 2.22. Scheme of the SECPM tip in front of an electrode probing the potential profile of the EDL by
measuring AU.

Woo et al. [46] investigated the local potential profile of an Au(111) electrode in 1 mM NaBF,
in a potential range from -0.2 V to 0.4 V (vs. Au in the same solution) by moving a nanoscale

gold disk tip [162] perpendicular to the surface (x-z direction). In the following the nomenclature
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2.3. Scanning Probe Microscopy

is taken over from the reference and thus not be listed in the attachment. The potential profiles
were measured while the tip approached the electrode starting from 30 nm above the surface
until a mechanical contact was made (Fig. [2.23]). The potential is given as the difference of the
detected potential at the tip ¢p, and the OCP of the tip ¢72r which is measured far away from
the Au(111) surface. Figure shows the (¢p-¢9,) vs. distance plots for different electrode
potentials, described by Ey g. These plots are characterized by three regions: I, between 30 and
18 nm above the surface, the probe measures the potential of the solution bulk independent of
the applied potential, i.e. all curves show the same constant potential. II, when the probe further
approaches the surface, the probe is located inside the EDL and the probed potential changes
gradually towards the potential of the surface. The slope of the potential profile varies with the
applied potential between -23 mVnm~! and +20 mVnm ™' for different Ey . III, Finally, the
probe contacts the metal surface and adopts the applied potential Ey 5.
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Figure 2.23. Potential measured at the probe ¢, as it approaches the Au(111) surface; taken from where

(bgT is the OCP of the tip far away from the electrode surface.

Hurth et al. [47] performed similar experiments with a flattened Pt/Ir-probe to investigate
the influence of the surface potential and of the electrolyte concentration on the double layer
profile of a Pt foil in KCl. Varying the potential of the Pt foil from 0.2 V to 0.4 V vs. a
platinum polypyrrole (PtPPy) reference electrode [163], the potential profiles were measured in
10~> M KCI over a distance of 60 nm showing all the same potential gradient with a decay of
approximately 50 nm. In contrast, when applying 0.4 V vs. PtPPy to the foil and changing the
electrolyte concentration from 10~° M to 10~* M the potential-distance curves showed a change
in the decay length from approximately 60 nm to 30 nm. This is qualitatively in good agreement
with the Gouy-Chapman-Stern theory which predicts a Debye length of 30 nm for a 10=* M
and 96 nm for 107° M. A 10~3 M concentrated KCl should theoretically result in an Debye
length of 9.6 nm, however, no significant difference between the potential profiles obtained in
10~* M and 10~2 M KCI was observed which was explained by the free apex of the tip exceeding

the expected double layer size i.e. the probe was not able to resolve the double layer of higher
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concentrated solutions. However, in order to interprete these potential curves measured by Woo
et al. [46] and Hurth et al. [47] quantitatively, it is necessary to understand how the presence of
a probe influences the original EDL at the electrode or vice versa. Since the metallic potential
probe in contact with the electrolyte also forms an EDL it can interact and overlap with the
EDL at the electrode at close distances. The measured interfacial potential results from the
overlap of both EDLs. Although diffuse double layer interactions between two parallel plates
[164], heterogeneously charged colloidal particles [165] or charged particles near surfaces [166]
have already been considered in the past, a comprehensive theory for potential profiling SECPM
taking real boundary conditions encountered in SECPM into account has to be developed in
the future. First attempts by Hamou et al. [I67] reported about an electrostatic approach
directly aimed to the SECPM experiments using FEM simulation to compute the EDL potential
measured with the metallic probe. Double layer interaction effects caused by the geometry of the
tip apex and the free area of the tip are included in this model. They found that the shape of
the metallic apex affects the ion distribution in the nanogap resulting in an electroneutral region
between tip apex and electrode. Influences of the tip on the potential profiles will be discussed
together with preliminary results in Section [£.4]

2.3.3.2. Scanning Electrochemical Potential Microscopy Tip as local pH Sensor

Performing spatially resolved pH measurements at the nanoscale using electrochemical SPM tech-
niques is of great interest in the research field of crevice corrosion [168], but also in electrocatalysis
[169] and even in biology. The determination of pH in tissues, pH gradients at the cell membrane
or at the membrane of cell organelles would give new insights into the energy metabolism of cells
and the functionality of proton pumps [I70HI72]. Similar to the approach shown above where
the EC-STM tip was used as a local current sensor in order to measure the reactivity of single
nanoparticles or the Faradaic currents produced by enzymatic reactions one might think about
using a potentiometric SECPM tip as a local pH sensor. Of course pH changes could also be
monitored with the amperometric response by calculating the HT or OH™ concentrations from
their steady-state reduction or oxidation current at the tip. Although qualitatively useful, it is
hard to obtain quantitative results that could be translated into absolute pH since amperometric
properties of a STM tip are known to depend on their characteristic dimension. In contrast, the
potentiometric properties are not thought to be size dependent, at least as long as the response
of the surface surpasses that of the edges, i.e. with smaller electrodes imperfections will prob-
ably become critical and seriously affect the electrode potential [I73]. Most potentiometric pH
microsensors are covered with glass, liquid and polymeric membranes, or metal oxide films [I74].
However, these materials are not suitable for the application as an electrochemical SECPM tip.
Therefore, a pH sensitive tip material such as platinum (Pt) or palladium (Pd) is required. The
primary standard for pH measurements is the reversible hydrogen electrode (RHE), Pt/Ha, qu
[175, [176]. According to the Nernst equation (Equation its potential is given by

RT RT
UO = U()O + — lan2 — ?

o7 pH (2.54)

96



2.3. Scanning Probe Microscopy

where the pH represents the proton concentration, Uyg is the standard potential, by convention
0mV at all temperatures and fz, is the fugacity of hydrogen. However, for analytical applications
of the RHE the electrolyte must contain hydrogen of defined partial pressure. In contrast to
platinum palladium, also being a member of the platinum group metals, possesses the ability
to store hydrogen within its crystal lattice and is therefore able to function as a pH sensitive
palladium hydride (Pd/H) [I77HI79] and can be also used in hydrogen free solutions [I80]. The
pH sensitivity of palladium hydride can be understood by the palladium /hydrogen phase diagram
shown in Figure [2:24]

3 (]
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o

Figure 2.24. Phase diagram of palladium hydride [179]

At room temperature (red dashed line), three different phases can exist depending on the
atomic ratio of H/Pd [168], [170]:

e H/Pd < 0.025: low hydrogen containing « phase where the activity (or chemical potential)
of hydrogen varies depending on the amount of hydrogen in the o« phase. When the
hydrogen content is increased to the edge of the miscibility gap, the system is said to
have only one degree of freedom (at T = const), which fixes the hydrogen content and

therefore, the hydrogen activity of the o phase.

e 0.025 H/Pd < 0.6: intermediate miscibility gap consisting of two phases, a and 3 phase.
According to equilibrium the activity of hydrogen in the « phase must be equal to the
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activity in the 0 phase, i.e. within this region of hydrogen content the activity of hydrogen
remains constant providing a wide-ranging and stable hydrogen activity against which the
hydrogen ion activity in solution can be reliably measured. The potential of 50 mV vs.
RHE was attributed to a mixed potential due to the presence of the two-phase region with

the « phase predominating [181]

e H/Pd > 0.6: high hydrogen-containing 5 phase, the potential drops to zero volt.

The potential of a Pd/H electrode is dependent on the composition in the pure o and 3 phases,
but is independent of composition in the mixed « + 3 phase region. This means using a Pd/H
SECPM tip electrode in the miscibility gap, a change in the proton concentration changes the
equilibrium potential (Nernst potential) of the Pd/H electrode. The high impedance amplifier of
the SECPM setup allows the measurement of the open circuit potential (OCP) at the SECPM
tip. Therefore, the potential shift of the OCP caused by an increase or decrease in proton
concentration within a catalytic reaction can be examined (schematically illustrated in Fig.
2.25)).

A B
( (
Insulation Insulation
- : _
w Pd/H-tip H Pd/H-tip ;
H* H*
" H* H* H*
H,—>2H'+2¢ 0,+4H' +4e¢ — 2H,0

r_ r” 3
Pt-Cluster ‘ Pt-Cluster
Substrate Substrate

Figure 2.25. Potential shift method: Schematics of the proton concentration measurement utilizing a hydrogen-

loaded palladium SECPM tip (Pd/H tip) as a local pH sensor. A) Illustrates the situation for an increasing proton
concentration, whereas B) shows a catalytic reaction which results in a decrease of the proton concentration.

According to the Nernst equation, a change of the proton concentration by a decade results in
a change of the measured OCP of the tip by 59 mV. This effect can be used to set up a method
to directly determine the proton concentration around the SECPM tip.
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3. Materials and Methods

3.1. Chemicals and Experimental Procedures

3.1.1. Chemicals

Chemicals
Acetonitrile

Di-Sodium Hydrogen Phosphate-

Dodecahydrate
Ethanol

Ethanolamine

Hydrochloric Acid (30%)
Hydrogen Peroxide (33%)

Leupeptin Triflouroacetate

salt

N-Ethyl-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide Hydrochloride

N-Hydroxysuciimide

Perchloric Acid (70%)

Sodium Chloride

Sodium Dihydrogen Phosphate-

Monohydrate
Sodium Hydroxide

Sodium Perchlorate Monohydrate
Sulfuric Acid (95-98%)
Tris(2-Carboxyethyl)phosphine HCI

Tetrabutylammonium Tetrafluoro-

borate

Formula
CH3;CN

NaQHPO4 . 12H20

C,H;OH
NH,CH,CH,OH
HC1

Hz0,
CooH3sNO4

CgH17N3 - HCI

C4H5NO3
HCI1O4

NaCl

NaH,PO4 - HyO

NaOH

NaClOy4 - HyO
H2SOy4
CoH1506P - HCI
C16H36BF4N

Provider
Merck
Merck

Merck
Sigma Aldrich
Merck
Merck
Sigma Aldrich

Sigma Aldrich

Sigma Aldrich
Merck
Merck
Merck

Merck
Merck
Merck
Calbiochem
Fluka

Purity
pro analysi
pro analysi

pro analysi
>90%

pro analysi
pro analysi
90%

98%

98%
pro analysi
pro analysi

pro analysi

pro analysi
pro analysi
pro analysi
99.7%

98%

Nobel metal wires such as gold (Au) with a diameter of 0.25 mm and a diameter of 0.5 mm,

palladium (Pd, diameter 0.25 mm), platinum (Pt, diameter 0.25 mm) and platinum/iridium
(Pt/Ir with a ratio Pt:Ir of 80:20, diameter 0.25 mm) were purchased from Carl Schifer GmbH
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Co.KG (Germany). The pure Au, Pd and Pt wires had a purity of 99.9%.
Throughout the experiments Argon gas (4.8) from Linde AG (Germany) was used in order to
flush the electrolyte and remove dissolved oxygen from the experimental setup.

3.1.2. Proteins and Enzymes

Proteins and enzymes were dissolved in 10 mM phosphate buffer solution and stored either at
4°C or -20°C, according to their specification. The concentration and the pH of the protein
solution was dependent on the experiment and will be mentioned elsewhere. All proteins and

enzymes were purchased from companies and used without further purification.

Proteins and Enzymes Extracted from Provider
Apoferritin Equine Spleen Calbiochem
Azurin Pseudomonas aeruginosa Sigma Aldrich
Ferritin Horse Spleen Sigma Aldrich
Horseradish Peroxidase Horseradish Roche

Papain Papaya Latex Sigma Aldrich

3.1.3. Preparation of Electrolytes

All electrolytes and solutions were prepared with ultrapure water obtained from a Millipore water
purification system consisting of a Elix and a Milli-Q Gradient A10 (18.2 M c¢m, 3 ppm total
organic carbon, TOC)(Millipore).

For all electrochemical experiments investigating biomolecules either in the electrochemical glass
cell or in the EC SPMs phosphate buffer solution (PBS, pH 7) was used as standard electrolyte.
PBS was mixed up with 10 mM di-sodium hydrogen phosphate dodecahydrate (NagHPO4-12H;50)
and 10 mM sodium dihydrogen phosphate monohydrate (NaHyPO4-H50). The pH value of the
solution was measured with an universal pH electrode (VWR, Germany) and a pH meter CG
804 (Schott, Germany) which was regularly calibrated with buffer solutions of pH 4.01 (Hanna
Instruments, Germany) and pH 7.00 (CertiPUR, Merck, Germany). If necessary, the pH of the
phosphate buffer solution was adjusted with HCI or NaOH.

Peroxymonosulfuric acid (Caro’s acid) was prepared with HySOy4 (95 — 98%, Merck) and HoO4

(33%, Merck) at a volume ratio of 1:1 for the cleaning procedure.

3.1.4. Cleaning Procedure

All glass ware, Teflon®© parts and noble metals were cleaned in peroxymonosulfuric acid (Caro’s
acid) before use in order to dissolve and remove traces of metal ions and organic contaminations.

The Caro’s acid was freshly prepared every two months. Afterwards all parts were first thoroughly
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rinsed with Milli-Q water and then washed in boiling Milli-Q water. After the cleaning procedure

and prior to cell assembling, the gold parts were flame annealed.

3.1.5. Synthesis of Chemical Compounds

The synthesis was performed by Alice Schlichtiger during her PhD thesis in the Chemistry
Department of the TU Miinchen under the supervision of Dr. Jorg Eppinger. All preparation
steps were carried out in air with standard glassware and solvents unless otherwise indicated.

Chemicals and solvents were purchased from Sigma-Aldrich or Novabiochem (see [33]).

3.1.5.1. 4-Carboxyphenyl Diazonium Tetrafluoroborate

In order to covalently immobilize proteins and enzymes e.g. by their lysine side chains, free
carbonyl groups must be available on the electrode surface. In this work the surface of highly
oriented pyrolytic graphite (HOPG) was functionalized with 4-carboxyphenyl groups. For this
purpose, 4-carboxyphenyl diazonium tetrafluoroborate (C15H13BF4N2O4) was obtained by dia-
zotation of the amine together with sodium nitrite (NaNO3) under acidic conditions [182]. 3.4 g
4-aminobenzoic acid (HoNCgH,4CO2H, 25 mM) was dissolved in 15 ml fluoroboric acid (HBF 4,
50%, 100 mM) and 25 ml water. The solution was cooled down to 0 °C. 1.8 g sodium nitrite
(26 mM) dissolved in 5 ml water was added dropwise to the solution. After the reaction mixture
achieved room temperature it was concentrated in vacuum to half of its original volume. The
precipitated product was filtered, washed with ether and dried in vacuum. One obtains the
desired diazonium salt as a white solid with a yield of 89% (5.25 g, 22.25 mM).

HO.__O HO._.O

NaNO,
HBF4, Ho0
NH, N,*BF ;-

Figure 3.1. Synthesis of 4-carboxyphenyl diazonium tetraflouroborate.

3.1.5.2. Ferrocene Affinity Labels for Proteases

This section reports about the synthesis and characterization of two watersoluble ferrocene affin-
ity labels (FcAL) for cathepsin cysteine proteases such as papain giving only a short overview,
for detailed information about the development and the synthesis process it is referred to
[33]. For peptide synthesis enantiomerically pure L-amino acids have been used. The pep-
tide was synthesized on a rink amide resin using Fmoc-strategy [123] and standard coupling
conditions. The ethyl-L-trans-epoxysuccinic acid [183], ferrocenylmethylamine [184] and 1-
[2-[(tert-butoxycarbonyl)amino|-2-(carbonyl)ethyl|ferrocene [185] were synthesized according to
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3. Materials and Methods

mentioned literature procedures.

The Affinity Label

The affinity label (Fig. ) was synthesized on solid phase similar to the work of Barett
et al. [I86] and Bogyo and co-workers [I31]. Its structure is mainly based on the E-64 motive

(Fig. [3.2B).
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Figure 3.2. A) Structure of the affinity label (AL) for cysteine proteases (|[I31} [I86]) B) based on the E-64

motive.

The E-64 motive is a well known irreversible inhibitor of papain and papainlike cysteine pro-
teases which was first isolated from the bacteria Aspergillus japonicus by Hanada et al. [I87][188]
in 1978. The reactive group of the E-64 derivatives, an epoxy succinic acid, binds to cysteine pro-
teases by forming a thioether bond with the sulfhydryl group in the active center of the enzyme
[189] (see Fig. leading to an irreversible enzyme-AL complex. E-64 is useful for active site
titration since one mole of E-64 inhibits one mole of protease, i.e. it binds in an active-dependent

manner to the enzyme.
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Figure 3.3. Scheme of the binding mechanism of the E-64 motive and related structures to the active site of a

cysteine protease [189).
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3.1. Chemicals and Experimental Procedures
Two Ferrocene Affinity Labels

In order to receive redox active labels the affinity label was modified with ferrocene deriva-
tives. Ferrocene was chosen as electroactive probe due to its unique electrochemical properties.
Ferrocene is a redox system with high exchange current density due to its low solvent reorgani-
zation energy A. The difference between the two ferrocene affinity labels is the position of the
redox marker, i.e. the ferrocene moiety (see Figure . In one case, the "classical" way, the
ferrocene moiety attached to a linker molecule is positioned at the N-terminus of the affinity
label (Fig. left). Therefore, ferrocenylalanine, first prepared by Osgerby and Pauson [190],
was synthesized by a modified procedure described by Carlstrom and Frejd [I85]. Thereby, the
amino function should mediate the solubility of the FcAL. In the other case the ferrocene group
is located at the so called carboxyl terminus (Fig. right). Ferrocenylmethylamine was chosen
for the coupling with the carboxylic group of the label due to the straightforward synthesis as
described by Beer and Smith [184].
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Figure 3.4. Scheme of the affinity label and the redox markers ferrocenylalanine (left) and ferrocenylmethy-

lamine (right) for coupling to the N-terminus and the carboxyl terminus, respectively.

Fe(Cp)(n-CsH4-CH,-CH(NH,)-CO-Lys-Ahx-Tyr-Leu-Epx-COOEL)

1-[2-[(tert-butoxycarbonyl)|-amino-2-(carbonyl)ethyl]-ferrocene was synthesized according to lit-
erature procedure [185]. 37 mg (0.1 mM) was dissolved in dimethylformamide (DMF, 1 ml) and
a solution of the peptide (17 mg, 0.025 mM), 1-hydroxybenzotriazole hydrate (15 mg, 0.1 mM),
N,N,N’.N’-Tetramethyl-O-(benzotriazol-1-yl)uronium tetrafluoroborate (32 mg, 0.1 mM) and di-
isopropylethylamine (17.4 ul, 0.1 mM) in DMF (2 ml) was added. After stirring for 2 h the
solvent was evaporated in vacuo and the crude product was purified by high-performance liquid
chromatography (HPLC, 10-90 %, 30 min, with a retention time, i.e. time between injection
and maximum detected response tg =13.10 min) to get 11 mg (43 %) of the pure compound.
However, only acidic deprotection of the product leads to a watersoluble ferrocene affinity label.

Therefore, the protected ferrocene affinity label (11 mg, 0.011 mM) is stirred in a solution of 20%
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3. Materials and Methods

trifluoroacetic acid (TFA) in dichlormethane (DCM) at room temperature for 1 h. The solvent is
removed in vacuo and the crude product is purified by HPLC (10 — 90%, 30 min, ¢t = 9.54 min)
to get 9 mg (92%) of the unprotected watersoluble label Fe(Cp)(n-C5H4-CHy-CH(NH;)-CO-Lys-
Ahx-Tyr-Leu-Epx-COOEt) also named FcAL(out).

HO

Figure 3.5. Ferrocene affinity label FcAL(out) based on the E-64 motive where the ferrocenylalanine is coupled
to the N-terminus of the label.

Fe(Cp)(n-CsH4-CH,-NH-CO-Epx-Leu-Tyr-Ahx-Lys)

Saponification of the ethylester achieved on the rink amide resin (300 mg of the loaded resin,
loading 0.64 mmol - g~1) by addition of a solution of potassium hydroxide (150 mg) in dry
ethanol (5 ml) (2 x 1.5 h). After filtration the resin was washed several times with CHyCl,
and DMF. For coupling a solution of ferrocenemethylamine (215 mg, 1 mmol), benzotriazoly-
loxytris(dimethylamino)phosphonium hexafluorophosphate (BOP) (442 mg, 1 mmol) and diiso-
propylethylamine (0.35 ml, 2 mM) in DMF (5 ml) was added to the resin. After 2 h the solution
was filtered and the resin was washed twice with DMF. Cleavage from the resin was achieved
using a mixture of TFA (95%), water (2.5%) and triisopropylsilane (2.5%). The solution was
filtered and dried in vacuo. The labeled peptide was purified by HPLC (10 — 90%, 30 min,
t£=9.60 min) to get 21 mg (15% calculated from the maximum loading of the resin) of the pure
compound Fe(Cp)(n-C5;H,-CHo-NH-CO-Epx-Leu-Tyr-Ahx-Lys) also named FcAL(in).

Figure 3.6. Ferrocene affinity label FcAL(in) based on the E-64 motive where the ferrocene moiety is located

at the carboxyl terminus of the label.

3.1.5.3. Characterization

Analytical and preparative high-performance liquid chromatography (HPLC) of the peptides was
performed by a Varian ProStar 210 system using a Vydac MS C-18 column (10 x, 250mm x 10 mm,
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preparative) and a Polaris 10 C18-A250 (250 mm x 4.6 mm, analytical), respectively. All syn-
thesized compounds were investigated and characterized in the Chemistry Department of the
TUM using nuclear magnetic resonance (NMR, not shown here, further details [33]) and mass
spectrometry (only shown when necessary). Depending on the compound either electrospray ion-
ization (ESI) or matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) mass
spectrometry was performed. ESI mass spectra were recorded using a LCQ classic from Thermo
Electron by B. Cordes. Thereby, an electrospray disperses the liquid containing the analyte of
interest into a fine aerosol. The ions observed by mass spectrometry may be quasimolecular ions
created by the addition of a proton and denoted [M + H|*. Corresponding HPLC/MS separation
was performed by a HP 1100 from Hewlett Packard (method: HPLC 10-90% (H2O/Acetonitrile
containing 0.1 % HCOOH), 15 min, 0.3 mL/min, YMC ODS-A(C18), 125 x 2.1 mm, 1204, S-3
um).

Labeled and unlabeled proteins were characterized by MALDI-TOF mass spectrometry using a
Bruker Biflex III instrument. Due to its soft ionization technique MALDI-TOF is often used
for the analysis of fragile biomolecules (proteins, peptides, sugars) and large organic molecules
(dendrimers, macromolecules). The analyte (e.g. protein sample) is embedded in a crystallized
matrix (often containing of 3,5-dimethoxy-4-hydroxycinnamic acid, a-cyano-4-hydroxycinnamic
acid or 2,5-dihydroxybenzoic acid). Fireing laser at the crystal the matrix absorbs the laser
energy and is ionized. Part of its charge is transferred to the analyte molecule (e.g. the proteins)
which is then also ionized. In the TOF mass spectrometer the ions are accelerated by an electric

field. Measuring their time of flight their mass-to-charge ratio (%*) can be calculated by

t= bﬁ (3.1)

where b is a proportionality constant representing factors related to the instrument settings

and characteristics (e.g. the strength of the accelerating electric field).
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3.2. Electrochemical Setup and Instruments

3.2.1. The Electrochemical Glass Cell

WE

W — Gas inlet

—

Gas outlet

Luggin
capillary

Figure 3.7. Two compartment electrochemical glass cell in a standard three electrode arrangement.

All electrochemical measurements were performed in glass cells in a standard three electrode
arrangement consisting of the working electrode (WE), at which the electrochemical process
of interest occurs, the reference electrode (RE) and the counter electrode (CE). The glass cell
is made up of two compartments where the reference electrode is separated from the working
electrode and the counter electrode. In order to minimize the potential drop in the electrolyte,
the reference electrode is placed very close to the working electrode through a Luggin capillary
(see Fig. . The headspace of the cell and the electrolyte can be purged with inert gas through
two gas inlets made up of glass tubes in order to remove the oxygen from the electrolyte. The
gas outlet passed through a small glass reservoir filled with water (the bubble counter), in order
to prevent the diffusion of air back into the cell.

Commercial mercury /mercury sulfate electrodes (Hg|Hg2SOy4, B 3610, Schott, Germany) were
used as reference electrodes (RE) in all experiments. In order to keep diffusion overpotentials as
small as possible, mercury /mercury sulfate electrodes stored in different solutions were used for

different experiments depending on the pH of the electrolyte. For all experiments performed in
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acidic solution (0.1 M or 1 M HC1O,4) mercury/mercury sulfate electrode stored in 0.1 M HySO4
were used. (Hg | HgoSO4 | 0.1 M H2SO4) with a constant potential of 660 mV vs. NHE). In
the case of the enzyme experiments which were performed in neutral buffer solution pH 7 the
mercury /mercury sulfate electrode was stored in neutral KoSOy solution (Hg | HgaSO4 | K2SOy)
with a constant potential of 650 mV vs. NHE). Due to the different charge carriers in the used
electrolyte and the mercury/mercury sulfate electrode soltuion diffusion potentials AUg; s arise
at the liquid-liquid phase boundary caused by the different chemical potentials of the charge
carriers. The diffusion potentials can be calculated by the Henderson equation [I91]:

RT Z az(I) az(II)]uz‘zz‘ Zal( )uz|22|
AUgipp= o 3.2
T Sla - wUwlal Zazunum (3.2)

where R is the gas constant, T' the absolute temperature, F' the Faraday constant. Further-
more, a;(I), a;(II) and w;(I), u;(II) are the activity and the ion mobility, respectively of the ion
species 4 in the liquid phase I or phase II. z;(I) and z;(II) give the number of charges of the
accordant ions. According to Equation the diffusion potential at the 0.1 M HCl1O4 | 0.1 M
H5SO4 phase boundary is calculated to be AUygirr = 1.08 mV and can therefore be neglected.
For the 1 M HCIO4 | 0.1 M H5SO4 phase boundary a diffusion potential AUqg;rr = 39.9 mV was
considered.
For all experiments the counter electrode (CE) consisted of a gold wire (diameter 0.5 mm) which

was melted in a glass grinding.

3.2.2. Potentiostats

Cyclic voltammetry experiments and galvanostatic pulse measurments were performed with
a software controlled potentiostat/galvanostat either HEKA PG 310 (HEKA Elektronik Dr.
Schulze GmbH) with the data acquisition software PotPulse v. 8.77 or an Autolab PGSTAT 30
(Metrohm Autolab B. V., Netherlands) with the data acquisition software GPES. A potentiostat
maintains the applied potential to the working electrode in an electrochemical cell with respect to
the reference electrode. Changes in the electrochemical conditions cause a current flow between
the working electrode and the counter electrode in order to keep the potential constant. Vice
versa a galvanostat keeps the current between working electrode and counter electrode constant

by adjusting the necessary potential of the working electrode.
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3.3. Electrochemical SPM Techniques

3.3.1. Setup EC SPMs

In this thesis two different electrochemical scanning probe microscopes (SPM) were used. One
EC-STM was a homebuilt setup consisting of a Nanoscope IITA controller (Veeco Instruments
Inc., USA) and a PicoSPM STM base (Agilent Technologies former Molecular Imaging) together
with an EC-Tec bipotentiostat/galvanostat BP600 and an EC-Tec bi-scangenerator SG600. The
STM data were recorded with the computer software Nanoscope v 4.43r6 whereas electrochemical
data were recorded with a labview program BP600 or a digital phosphor oscilloscope Tektronix
TDS5034B (Tektronix, USA). In this setup the tip is attached to the scanner (so called tip-
scanner) and scans above the sample which is fixed in position (Fig. [3.8].

Scanner
with Tip

\
\
\

Teflon Cell ¥

Ferromagnetic Sample Holder

Figure 3.8. Schematic representation of the electrochemical STM cell, based on [192].

The sample, i.e. the working electrode is mounted to a minituarized EC cell made up of Teflon©
with a diameter of 5 mm and an electrolyte volume of 500 ul. The cell sits on a ferromagnetic
sample holder which is magnetically connected via three micrometer screws with the STM base
below the scanner. Two screws serve for a first manual approach of the STM tip to the sample
surface. The third screw is computer controlled by a stepper motor and is therefore responsible
for the fine adjustment and the final approach of the tip. After each step the measured tunneling
current is compared to the setpoint value. As long as the measured current is lower than the
chosen setpoint value the z-piezo continues extending until the tunneling conditions selected in
the software are established. The scanner had a maximum scan range of 5 ym X 5 ym in xy-
direction and 2 pm in z-direction. The current to voltage converter used has a nominal maximum
sensitivity of 10 nA/V.

The other SPM was a commercial combined in situ EC-AFM/EC-STM/SECPM instrument
consisting of an electrochemical Veeco Multimode system with the Veeco universal bipotentiostat,
optional a combined STM/SECPM head or an AFM head, a Nanoscope IIID Controller and the
Nanoscope 5.3112 software which provides SPM and EC data acquisition. In this setup the tip is
fixed in position. It is placed above the sample which sits on top of the scanner, i.e. the sample

scans in xyz-direction, so called sample-scanner (Fig. [3.9). The working electrode is positioned
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3.3. Electrochemical SPM Techniques
between a ferromagnetic plate and a Teflon© cell (diameter 5 mm, electrolyte volume 100 sul).

Throughout the experiments a scanner type E with a range of (10 ym x 10 pm X 2.5 pm) in

xyz-direction was utilized.

Teflon Cell

Ferromagnetic
Plate

Figure 3.9. Schematic representation of the EC Veeco Multimode system in EC-STM/SECPM configuration.

The SECPM head amplifies the measured potential difference between the potential controlled
substrate electrode and a tip which is at open-circuit with four gain values (1, 10, 50, 100) and a
leakage current of only a few fA. In STM mode the tunneling current is amplified by a factor of

108, i.e. the current to voltage converter also has a nominal maximum sensitivity of 10 nA/V.

3.3.2. Tip preparation

The shape of the SPM tip is of great importance for the qualitiy of the recorded images. Atomic
resolution is only achieved with very sharp tips. In the ideal case the apex of the tip consists
of only one single atom. Furthermore, in order to benefit from a large potential range in elec-
trochemical investigations SPM tips are usually made of metals that are electrochemically inert
over a large potential range such as gold, platinum or palladium. Due to their catalytic activity

platinum or palladium are often used to detect hydrogen-related reactions.

3.3.2.1. SPM tip etching

The SPM tips used in this thesis were produced by electrochemical etching (Fig. [3.10). The
etching procedure was done with the lamella technique where the setup consists of three elec-
trodes: the etching electrode, the cleaning electrode and a wire of the tip material. The etching
electrode has the shape of a ring with a diameter of approximately 10 mm and was made up

of platinum wire (thickness 0.5 mm). The wire (0.25 mm) to be etched was pulled through
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the center of the etching ring. A precise positioning of the wire in the middle of the ring was
important to provide homogenous etching in order to obtain tips witch a symmetrical apex. A
lamella of the etching electrolyte was formed in the platinum ring by dipping the ring electrode
into a beaker filled with electrolyte. Then a voltage between the etching electrode and the wire
in its center was applied until the tip, i.e. the lower part of the wire fell down in the tip catcher
and the etching stopped.

&

\ |/ Etching
Cleaning

Electrode
Electrode
Wire

Tip Catcher

Figure 3.10. Sechematic drawing of the setup for electrochemical SPM tip etching, taken from [146].

Gold and palladium tips were anodically etched in concentrated hydrochloric acid (HC1, 32%)
applying a voltage of 1.65 V dc. The etching process of the gold tips lasts approximately 2 minutes
whereas the palladium wire took approximately 5 minutes. The tips had a typical apex diameter
of 30-40 nm as can be seen in scanning electron microscope (SEM) images (Fig. and Fig.
. Freshly etched tips were immediately stored in hot Milli-Q water to remove oxides, metal
residues and other contaminations. Before use the shape of the tip was checked in an optical
microscope. After each etching process the etching electrode is electrochemically cleaned with
the aid of the cleaning electrode which is also made up of platinum wire. To this end, both
eletrodes were immersed in a beaker with HCl and a voltage of 4 V was applied between the

etching electrode and the cleaning electrode.

3.3.2.2. Tip insulation

Using SPM techniques in electrochemical environments where both electrodes the working elec-
trode and the tip are under potential control, the probe has to be insulated in order to reduce
Faradaic leakage currents during the measurements. The ideal tip for electrochemical studies

should have a chemically and electrochemically inert insulation except for the very end of the
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300um 30um

Figure 3.11. SEM pictures of a typical etched Au tip with different magnifications between A) 100 and E)
100000.

300pum 30pum 600nm

Figure 3.12. SEM pictures of a typical etched Pd tip with different magnifications between A) 100 and E)
100000.
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tip. Different techniques for insulating tips: Apiezon wax [193], epoxy glue [I51], glass coating,
nail polish, electrophoretic paint are commonly used. Since Apiezon wax is inert in most elec-
trolytes and, moreover, is less fragile than e.g. glass, all tips were insulated with Apiezon wax
(Plano, Germany). The tip was inserted, with its etched end facing upwards, into a vertically
mounted tube attached to a micromanipulator. The Apiezon wax was melted on a notched sol-
dering iron at 190 ° C. Using the micromanipulator the middle of the tip is positioned in the
notch of the soldering iron, then the tube was lowered until the whole upper half of the tip was
covered with wax. Finally, the tube was shifted upwards again to its original position and the
tip was removed from the soldering iron in order to leave the wax for hardening. During the
hardening the wax breaks due to the curvature of the tip apex and only a small electrochemically
active area gets free [I93]. With this procedure the Faradaic leakage current could be reduced

to a maximum of 100 pA.
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Figure 3.13. Schematic drawing of the tip insulation using Apiezon wax on top of a temperature controlled

soldering iron, taken from [146].

3.3.2.3. Preparation and Characterization of Hydrogen loaded Pd

Polycrystalline palladium electrodes were loaded with hydrogen in oxygen-free 1 M NaClO,
containing 0.1 M HCIO4 or 1 M HCIO4 by applying galvanostatic pulses between -100 A and
-500 pA for different time intervalls. In order to check the potential stability of the produced

H/Pd electrodes OCP measurements were performe dover several hours. The pH sensitivity
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was investigated by titration experiments. Starting at almost neutral pH values in 1M NaClOy4
the pH was decreased by adding stepwise HClO,4 of different concentrations and volumes to the

electrolyte and meanwhile measuring the OCP.

3.3.3. Reference Electrode

Due to the limited space available in the SPM setups quasi-reference electrodes are required.
For all EC SPM measurements gold/gold oxide wire electrodes were used as reference electrodes.
Before and after each experiment the potential of the gold /gold oxide electrode was measured for
potential stability. For all experiments which were performed in acidic electrolyte the gold/gold
oxide electrode was measured versus a mercury /mercury sulfate electrode stored in 0.1 M HySOy,
for the enzyme experiments which were performed in neutral buffer solution the gold/gold oxide
electrode was measured versus a mercury /mercury sulfate electrode stored in saturated KoSOy.
The gold/gold oxide reference electrode showed a stable equilibrium potential behavior in acidic
as well as in neutral electrolytes. However, one has to keep in mind that the potential behavior of
the gold/gold oxide reference electrode is pH sensitive. The equilibrium potential of the gold /gold
oxide electrode was measured versus a commercial mercury /mercury sulfate electrode in different
concentrations of HClO4 using a salt bridge which minimizes diffusion potentials. Thereby,
NaClOy4 was added to the electrolytes in order to keep the ionic strength of the solution constant.
In Figure the potential response (left axis, squares) and the electrolyte concentration (right
axis, triangles) are plotted versus the measured pH. The black line represents the linear fit to
the obtained Uy (pH) values resulting in a slope of 58 mV per pH and an equilibrium potential
Upo = 1.32 V vs. NHE, which is in good agreement with the Nernst equation and the literature
data of the equilibrium potential of the Au*3/Au™? redox couple Upy = 1.36 V vs. NHE [194].
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Figure 3.14. Response of the equilibrium potential of the gold/gold oxide reference electrode (left axis, squares)
in different concentrations of HClO4 (right axis, triangles) plotted versus the measured pH of the HCIO4 elec-
trolyte.

3.4. Electrodes and Electrode Preparation

3.4.1. Au(111) single crystal

Au(111) single crystals were purchased from MaTeck GmbH (Jiilich, Germany) with a diameter
of 10 mm and a thickness of 1 mm. Before each experiment the Au(111) single crystal was cleaned
by an oxidation process in 1 M H5SOy4. For this purpose, the potential was swept several times
up to 1.8 V vs. NHE with a scan rate of 100 mVs~!. Then the electrode was stored for about
30 s in HCI to remove the formed gold oxides and other contaminations. After the crystal was
thoroughly rinsed with Milli-QQ water an annealing process [195] in a butane flame followed and
the crystal was cooled down in an argon atmosphere. The electrode was immediately transferred
either into the electrochemical glass cell or to a polytetrafluoroethylene (PTFE) SPM cell with
a droplet of ultrapure water protecting the surface from contamination. To confirm that the
electrochemical response obtained is characteristic of the Au(111) face, cyclic voltammograms
for Au(111) in 1 M H3SO4 were collected and found to be in good agreement with literature
reports [196].

3.4.2. Highly Oriented Pyrolytic Graphite

Highly oriented pyrolytic graphite (HOPG) is a form of high purity sp? hybridized carbon and is
characterized by the highest degree of three-dimensional ordering. The density, parameters of the
crystal lattice, preferable orientation in a plane (0001) and anisotropy of the physical properties

are close to those for natural graphite material. Graphite and in particular HOPG consist of
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a lamellar structure and are composed of stacked planes. Carbon atoms within a single plane
interact much stronger than with those from adjacent planes, a two-dimensional single-atom thick
plane is called graphene. The lattice of graphene consists of two equivalent interpenetrating
triangular carbon sublattices A and B (Fig. [3.15A). Within a plane each carbon atom has
three nearest neighbors forming a network with a honeycomb structure. Atomic resolution STM
images of HOPG normally show a close packed array where each atom is surrounded by six
nearest neighbors (see Fig. [3.15B). The distance between two atoms is 0.246 nm. However,
under ideal conditions the true structure of graphene (superimposed structure in Fig. ) the

hexagonal rings with an atomic distance of 0.1415 nm can be resolved.

@ Upper layer (&)

O Lower layer (B)

Figure 3.15. Layered structure of HOPG. A) Two identical graphene planes A and B. The HOPG structure
can be described as an alternate succession of these layers (ABABAB...). B) Typical high resolution STM image
of HOPG showing a close packed array superimposed by a corresponding fragment of the graphene structure,
taken from http://www.spmtips.com/hopg.

HOPG can serve as an ideal atomically flat surface to be used as a substrate or calibration
grid for SPM investigations. The higher the quality, the less the roughness of the surface and the
smaller the number of steps and defect sites. Thereby, the mosaic spread angle obtained from
X-ray crystallography gives the disorientation of graphene layers with respect to each other. The
higher the quality, the smaller the angle. The electrodes used in this thesis were obtained from
Mikromash (USA) and are of ZYB grade, i.e. the mosaic spread is less than 1.2°.

HOPG possesses a low capacitance, observed by Randin and Yaeger [197, [198| and Gerischer
et al. [199] which was attributed to an internal space charge layer caused by a low density of
states (DOS) at the Fermi level. The capacitance increases with defect density on the surface,
as such sites produce localized electronic states [200, 20T]

Prior to each experiment, the surface of the HOPG electrode was cleaved with an adhesive
tape. All experiments were performed at the basal plane of the HOPG surface. In order to have
a well-defined surface area and to avoid the involvement of the edge plane in electrochemical
experiments, the electrode was partly covered with Teflon© tape (CMC Klebetechnik, Germany)
exposing a geometric surface area of 0.2 cm? to the electrolyte.
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3.4.3. Functionalized HOPG as Protein Electrodes
3.4.3.1. Adsorption

Freshly cleaved HOPG offers only few active sites for protein binding as its surface is hydrophobic.
In order to create binding sites for the biomolecules, the HOPG was electrochemically oxidized
in 0.1 M HCIO4 by applying three potential sweeps from 0.2 to 2.1 V vs. NHE with a scan
rate of 200 mVs~! [I5] [1I6]. This treatment forms oxygen-containing groups on the surface such
as carboxyl, hydroxyl and carbonyl [I0, [IT] (see Fig. and produces surface defects which
improve the electron transfer between protein and electrode [12] [202] probably due to a lowered
potential barrier. It is well known that the adsorption of polar molecules is promoted on glassy
carbon (GC) and defected HOPG by the oxygenated surface, which creates strong dipole-dipole
or ion-dipole interactions with the adsorbates [I3]. Afterwards, the rinsed HOPG electrode was
immersed into a fresh protein solution (about 0.1 mgml~!) in 10 mM PBS (pH 7). The amine
groups of the protein polypeptide react with the carboxylic groups on the surface [I4]. After an
immersion time of 2 h the electrode was immediately rinsed with PBS to remove weakly adsorbed

molecules.
HOPG HOPG HOPG
ZC Zc —OH ZC — OH
¢ Electrochemical c=o0 ) c=o0
<c Oxidation <c—c//o N--Protein <c—c//o
- \
<c <c OH <C ON--Protein
<C <c—c</o <G—c</o
<o <c—c/0 <c—c/0
-~ U, ST

Figure 3.16. Formation of oxygen containing groups on the HOPG surface by electrochemical oxidation and

subsequent binding of proteins.

3.4.3.2. Covalent Immobilization

The production of stable functional layers on electrode surfaces by the electroreduction of aryl
diazonium salts is of great interest in order to covalently bind redox complexes [50, 203], proteins
and even enzymes [22] to carbon [204], semiconductors [205] [207] and metals [206]. This kind of
surface derivatization exhibits high potential for possible applications in chemical sensing [208],
biosensing [22}, 209, [210], molecular electronics [205] and also corrosion protection [21I]. For
covalent immobilization of proteins or enzymes onto freshly cleaved HOPG the electrode surface
was modified with 4-carboxyphenyl diazonium tetrafluoroborate (4-CP). The electrochemical re-
duction of diazonium salts is a well known method to modify carbon electrode surfaces. Thereby,

the covalent attachment of the aryl groups is assigned to the binding of the aryl radicals produced
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upon one-electron reduction of the diazonium salt to the carbon surface. Since the beginning of
the 1990s the modification of carbon fibers by 4-nitrophenyl radicals was described in several ar-
ticles [20, 212]. Diazonium salt modified glassy carbon and HOPG electrodes were characterized
via Raman spectroscopy [2I3]. This kind of electrode modification was used e.g. for the immobi-
lization of glucose oxidase [212] and the electrochemical differentiation of dopamine and ascorbic
acid [2I4]. Further experiments of Allongue et al. [2I] showed that this method is also suitable
for a wide variety of unsubstituted or substituted aromatic radicals in order to functionalize car-
bon surfaces. The synthesis of the 4-carboxyphenyl diazonium tetrafluoroborate used here was
described in Section B.I.5.01 The HOPG electrode was immersed into a diazonium salt solution
made of 5 mM 4-carboxyphenyl diazonium tetrafluoroborate and 0.1 M tetrabutylammonium
tetrafluoroborate (BuyNBF,) solved in acetonitrile. The solution was deaerated with argon for
at least 15 minutes. The surface derivatization was performed by applying three potential sweeps
from 4 0.45 V to —0.2 V vs. NHE with a scan rate of 100 mVs~!. Thereby, the electrochemical

reduction of the diazonium cations led to the formation of a covalent carbon-carbon bond on the
graphite surface [212] (see Fig. [3.17).
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Figure 3.17. Electrochemical reduction of 4-carboxyphenyl diazonium tetrafluoroborate at the HOPG electrode

surface via cyclic voltammetry.

The 4-carboxyphenyl modified HOPG (4-CP/HOPG) was thoroughly rinsed with acetoni-
trile and Milli-Q water. In order to activate the surface for covalent immobilization of pro-
teins, the electrode was incubated into an aqueous solution containing 40 mM N-ethyl-(3-
dimethylaminopropyl)-N’-carbodiimide hydrochloride (EDC) and 10 mM N-hydroxysuccinimide
(NHS) for 1 h [2I5]. After rinsing with Milli-Q water, the activated electrode was immediately
immersed in protein solution (0.1 mgml~! or 1 mgml~!) or solution containing the ferrocene
affinity label, both with pH 8 at 4°C over night (12 h) (see scheme in Fig. |3.18]).

3.4.4. Diamond

Electrode materials most often used in electrochemistry (e.g. for electroanalysis, energy storage
and conversion devices, electrosynthesis) are platinum, gold and various forms of sp?-bonded
carbon such as glassy carbon (GC), carbon fibers and HOPG. sp*-bonded diamond is a promising
candidate for electrode materials offering several advantages for electrochemical measurements, as

compared to other carbon and metal supports. Beside a large electrochemical potential window,
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Figure 3.18. Formation of an active NHS-ester for covalent immobilization of proteins onto the HOPG surface

which is due to the large overpotentials for oxygen and hydrogen evolution, diamond provides

chemical inertness, fouling resistance and low background current compared to other materials.

Electrochemical studies of diamond started only twenty years ago [216] since such studies were
essentially impeded by two factors: the preparation of single crystal diamond is expensive as it
requires high pressure and high temperature (HPHT) and furthermore, diamond is an insulator.
Upon the invention of growing diamond by chemical vapor deposition (CVD) an effective and
economical method for fabricating polycrystalline, nanocrystalline and ultrananocrystalline dia-
mond films on different substrates, as well as large single crystals were developed [217]. Boron
doping of diamond leads to the required conductivity necessary for an electrically active material
possessing electronic properties ranging from semiconduting to semimetallic [I3] 216] and opened
a new area for diamond electrodes in electrochemistry. Diamond surfaces can be hydrogen- or
oxygen-terminated. Hydrogen-terminated surfaces are hydrophobic. Because dangling bonds at
the surface are passivated by the hydrogen atoms, these surfaces are relatively passive. Oxidized
diamond surfaces carry oxygen-containing groups and are therefore hydrophilic. By chemically
modifying the molecular structures present at the free surface, it is possible to provide diamond
with specific biomolecular recognition properties and to control specific and nonspecific bind-
ing of proteins to the surface [51] 52 218]. Due to its unique electrochemical properties, its
good biocompatibility and the possibility to immobilize biomolecules by surface termination, di-
amond is especially suited for biological, environmental and medical science, especially biosensor
applications from DNA [219] over enzymes [51] 220] to living cells [221].

Boron doped oxygen-terminated diamond electrodes (obtained from Dr. Denisenko, Univer-
sity of Ulm, Institute for Electronic Devices and Circuits) were tested as potential enzyme elec-
trode material. Electroactive proteins such as azurin and FcAL@papain were adsorbed (2 h,
0.1 mgml~! in 10 mM PBS, pH 7) onto these oxygen-modified diamond surfaces and investi-
gated performing cyclic voltammetry (100 mVs—!) in 10 mM PBS (pH 7), in order to study
the direct electron transfer between protein and electrode. The results are compared to data
obtained for oxidized HOPG electrode surfaces. Similar to HOPG diamond possesses a reduced

excess surface charge due to a low density of states and a low charge carrier concentration [I3].

Single-crystalline diamond layers were grown on homoepitaxial (100) HPHT substrates (Sum-

itomo) by microwave-assisted chemical vapor deposition (MWCVD) in a hydrogen/methane at-
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mosphere [222]. A solid doping source technique [223] lead to a boron doping concentration in
the range of 1020 cm ™3 [222]. Nanocrystalline diamond (NCD) films were grown on silicon sub-
strates by hot-filament chemical vapor deposition (HFCVD) in a hydrogen/methane atmosphere
with a trimethyl borate (TMB) gas source for boron doping with a concentration of 10?° cm~3
[224]. Three different oxidation procedures were applied to the electrodes in order to create

oxygen-containing groups on the surface.

1. Og plasma / p-etch: The termination by oxygen plasma was performed at 100 mTorr pres-
sure at 100 W under ambient temperature in a radiofrequency barrel reactor for 2 minutes.
The diamond samples were placed onto the ground electrode to reduce the plasma-induced

damage to a minimum (no DC self-bias).

2. Wet chemical oxidation (WC): The wet chemical oxidation process was performed at 80°C
in chromium acid for 10 minutes and subsequent incubation in hot caroic acid HyO5 : HySOy4
(1:2) for 10 minutes. Afterwards the electrode was thoroughly rinsed with Milli-Q water.

3. Reactive ion etching (RIE): The electrode was first exposed to a Ar/O5 plasma at 50 mTorr
and 25 W for 40 s with a self-bias of 100 V, followed by the wet chemical oxidation, described

above, to remove surface graphite.

In order to have a well-defined surface area in electrochemical experiments, the electrode was
partly covered with Teflon© tape (CMC Klebetechnik, Germany).
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3.5. Papain Labeling for Electrochemical Detection

3.5.1. Labeling in Solution

Commercially available papain stock solution contains inactive papain molecules, i.e. their ac-
tive sites contain beside Cys-25 a second cysteine which is connected to Cys-25 by a disulfide
bridge and blocks their peptide breaking functionality. An activation reagent such as tris(2-
carboxyethyl)phosphine (TCEP) has to be used in order to reduce the disulfide linkage between
the two cysteines and thus to activate Cys-25 by deprotonation (Fig. . For this purpose,
0.11 uM of the papain stock solution and 2.5 uM TCEP were incubated in 10 mM phosphate
buffer solution for 1 h.

0
0
" H2NJ)J\OH
OoH II-
H"S
s' TCEP

rS—| —_— S—||H

Papain Papain
inactive active

Figure 3.19. Activation of the active site of papain by deprotonation using tris(2-carboxyethyl)phosphine
(TCEP)

After the activation of Cys-25 1 mg of the according ferrocene affinity label (1.1 uM) was
added to the solution and incubated for 3 h. The excess label was removed by ultracentrifuga-
tion through a centrifugal filter with 5000 NMWL (nominal molecular weight limit) resulting in
prelabeled FcAL@papain molecules. The FcAL@papain molecules were investigated and charac-
terized by MALDI-TOF mass spectrometry as well as electrochemical measurement techniques
such as cyclic voltammetry and EC-STM in order to confirm successful labeling. Figure [3.20
shows schematic drawings of the labeled papain with the ferrocene moiety outside (Fe(Cp)(n-
C5H4-CH,-CH(NH;)-CO-Lys-Ahx-Tyr-Leu-Epx-COOEt), FcAL (out), Fig. [3.20A) and inside
the active site (Fe(Cp)(n-CsHy-CH2-NH-CO-Epx-Leu-Tyr-Ahx-Lys), FcAL(in), Fig. [3.20B), i.e.
attached to the N-terminus or the carboxyl-terminus of the label, respectively.

Furthermore, in order to study in-situ the binding process of the ferrocene affinity label
FcAL(in) to the active site of the papain molecules, both dissolved in solution, cyclic voltamme-
try at an HOPG electrode was performed in 10 mM PBS (pH 7) containing 0.5 uM FcAL(in)

and different concentrations of activated papain molecules.

3.5.2. In-situ Labeling on the Electrode Surface

To get a better understanding of the labeling process, further approaches to electrochemically

monitor the binding between FcAL and activated papain was aspired. In contrast to the previous
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A L% B Py,

Figure 3.20. Scheme of papain molecules with the A) FcAL(out) where the ferrocene moiety is attached to a
linker outside the protein shell and B) FcAL(in) where the ferrocene moiety is in the active site of the enzyme.
The ferrocene moiety is marked by a black circle. The insets show cartoons of the two different FcAL@papain
molecules to point out the different positions of the ferrocene moiety.

Section here, one of the reagents, i.e. either the ferrocene label (Fig. or the activated
papain molecules (Fig. were covalently immobilized onto the 4-CP/HOPG electrode and
the other compound was added to the electrolyte.

In the first approach, the FcAL(in) (Fe(Cp)(n-CsH4-CHy-NH-CO-Epx-Leu-Tyr-Ahx-Lys)) was
coupled to 4-CP/HOPG by EDC and NHS over night at 4 °C. Figure shows a scheme of
the electrode surface. After thoroughly rinsing the FcAL/4-CP/HOPG electrode was incubated
in 10 mM PBS and 230 ul activated papain (0.1 mgml~—!) was added. Cyclic voltammograms
were recorded in different time intervalls in order to investigate changes in the electrochemical

behavior of the electrode in the presence of enzymes.

In the second approach, complementary to the first, the papain molecules were covalently
immobilized on 4-CP/HOPG and FcAL(in) was added to the electrolyte. This approach also
enabled the investigation of the enzymatic activity of papain. Figure [3.22]shows each step of the
multilevel procedure to label the papain molecules of the papain/4-CP/HOPG electrode in order
to study the binding process of the label to the enzyme. First an active NHS-ester monolayer
was formed on the 4-CP/HOPG surface (described in Section to covalently immobilize
the papain molecules on the elecrode surface. In order to avoid binding of the dissolved label to
activated free NHS-ester groups later on, these groups were blocked by immersing the electrode
in 1 M ethanolamine (C;H7NO) for 15 minutes (indicated by the blue dots in Fig. and
then thouroghly rinsed with Milli-QQ water. The active sites of the immobilized papain molecules
were activated with TCEP for 1 h (indicated by the green stars in Fig. and afterwards
again rinsed with water. Depending on the experiment the electrode was either immersed in the

electrochemical cell for activity measurements or investigated by CV and EC-STM. After the
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Figure 3.21. Scheme of the ferrocene affinity label FcAL(in) covalently immobilized on the 4-CP/HOPG elec-
trode surface by EDC/NHS coupling.

electrochemical characterization the electrode was incubated in a solution containing ferrocene
affinity label dissolved in 10 mM PBS.

The electrode incubated in the FcAL solution was stored over night at 4 °C. Before EC-STM
investigations the prepared electrode was rinsed with water, put in the ultrasonic bath for about
one minute to remove loosely bound enzymes and label and again thoroughly rinsed with water.

For activity measurements the activated papain/4-CP/HOPG electrode was investigated in
an electrochemical glass cell performing continuous cyclic voltammetry in the presence of differ-
ent concentrations of the ferrocence affinity label, as well as in the presence of reversible and
irreversible inhibitors. From the electric charge under the redox peaks, the amount of formed
FcAL-enzyme complexes with time can be evaluated. Based on this correlation, it is possible to

obtain the kinetic enzymatic behavior of the immobilized papain molecules.
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Figure 3.22. Scheme of papain labeling on the papain/4-CP/HOPG electrode surface.
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4. Results

The focus of this work was the electrochemical investigation of biomolecules at the solid-liquid
interface. Obtaining new information about the structure-function relation of redox active
biomolecules such as proteins and enzymes would possibly allow to gain a fundamental under-
standing of biological systems and therefore, to biomimic these systems for innovative technical
applications. However, to really achieve fundamental understanding of biomolecular function,
investigations on a single molecule level are necessary. Therefore, several issues have to be taken
into account. Beside providing a fast electron transfer between the biomolecule and the electrode,
an adequate smooth electrode surface has to be used and a suitable high-resolution investigation
tool must be available.

This chapter presents the results of the new experimental approaches that has been realized
to accomplish these issues. As a model electrode for single biomolecule studies HOPG was
chosen due to its atomically flat surface. In order to enhance the electron transfer between the
HOPG surface and the biomolecules, the biomolecules were covalently immobilized on the basal
plane by electrochemical grafting. This new approach is described and investigated by cyclic
voltammetry and EC-STM using the metalloprotein azurin as testprotein in Section Since
we are not only interested in the behavior of naturally redox active biomolecules, but also in
electroinactive enzymes such as proteases, a bottom-up approach was developed in Section [4.2]
to electrochemically detect redox inactive enzymes using ferrocene affinity labels (FcAL). The
labeling process and the electrochemical behavior of unlabeled and FcAL labeled enzymes is
investigated down to a single molecule level using EC-STM (Section . Although up to now
EC-STM is the method of choice for studying electrochemical properties of single biomolecules,
the new EC SPM modification, the scanning electrochemical potential microscopy (SECPM) is
used in Section to investigate adsorbed biomolecules and to check whether it is possible,
using SECPM, to gain further insights into their structure-function relation. Since diamond is a
promising electrode material for applications in biosensor technology, first experimental results
of biomolecules adsorbed on oxygen-terminated boron-doped diamond are presented in Section
Thereby, different oxidation procedures are investigated and compared oxidized HOPG in
order to yield optimized surface conditions for biomolecule-electrode interactions.

4.1. Functionalization of the HOPG surface

Fundamental research in the field of bioelectrochemistry is of great importance for the develop-
ment of innovative functional devices in biosensor technology, bioelectronics and bioelectrochem-

ical fuel cells. An inalienable requirement of any bioelectrochemical system is the existence of
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electronic coupling, i.e. the charge transfer between the electrode and the biomolecules [I]. The
verification of undisturbed electrical communication is one of the main challenges in successful
realization of biomelecular-electronic hybrid systems. Thereby, one of the key components is a
surface-immobilization chemistry that stably anchors the biomolecules to the electrode surface,
at the same time provides interfacial charge transfer and furthermore, maintains the activity of
the biomolecule. Since proteins easily tends to denaturate when they are in contact with metallic
surfaces a sp2-bonded carbon substrate, highly oriented pyrolytic graphite (HOPG), was chosen
here as electrode material for the immobilization of the biomolecules. This chapter describes two
possible ways to functionalize the HOPG surface in order to optimize the surface properties for
biomolecule immobilization and their electrochemical investigation via cyclic voltammetry and
in-situ SPM. Especially, in-situ EC-STM has opened new perspectives for addressing the elec-
tronic properties of adsorbed proteins and enzymes in their natural functional aqueous medium
down to a single molecule level [225]. Since immobilization of protein and enzyme molecules
providing conductivity and stability are fundamental challenges for STM measurements with
high resolution, two different methods to bind the metalloprotein azurin onto the HOPG surface
are described and discussed. One possible way which has widely been approved to be effective
to fix biomolecules to a carbon support is the electrochemical oxidation of the HOPG surface
[14H16]. The other approach is to covalently immobilize proteins and enzymes to an HOPG sur-
face modified with aromatic 4-carboxyphenyl groups [21]. This technique has recently also been
realized to successfully bind heme proteins onto a glassy carbon (GC) electrode and to investigate
their electrochemical behavior [226] and should now be adopted to the graphite surface which is
more suitable for SPM studies than GC. Therefore, the metalloprotein azurin from Pseudomonas
aeruginosa was adsorbed onto oxidized HOPG electrodes by chemisorption and covalently im-
mobilized onto 4-carboxyphenyl modified HOPG by EDC/NHS coupling. Both immobilization
mechanisms will be compared regarding the apparent interfacial electron transfer rate k,p, and

the electrode surface coverage T'.

4.1.1. Electrochemical oxidation

The electrochemical oxidation of the HOPG surface was performed in 0.1 M HCIO4 using cyclic
voltammetry. The electrode potential was varied between 0.45 V and 2.1 V vs. NHE with a scan
rate of 200 mVs~!, resulting in a CV showing a characteristic oxidation current at 2.1 V and a
slightly diminished reduction peak at 1.8 V vs. NHE (Fig. . The oxidation is attributed to a
combination of graphite oxidation and the intercalation of anions such as ClO} into the graphite
lattice [I2]. Therefore, the reduction peak can be attributed partially to the deintercalation of
the anions and partially to the reduction of the formed oxygen containing groups at the graphite
surface. However, the oxidation of the graphite is not fully reversible, thus, surface bonds are
broken and the graphite structure is thought to be disturbed during the oxidation process leading
to a residual oxide layer.

EC-STM (Upjas = 100 mV, Iy = 1nA) was used in order to investigate the oxidized HOPG
surface. Figure shows typical STM images of a bare (Fig. A) and oxidized HOPG surface
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Figure 4.1. CV of the electrochemical oxidation of HOPG by three potential sweeps (black: first cycle, red:
second cycle, green: third cycle) between 0.45 V and 2.1 V vs. NHE obtained at a scan rate of 200 mVs~! in
0.1 M HClOg4.

(Fig. [£.2B) and C)). The bare HOPG is characterized by an atomically flat surface over large
areas (1 pm x 1 pm) with only a few step edges, whereas the oxidized HOPG surface contains
an increased step density and amount of defect sites within an area of 500 nm x 500 nm. The
formation of the oxide groups occurs according to a nucleation and growth mechanism [I2] where
the oxidation, i.e. the irreversible breaking of the C-C bonds starts initially at step and defect
sites, and proceeds along step and ridge sites and only to a lower extend also into the basal plane.
However, areas with undefined surface structures were also found, as can be seen in Fig.
(400 nm x 400 nm). These structures might be huge agglomerates probably of oxidized carbon
or caused by blister formation due to the intercalation of ClO, [227], 228].

Furthermore, the electrochemical treatment forms active sites on the surface, e.g. oxygen con-
taining groups such as carboxyl, hydroxyl and carbonyl [10, [I1]. By performing in-situ EC-STM
studies Gewirth and Bard [12] found that the tunneling barrier height through the oxide overlayer
is significantly lower than that for the bare HOPG surface; it decreased from 0.9 eV to 0.25 eV
in 0.1 M H5SO4. This indicates that the oxidation process also enhances the electron transfer
between the electrode surface and surface bound species, making it suitable for electrochemical

investigation of enyzme/electrode architectures.
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Figure 4.2. STM images of A) bare and B) and C) electrochemically oxidized HOPG surfaces.

4.1.2. Modification with 4-Carboxyphenyl Diazonium Tetrafluoroborate

The production of stable functional layers on electrode surfaces by the electroreduction of aryl
diazonium salts has obtained heightened interest in order to covalently bind redox complexes
[50, 203], proteins and even enzymes [22] to carbon [204], semiconductors [205], metals [206] and
silicon [207]. This kind of surface derivatization inhibits high potential for possible applications
in chemical sensing [208], biosensing [22], 209] 210], molecular electronics [205] and also corrosion
protection [211].

The HOPG surface was functionalized with a carboxyphenyl layer via electrochemical reduc-
tion of 4-carboxyphenyl diazonium tetrafluoroborate (4-CP) using cyclic voltammetry performed
in acetonitrile containing 1 mM of the diazonium salt and 0.1 M BuyNBF,. The cyclic voltam-
mogram of the electrochemical reduction is shown in Figure [£.3] The electrode potential was
cycled three times between 0.45 V and -0.2 V vs. NHE with a scan rate of 100 mVs~! starting at
0.45 V. In the first cycle an irreversible reduction peak with a peak potential of approximately
40 mV vs. NHE can be observed. This peak can be attributed to the reduction of the diazonium
salt on the HOPG generating aryl radicals that couple, through carbon-carbon bond formation,
to the HOPG surface [204]. Based on the integration of the charge passed under the reduction
peak on the first scan the surface coverage of 4-carboxyphenyl moieties was calculated to be
1.41 nMcm~2 of the geometric area of the HOPG electrode. This surface coverage is close to
the theoretical value for a close-packed monolayer of phenyl rings of 1.35 nMcm ™2, which was
calculated by Pinson and Podvorica [19]. During the second and the third cycle the current
of the reduction peak decreases and finally disappears due to the passivation of the electrode
surface.

In order to investigate the passivation of the active HOPG surface area by aromatic groups,
cyclic voltammetry was performed at a scan rate of 100 mVs~"! in 10 mM PBS containing 1 mM
ferrocene monocarboxylic acid (FCMA). Figure shows typical CVs for the oxidation and
reduction of FCMA at the bare (black line) and carboxyphenyl modified (red line) HOPG (4-
CP/HOPG) surface. At the bare HOPG the characteristic redox peaks of the FCMA with a
redox potential of 0.55 V vs. NHE occured. At the 4-CP/HOPG surface no redox behavior
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Figure 4.3. Electrochemical reduction of 4-carboxyphenyl diazonium tetrafluoroborate at the HOPG electrode
surface via cyclic voltammetry, performed at a scan rate of 100 mVs~! in acetonitrile + 0.1 M BugyNBFj4.

could be observed, giving evidence that the HOPG surface is successfully covalently grafted with
phenyl groups that block the access of the FCMA to the electrode.
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Figure 4.4. CVs of bare HOPG (black line) and 4-carboxyphenyl modified HOPG (red line) in 10 mM PBS +
1 mM FCMA at a scan rate of 100 mVs—!.
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4.1.3. Immobilization of Azurin

The copper containing metalloprotein azurin from Pseudomonas aeruginosa was adsorbed on
HOPG electrodes by chemisorption and covalent immobilization via diazonium salts as described
above. In this section these two immobilization mechanisms should be compared regarding the

interfacial electron transfer and the electrode coverage.

4.1.3.1. Electrochemical Characterization

The electrochemical behavior of azurin electrodes, i.e. azurin chemisorbed on oxidized HOPG
(azurin/HOPGox) and covalently immobilized on 4-CP modified HOPG using EDC/NHS cou-
pling (azurin/4-CP/HOPG) was investigated by cyclic voltammetry in 10 mM phosphate buffer
solution (pH 7). CVs obtained for both electrode architectures show observable redox peaks (see
Fig. indicating that in both cases a direct electron transfer (DET) between the surface
bound azurin molecules and the HOPG electrode is possible. However, the redox behavior of
the two different electrode types shows significant differences. The redox potential, assumed
as the midpoint potential between oxidation and reduction peak [226], was found to be around
215 mV vs. NHE for azurin/HOPGox (black curve in Fig. and around 50 mV vs. NHE for
azurin/4-CP/HOPG (red line in Fig. 4.5). Depending on substrate material and immobilization
technique, the redox potential of azurin reported in the literature is around 300 mV vs. NHE
normally measured in NH4Ac at a pH 4.6. Larver et al. [229] proposed that the redox po-
tential of Pseudomonas aeruginosa azurin increases by 60-70 mV upon decreasing the pH from
8 to b since the protonation of the two conserved histidines, His-35 and His-83, increases the
Cu(II)/Cu(I) potential. Therefore, the redox potential of the azurin/HOPGox electrode can be
explained by pH dependence. The reason for the even lower redox potential of the azurin/4-
CP/HOPG electrode is not clear, however, one might assume that the covalent immobilization
leads to conformational changes in the vicinity of the copper atom that affect the redox potential.

Performing cyclic voltammetry at various scan rates, a linear behavior of the peak current
density (corrected for double layer capacitance) with increasing applied scan rate was found for
both types of azurin electrodes (Fig. , indicating that in both cases the azurin molecules are
stably bound to the HOPG electrode surface and the electron transfer process is not diffusion
controlled.

Furthermore, Figure clearly shows that the peak current density is much higher for the
covalently immobilized azurin molecules (squares) than for the azurin molecules only adsorbed
(triangles) to the HOPG surface, indicating that a higher surface coverage T' of electroactive
azurin molecules can be obtained by the covalent immobilization. From the charge under the
redox peaks the amount of redox active surface bound azurin can be determined assuming a one
electron transfer. Since the ratio of anodic to cathodic charge (qup:qcp) is close to unity, the
surface coverage I' was calculated by the mean of both charges. According to Laviron [73], the
apparent interfacial electrochemical rate constants for the electron transfer k,,, can be calculated
from the variation in peak separation of the anodic and cathodic peaks with increasing scan rate.

These results are summarized in Table (1]
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Figure 4.5. CVs of azurin adsorbed on oxidized HOPG (black line) and covalently immobilized on 4-
carboxyphenyl modified HOPG (red line) in 10 mM PBS at a scan rate of 100 mVs~1!.
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Figure 4.6. Faradaic peak current densities of the oxidation (full symbols) and the reduction (open symbols)
peak plotted versus increasing scan rate between 0.05 and 1 Vs~! for the azurin/HOPGox (triangles) and the
azurin/4-CP/HOPG (squares) electrode, respectively.
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azurin/ U, Qap Aep |QapQep| r Kapp
mV vs. NHE | uCcm~? | xCcm™2 pMcm—2 | s7!

HOPGox 215 0.492 -0.497 0.99 5.13 0.43

4-CP/HOPG 50 2.463 -2.456 0.96 25.49 48.26

Table 4.1. Some parameters of azurin covalently immobilized on 4-CP modified HOPG and adsorbed on elec-
trochemically oxidized HOPG: Redox potential Ug, charge density of the oxidation qqp and the reduction qcp
peak evaluated from the CVs shown in Fig. the ratio of qap:qep, surface coverage I' and apparent electron
transfer rate constant kgpyp.

The results show that the surface coverage of azurin molecules that are able to undergo DET
with the HOPG surface is by a factor of 5 higher for covalent immobilization than for adsorption.
The surface coverage for a complete azurin monolayer is calculated to be 30.64 pMcm ™2 assuming
that the molecules have a mean diameter of 2.5 nm and are arranged in a two dimensional closely
packed hexagonal lattice on the HOPG surface. According to Faraday’s law (Equation this
surface coverage is equal to a maximum charge densitiy of 2.9 uCcm =2 per monolayer. Therefore,
the amount of azurin molecules electrochemically detected on the azurin/4-CP/HOPG electrode
corresponds to more than 80% of a protein monolayer, whereas the molecules detected on the
azurin/HOPGox corresponds only to approximately 16% of a monolayer. Furthermore, the elec-
tron transfer rate constant evaluated by the Laviron theory is two orders of magnitude higher
for azurin covalently immobilized than just adsorbed on defect sites of the oxidized HOPG. Ac-
cording to the Marcus theory, electron transfer mainly depends on the distance between electron
donor and electron acceptor, i.e. in this case between the copper center and the HOPG electrode
surface. While it is not clear so far how proteins bind to the oxidized HOPG surface, we know
that azurin is coupled via a lysine group to the 4-CP/HOPG electrode. However, this binding
is unspecific, since there are 11 lysine groups located at the protein surface with distances be-
tween 8A and 30 A to the copper center. Therefore, it is not clear to which lysine chain the
molecule is attached and the electron transfer rate only represents an average value. However,

a rate constant of 48 s~!

is in good agreement with literature data obtained for similar systems
where azurin is bound to an electrode surface [I7, 229]. Chi et al. [230] found an interfacial
electron transfer rate constant of approximately 30 s~! for azurin adsorbed on Au(111) and of
approximately 500 s~! when azurin is wired by an octanethiol monolayer self-assembled on the
Au(111) surface [I7], both obtained in 50 mM NH4Ac (pH 4.6). These results can be explained
by different orientation and the different adsorption modes of the protein molecules. The ad-
sorbed molecules self-assemble through the surface disulfide Cys-3 Cys-26 group resulting in a
molecule orientation where the copper center is opposite to the electrode surface with a distance
of 26A, whereas the molecular wiring establishes effective electronic coupling directly between
the copper center and the Au(111) surface, leading to a fast and reversible interfacial electron
transfer. Beside possible pathways for the interfacial electron transfer also the intramolecular
electron pathway of azurin has to be taken into account. Especially when the copper center is

located opposite to the electrode surface, the electron transfer within the molecule might play

92



4.1. Functionalization of the HOPG surface

an essential role. Farver et al. [229] found the intramolecular electron transfer rate to be 44 s—1
at room temperature and pH 7. Therefore, the electron transfer between the electrode surface
and the copper ion found for the azurin/4-CP/HOPG electrode might also be limited by the
intramolecular ET rate. Furthermore, one has to keep in mind that the different material of the

electrode might also have an impact on the electron transfer rate [50].

4.1.3.2. Characterization using EC-STM

In order to study the surface coverage for both immobilization techniques, azurin/HOPG elec-
trodes were characterized by EC-STM applying a bias voltage of 100 mV and tunneling currents
between 0.2 nA and 0.5 nA. Figure [1.7] shows typical STM images of both electrode types with
an area of 300 nm x 300 nm. In Fig. [L.7A the azurin/HOPGox electrode shows only six azurin
molecules (highlighted by black circles) visibly adsorbed on the 9-1071% cm~2 surface area which
corresponds to a surface coverage of 0.011 pMcm 2. Compared to the surface coverage obtained
by the Faradaic charge of the CV, the coverage found by EC-STM is more than two orders
of magnitude lower. A possible explanation could be that the adsorption of the molecules is
too weak to resist interactions between the STM tip and the electrode surface occuring in the
STM setup, so that a huge amount of molecules is just irreversibly removed from the surface
while scanning. Covalent immobilization on the 4-CP groups yields high density submonolayers
of azurin molecules on the HOPG surface (see Fig. [4.7B). The immobilized molecules are sta-
ble also when the surface area is scanned several times indicating that the covalent binding of
the protein to the 4-CP via EDC/NHS coupling as well as the carbon-carbon bonding between
the HOPG electrode surface and the carboxyphenyl group is strong enough to resist tip-sample
interaction in the STM.

A

Figure 4.7. EC-STM images A) of the azurin/HOPGox and B) the azurin/4-CP/HOPG electrode showing the
differences in surface coverage, both images were obtained in 10 mM PBS (pH 7), 300 nm X 300 nm).

93



4. Results

4.1.3.3. Tip-induced Nanostructuring of Azurin Electrodes

SPM techniques are suitable tools for patterning electrode surfaces on the nanoscale. Especially,
nanografting using contact mode AFM has been successfully applied e.g. for the formation of
two-dimensional patterns within inorganic, organic or biological materials [I61]. An increasing
interest is also coming up in building biomolecular structures on surfaces via nanografting for
the purpose of biosensor fabrication or investigating their electrical properties. The STM tip was
used as a tool for local nanostructuring of the azurin/4-CP/HOPG electrode surface, i.e. selected
azurin molecules were removed from the electrode surface. For this purpose, the tunneling current
was increased in order to decrease the distance and thus, to increase the interaction between tip
and electrode surface. Figure [£.8]shows the three steps of the nanostructuring procedure. First
an electrode surface area was imaged under soft conditions, i.e. a small tunneling current 0.2 nA
and a bias voltage of 100 mV (Fig. ) Then a selected area was scanned with a high tunneling
current of 3 nA in order to remove the molecules of this area (Fig. , 140 nm x 140 nm).
The higher tunneling current (at constant bias voltage) causes the tip to approach closer to the
surface. In the last step, the initially scanned surface area was imaged again and the tunneling
current was readjusted to 0.2 nA. The area that was imaged with the high tunneling current
(Fig. ) is clearly recognizable in Figure , showing no immobilized protein molecules
on the HOPG surface. However, so far it is not clear whether only the protein molecules were
removed, i.e. the covalent binding between protein and NHS-ester was destroyed or whether also
the carboxyphenyl layer was destroyed. In order to clarify this issue high resolution EC-STM

images or scanning tunneling spectroscopy could be helpful.

A Cc

Figure 4.8. EC-STM images of azurin/4-CP/HOPG electrode A)300 nm X 300 nm before, B) 140 nm x 140 nm
and C) 300 nm x 300 nm after the removal .

Preparing azurin/4-CP/HOPG electrodes with a small surface coverage (Fig. [1.9A), it was
also possible to remove single protein molecules (Fig. , indicated by the black square).
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Figure 4.9. EC-STM images (25 nm X 25 nm) of azurin/4-CP/HOPG electrode A) before and B) after the
removal of a single molecule using the STM tip as nanostructuring tool.
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4.2. Two Ferrocene Affinity Labels for Papain-like Cysteine

Proteases

Nowadays, the electrochemical investigation of biomolecules as well as electrochemical biosens-
ing is mainly based on redox active enzymes or proteins. However, a lot of enzymes playing
important roles in physiological reactions are naturally redox inactive. Among these redox in-
active enzymes proteases represent a large group. Proteases are enzymes that conduct proteol-
ysis, i.e. protein break down, by hydrolysis of the peptide bonds and are involved in reactions
such as food digestion, the blood-clotting cascade, apoptosis pathways, but also in the repro-
ductive cycle of cancer cells and infection of viruses, e.g. HIV and Hepatitis C. Understand-
ing the reaction mechanism of these proteases and being able to design suitable inhibitors is
of great interest in the field of medical and pharmaceutical research. Succeeding in adopting
the affinity label concept from optical detection methods to electrochemical detection methods
would open up new ways in bioelectrochemical analysis and fundamental research. This section
reports the characterization of two watersoluble redox active ferrocene affinity labels (FcAL),
Fe(Cp)(n-CsHy-CH2-CH(NH,)-CO-Lys-Ahx-Tyr-Leu-Epx-COOEt) (FcAL(out)) and Fe(Cp)(n-
C5H4-CH,-NH-CO-Epx-Leu-Tyr-Ahx-Lys) (FcAL(in)), for cysteine proteases such as papain.
The FcALs were synthesized based on the motive of E-64, a well known irreversible inhibitor for
papain-like cysteine protease which has been already used for fluorescent affinity labels and the
optical detection of the cysteine protease papain [29]. The two FcALs differ only in the position
and composition of the ferrocene moiety which is located either inside the enzyme, i.e. directly
attached to its active site or outside the enzyme coupled to the N-terminus of a linker molecule.
A first characterization of the labels and their binding to the enzymes was performed by mass
spectrometry. The investigation of their functionality regarding electroactivity was studied by

cyclic voltammetry which is a suitable tool to get started with a new system.

4.2.1. Characterization by Mass Spectrometry

Both conformations of the synthesized ferrocene affinity label Fe(Cp)(n-CsHy4-CHo-CH(NH;)-
CO-Lys-Ahx-Tyr-Leu-Epx-COOEt) and Fe(Cp)(n-CsHy-CHo-NH-CO-Epx-Leu-Tyr-Ahx-Lys) were
characterized in the Chemistry Department of the TUM by using electrospray ionization mass
spectrometry (ESI MS). The mass spectrum of FcAL(out) shows a basis peak for the fragment
[M+H]|" with m/z = 932.3 Th (1 Thomson = 1 Da/e) and for the FcAL(in) m/z = 846.2 Th.
Using TCEP, Cys-25 in the active site of the papain molecules was activated and the papain
molecules were labeled with both FcALs. In order to verify a successful labeling of the cysteine
protease papain with both possible FcALs matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF MS) was performed. This technique is a soft ionization
technique since the investigated biomolecules are embedded in a matrix and therefore, are pro-
tected from being destroyed by the direct laser beam. Figures [£.10] shows the MALDI-TOF
spectra of labeled (red curve) and for comparison unlabeled (blue curve) papain molecules for

both FcALs with the ferrocene group attached to the amine terminus (Fig. [4.10/A) and the
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carboxyl terminus (Fig. [4.10B), respectively.

Figure shows that the binding of FcAL(out) to the papain molecule increases the molec-
ular mass from 23430 Th to 24333 Th. The difference of 903 Th is in the range of the mea-
sured molecular weight of the FcAL itself using ESI MS (see above). As can be clearly seen
in Fig the binding of Fe(Cp)(n-CsH4-CHo-NH-COt-Epx-Leu-Tyr-Ahx-Lys) to the papain
molecule leads to an increase in the molecular weight from 23430 Th to 24275 Th. The mass
difference of about 845 Th agrees with the molecular mass found for the FcAL itself and indicates

that also the FcAL(in) is accepted in the active site of the papain molecule.
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Figure 4.10. MALDI-TOF mass spectra of unlabeled (blue curve) and FcAL labeled (red curve) papain
molecules A) FcAL(out) Fe(Cp)(n-CsHs-CHa-CH(NH2)-CO-Lys-Ahx-Tyr-Leu-Epx-COOEt) and B) FcAL(in)
Fe(Cp)(n-CsH4-CHa-NH-CO-Epx-Leu-Tyr-Ahx-Lys).

4.2.2. Electrochemical Behavior of the Ferrocene Affinity Labels

Both synthesized ferrocene affinity labels were investigated electrochemically by cyclic voltam-
metry in a three electrode arrangement with HOPG as the working electrode: 500 nM of the
ferrocene affinity labels were dissolved in 50 ml 10 mM PBS (pH 7) and cyclic voltammograms
between 0.2 V and 0.8 V vs. NHE were obtained at a scan rate of 100 mVs~!. Figure m
shows the CVs of the HOPG electrode immersed in pure 10 mM PBS (pH 7) (black line), PBS
containing 500 nM of the FcAL(out) (red line) and FcAL(in) (green line), respectively.

The FcAL with the ferrocene moiety outside the molecule (Fe(Cp)(n-CsHy-CHy-CH(NH,)-
CO-Lys-Ahx-Tyr-Leu-Epx-COOELt)) shows an irreversible redox behavior with only a distinct
oxidation peak in the first sweep located at U,, = 635 mV vs. NHE and an initial charge density
of 3.23 uCem ™2, which decreases to 0.59 pCem™2 (minus 82%)in the second and 0.38 pCem =2
(minus 88% compared to the first) in the third scan. However, no reduction peak could be
observed. This behavior leads to the assumption that the FcAL is not stable and destroyed by
the oxidation process. The FcAL with the ferrocene moiety inside the molecule (Fe(Cp)(n-CsHy-
CH-NH-CO-Epx-Leu-Tyr-Ahx-Lys)) shows a reversible redox behavior with a redox potential
of 613 mV vs. NHE. The charge density evaluated from the oxidation and reduction peak is
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3.74 pCecm~2 and 3.72 uCcm ™2, respectively. The redox behavior is stable for several sweeps
(Fig. only shows the first three cycles) and the transferred charge within the oxidation and

reduction process changes by less than 1%.
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Figure 4.11. Cyclic voltammograms (100 mVs~1) of HOPG in pure 10 mM PBS (black line), PBS containing
500 nM of the ferrocene affinity label with the ferrocene moiety at the N-terminus (FcAL(out), red line) and at

the carboxyl terminus (FcAL(in), green line), respectively.

4.2.3. Electrochemical Behavior of Papain labeled with the Ferrocene
Affinity Labels

MALDI-TOF mass spectrometry has already shown that the incubation of the activated papain
molecules with both FcALs leads to an irreversible enzyme-FcAL complex (Fig. and B).
However, to prove the concept of the electroactive affinity labels, it is necessary that the inhibition
of the papain by the FcAL also leads to a detectable electrochemical signal. Therefore, papain
molecules unlabeled and labeled with both FcALs were adsorbed onto oxidized HOPG electrodes
(0.1 mgml~! enzyme PBS solution, 2 h incubation time). Their electrochemical behavior was
investigated performing cyclic voltammetry in 10 mM PBS (pH 7) with a scan rate of 100 mVs™1!,
whereas the unlabeled papain electrode serves as reference electrode. In Figure [f.12A and
the CVs obtained for the three different papain electrodes are shown. As expected, unlabeled
papain adsorbed to the HOPG electrode (blue line in and B) shows no electroactivity,
whereas for papain modified with both FcALs (red line in [4.12]A) and B)) a distinct redox
behavior can be observed. The redox behavior of papain labeled with the FcAL where the
ferrocene group is attached to the N-terminus is undefined, i.e. the oxidation and reduction
peaks are very broad ranging from 0.4 to 0.65 V vs. NHE for the oxidation process and from
0.6 to 0.35 V vs. NHE for the reduction process. Therefore, the redox potential can only be

roughly estimated from the midpoint between oxidation and reduction peak to around 500 mV
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vs. NHE (red line in ) The Faradaic charge was determined to be 0.22 uCem~2 and the
surface coverage was 2.29 pMcm 2. Labeled papain where the ferrocene is located in the active
site results in significant redox peaks according to the electrochemical oxidation and reduction
of the ferrocene group with a defined redox potential of 550 mV vs. NHE (red line in )
The mean Faradaic charge evaluated from the symmetrical redox peaks is 0.52 pCem™2, which

corresponds to a surface coverage of 5.41 pMcm~2 assuming a one electron transfer process.
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Figure 4.12. Cyclic voltammograms of unlabeled (blue line) and ferrocene labeled papain (red line) adsorbed
on electrochemically oxidized HOPG in 10 mM PBS (100 mVs~1!). The ferrocene moiety is A) attached to the
N-terminus of the AL, i.e. it is located outside the protein shell and B) attached to the carboxyl terminus of the

AL, i.e. it is located in the active site of papain.

4.2.4. Validation of the Concept

Two watersoluble ferrocene affinity labels for the electrochemical detection of cysteine proteases
such as papain have been synthesized. Both FcALs consists of the same affinity label which is
based on the E-64 motive, the only difference in their structure is the conjugation site to which
the ferrocene moiety is coupled. The FcALs as well as labeled papain were characterized via mass
spectrometry and cyclic voltammetry. The results have shown that both FcAL conformations are
able to successfully and irreversibly bind to the papain molecule, forming an irreversible FcAL-
enzyme complex leading to an electrochemically detectable redox signal. In this respect, the
proof-of-principle was provided for both synthesized FcALs. However, both FcALs and also the
FcAL labeled papain molecules showed significant differences in their electrochemical behavior.
For FcAL(in) a completly reversible redox behavior with well-defined redox peaks was observed,
also when incorporated into the papain protein structure. On the contrary, FcAL(out) dissolved
in PBS could only be oxidized once without further redox behavior, indicating that the label
might be decomposed in solution or during the oxidation process. However, bound to the papain
molecule the FcAL caused reversible and recognizable, but only weak and undefined redox peaks.
The width of the peaks might be due to the fact that the ferrocene group is attached to the N-
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terminus of the affinity label located outside the protein shell and is therefore attached to a
flexible linker. Depending on the bending of the linker, the ferrocene group can be located in
different positions with variable distances to the electrode surface, i.e. either completly free and
exposed to the electrolyte, in contact with another enzyme or directly attached to the electrode
surface (Fig. ) These different environmental conditions refer to different energy states
and result in an energy dispersion and, accordingly, in broad redox peaks. For comparison, when
the ferrocene group is bound to the active site in the protein pocket its position is always fixed
in the same chemical surrounding. Although the enzyme itself can be oriented in different ways,

the distance between the ferrocene moiety and the electrode surface does not significantly change

(Fig. 4.13B).

A ? B A

EASTISIES
&
[ TN ___Thaam

Figure 4.13. Scheme of papain orientation adsorbed on the oxidized HOPG surface and possible positions of

the FcAL with respect to the electrode surface when the ferrocene group is A) attached to the N-terminus at the
end of a flexible linker or B) incorporated in the active site.

Furthermore, the ferrocene moiety being located in the vicinity of the active site is similar to
the structure of natural redox proteins or enzymes, where the active site in the protein pocket
often contains metal species such as Fe or Cu. Therefore, FcALQpapain can be in principle
considered as a redox enzyme and its electrochemical behavior when immobilized on electrode
surfaces should be comparable to other enzyme electrode studies. The more promising candidate
for the realization of an electroactive enzyme marker for electrochemical biosensing of papain
molecules was FcAL(in) Fe(Cp)(n-CsHs-CHy-NH-CO-Epx-Leu-Tyr-Ahx-Lys), and further stud-

ies were continued only with this FcAL.
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4.3. Electrochemical Detection of Papain Using
Fe(Cp)(7-CsH4-CH3-NH-CO-Epx-Leu-Tyr-Ahx-Lys)

According to the results described in Section the focus of the following studies rests upon
the investigation of the ferrocene affinity label Fe(Cp)(n-CsHy-CHo-NH-CO-Epx-Leu-Tyr-Ahx-
Lys) where ferrocene methylamine is attached to the C-terminus of the affinity label and the
ferrocene moiety is located directly in the active site of the papain molecule. For simplicity
this ferrocene label will be in the following only named FcAL. This section is an overview of
the electrochemical investigation of the FcAL and the FcAL@papain molecule adsorbed on the
HOPG surface using cyclic voltammetry and EC-STM. Both immobilization techniques presented
in Section are applied in order to elucidate the more promising electrode architecture not
only for electrochemical measurements, but also for investigations by SPM. Furthermore, the
electrode characterization includes electron transfer studies and also the in-situ visualization of
the labeling process. Thereby, EC-STM is used to investigate the structure-function relation of
the FcAL and the papain molecules down to a single molecule level. Finally, it is shown that
the electrochemical detection of the binding process can be used to study the enzymatic activity
of the papain molecules in the presence and absence of inhibitors which is very important for

possible future applications in electrochemical biosensors.

4.3.1. Electrochemical Characterization
4.3.1.1. Fe(Cp)(n-C5H4-CH3-NH-CO-Epx-Leu-Tyr-Ahx-Lys)

The electrochemical behavior of the FcAL Fe(Cp)(n-CsH4-CHy-NH-CO-Epx-Leu-Tyr-Ahx-Lys)
was studied under different conditions: dissolved in 10 mM PBS (pH 7), adsorbed to an oxidized
HOPG surface (FcAL/HOPGox) and covalently immobilized on carboxyphenyl modified HOPG
(FcAL/4-CP/HOPG) (Fig. [4.14]A). Cyclic voltammetry was performed in 10 mM PBS (pH 7)
with a scan rate of 100 mVs~!. The CVs of the three systems (see color coding in Fig. )
show a reversible redox behavior, as can be seen in Figure [£.14]B, however, the redox potentials
and the peak maxima are different.

For FcAL in solution a redox potential of 619 mV vs. NHE and a peak potential difference
of 0 mV was found. The Faradaic charge of the redox peaks was calculated to 5.33 uCcm ™2
(Fig. , black curve). Usually, for a redox species in solution that undergoes a single
electron transfer reaction with the electrode surface, a redox peak shift of 60 mV is expected
due to diffusion. Since no potential shift between the oxidation and the reduction peak is visible
for the FcAL dissolved in the PBS, it is assumed that the FcAL immediately adsorbs to the
electrode surface when injected into the electrolyte and thus behave like adsorbed species. For the
FcAL/HOPGox electrode the redox potential was 610 mV and the Faradaic charge was calculated
to be 4.23 pCem~2, which corresponds to a surface coverage of 43.8 pMcm 2 (red curve). For the
FcAL/4-CP/HOPG electrode the redox potential was significantly lower, 545 mV vs. NHE with a
Faradaic charge of 8.57 uCcm ™2, which corresponds to a surface coverage of 88.9 pMcm 2 (green

curve). These results show that the amount of electrochemically active FcAL that is in electronic
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Figure 4.14. A) Schematic views and B) CVs of FcAL in solution (2 uM, black curve), preadsorbed on oxidized
HOPG (red curve) and covalently immobilized on HOPG (green curve) measured in 10 mM PBS (pH 7) and at

a scan rate of 100 mVs—!.
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contact with the electrode surface is by a factor of 2 higher for the covalent immobilization than
for the adsorption. However, assuming a complete monolayer of carboxyphenyl groups with a
surface coverage of 1.35 nMcm ™2 on the HOPG surface, only 7% of the surface is covered by
FcAL. Furthermore, the FcAL/4-CP/HOPG electrode shows a peak separation of approximately
60 mV (see green curve in Fig. ) In order to check whether the FcAL was really tightly
bound to the carboxyphenyl groups on the HOPG surface, cyclic voltammetry with different scan
rates was performed. Figure shows the cyclic voltammograms of the FcAL/4-CP/HOPG
electrode in 10 mM PBS (pH 7) at scan rates between 10 mVs~! and 100 mVs~!.
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Figure 4.15. A) CVs of FcAL covalently immobilized on HOPG in 10 mM PBS (pH 7) obtained at scan rates
between 10 mVs~! and 100 mVs~!, B) Peak current density of the oxidation and the reduction peak plotted
versus the scan rate.

The peak current density of the oxidation and the reduction peak increases linearly with
increasing scan rate, indicating that the FcAL is surface bound (Fig. [l.15B). The solid lines rep-
resent the linear fit to the measured values. However, applying scan rates higher than 300 mVs !,
the linear dependence between peak current density and scan rate becomes more and more dif-
fusion controlled, i.e. the peak current density gets constrained to the square root of the scan
rate. The black lines in Fig. represent the fit to the measured values. The anodic peak
potentials could be fitted by v%% and the cathodic peak potentials by v963. Furthermore, the
peak potentials of the oxidation and the reduction peak shift to more positive and more negative
potential values, respectively. Plotting the peak potentials versus the logarithm of the scan rate
yields the so called trumpet plots (Fig. 4.16B), which show that the oxidative and the reductive
peaks separate as the scan rate increases and the reversibility of the reaction declines. From
the peak separation AUp = Uap — Ucp plotted versus the scan rate, the apparent interfacial
electron transfer rate constant kg, was calculated to 4.65 s~! according to the Butler-Volmer
model developed by Laviron for electron transfer between an electrode and a redox active film
[73].
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Figure 4.16. A) Peak current densities of the oxidation and the reduction peak in dependence of the CV scan
rates between 10 mVs~! and 3 Vs—!, B) Trumpet Plot: Potential of the oxidation and the reduction peak plotted
versus the logarithm of the scan rate.

Liu et al. [50] performed similar experiments: they coupled ferrocenemethylamine directly to
a 4-CP monolayer on glassy carbon (GC) (Fig. and investigated the electrodes in aqueous
phosphate buffer solution (50 mM, pH 7) via cyclic voltammetry. The CVs they obtained also
showed non-ideal behavior with regards to peak separation (79 mV) at slow scan rates. This
behavior was attributed to the ferrocene molecules being located in a range of environments
with a range of formal electrode potentials Uy. Formal potential dispersion is often cited as a
potential cause for the peak broadening. They found a surface coverage of 73 pMcm ™2 which
is similar to the detected FcAL amount on the FcAL/4-CP/HOPG electrode. Using the Butler-
Volmer model and the Marcus theory for electron transfer [231H233], the interfacial electron
transfer kqp, was determined to 17 s~!, which is by a factor of 3.7 higher than the rate constant
observed for the FcAL. However, assuming an electrode configuration as shown in Figure [4.14
(green box) the lower rate constant can be explained by a larger distance between electrode and

the ferrocene group, since the rate of electron transfer decays exponentially with distance [65].

Figure 4.17. Ferrocenemethylamine coupled to a 4-CP/CG electrode, taken from [50].
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4.3.1.2. Prelabeled Papain adsorbed on HOPG

The electrochemical behavior of prelabeled FcAL@papain adsorbed on the HOPG electrode sur-
face was also studied using cyclic voltammetry. For this purpose, both immobilization techniques,
the oxidation of the HOPG surface and the functionalization using 4-carboxyphenyl groups were
investigated (Scheme in Fig. [{.18A). Figure [.18B shows the CVs of the FcAL@papain/HOPGox
(black line) and FcAL@papain/4-CP/HOPG (red and green line) electrodes obtained in 10 mM
PBS (pH 7) with a scan rate of 100 mVs™1.
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Figure 4.18. A) Schemes and B) CVs of FcAL@papain preadsorbed on oxidized HOPG (black curve) and
covalently immobilized on HOPG (red and green curve) measured in 10 mM PBS (pH 7) obtained at a scan rate
of 100 mVs~1.

The black and red curves were obtained for electrodes which were incubated in an enzyme
solution containing 0.1 mgml~! FcAL@papain, the green curve for an electrode incubated in a

solution containing 1 mgml~' FcAL@papain. All electrodes showed a reversible redox behavior
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with distinct oxidation and reduction peaks. For the FcAL@papain/HOPGox electrode, a redox
potential of 555 mV vs. NHE was found, the Faradaic charge was 0.49 yCcem~2, corresponding
to a surface coverage of 5.1 pMem~2 (Fig. black curve). For both FcAL@papain/4-
CP/HOPG electrodes the redox potential was significantly lower, 490 mV vs. NHE, the Faradaic
charge was 0.99 uCem~2, which corresponds to a surface coverage of 10 pMcm~2 (red curve)
and 4.0 uCem~2 corresponding to a surface coverage of 42 pMcm~=2 (green curve). Assuming
an average protein diameter of 35 A and a hexagonal closely packed papain layer on the 4-
CP/HOPG surface, a monolayer would refer to a surface coverage of 17.32 pMcm ™2 and a
charge density of 1.67 pCcm™2. This means that on the oxidized HOPG surface one can obtain
approximately 29% of a monolayer, on the 4-CP/HOPG depending on the concentration of the
enzyme solution between 59% of a monolayer and more than two monolayers. However, one has to
keep in mind that the detected charge was only referred to the geometric area. Although HOPG
possesses an atomically smooth surface the active area might be slightly larger than the geometric
area. Therefore, surface coverages might be systematically overestimated. Furthermore, using
an enzyme solution with a concentration of 1 mgml~! might lead to protein agglomeration in
solution and also on the electrode surface, resulting in slightly higher charge densities.

From electrochemical bulk measurements so far we know that the ferrocene moiety in the FcAL
Fe(Cp)(n-CsHy-CHo-NH-CO-Epx-Leu-Tyr-Ahx-Lys) has different redox potentials depending on
whether it is adsorbed or covalently immobilized to an HOPG surface and also whether it is bound
to papain molecules, which themselves can be bound in different ways to the electrode surface.
In Table all redox potentials of the FcAL and FcAL@papain found for different conditions
are listed. Additionally, the redox potentials of ferrocene and different ferrocene derivatives are

given.
Redox System Uy / mV vs. NHE
Ferrocene, according to [140] 400
Ferrocene monocarboxylic acid in solution 550
Ferrocenylalanine in solution 480
FcAL in solution 619
Ferrocenemethylamine/4-CP/GC [50] 464
FcAL/HOPGox 610
FcAL/4-CP/HOPG 545
FcAL@QPapain/HOPGox 555
FcALQ@Papain/4-CP/HOPG 490

Table 4.2. Redox potentials of ferrocene derivatives and the FcAL in different conformations, when not other
stated obtained in 10 mM PBS (pH 7).

Table [£.2] shows that the immobilization of FcAL or FcAL@papain by covalent binding to the
4-carboxypenhyl layer resulted in a redox potential shift of 65 mV to more negative potentials

compared to chemisorption onto oxidized HOPG.
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4.3.1.3. In-situ Labeling

From Table [4:2] it is obvious that significant differences in the redox potentials exist depending
on the state of the FcAL, i.e. whether it is immobilized on the surface or bound to the enzyme.
Therefore, the question arises whether it is possible to electrochemically detect the labeling of
FcAL to the activated papain. In order to study this issue, 500 nM FcAL Fe(Cp)(n-C5;Hy-CHs-
NH-CO-Epx-Leu-Tyr-Ahx-Lys) was dissolved in 10 mM phosphate buffer (pH 7). The cyclic

1 shows the

voltammetry performed at the bare HOPG surface with a scan rate of 100 mVs™
already well known electrochemical behavior of the FcAL with a redox potential of 617 mV
vs. NHE (Fig. black line). Then, activated papain molecules were added. The papain
concentration was increased stepwise from 10 nM to a final concentration of 200 nM (Fig. [4.19
from the red to the purple curve). With increasing papain concentration the peak current density
decreased from 4.3 pAcm =2 to 1.28 pAcm™2. Furthermore, with increasing papain concentration

the redox potential shifted towards more negative potentials.

01 02 03 04 05 06 07 08
U/Vvs. NHE

Figure 4.19. CVs of 500 nM FcAL and increasing concentration of activated Papain molecules (10 nM to
200 nM) in solution, obtained at 100 mVs~1.

This potential shift is illustrated in Fig. by plotting Uy vs. NHE as a function of the
papain concentration in solution. A nearly linear relationship between enzyme concentration and
potential shift can be observed. Starting at 617 mV vs. NHE, which is the redox potential for
the FcAL (Fig. |4.20B), i.e. 0 nM papain, Uy decreases towards 565 mV vs. NHE for 200 nM
papain in solution. That means Uy converges towards the redox potential of prelabeled papain
chemisorbed on HOPG (see Fig. ) which was already found and described in Section

As already mentioned above, the CV of the FcAL in solution shows no peak shift of 60 mV
typical for a one electron tranfer process where the redox species is in solution. Therefore, we
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Figure 4.20. A) Measured redox potential Ug in dependence of the concentration of activated papain in solution.
B) CV of FcAL in solution. C) CV of FcAL@papain chemisorbed on HOPG.

assume that the dissolved FcAL immediately adsorbs to the HOPG surface. When the activated
papain is added to the electrolyte, the FcAL desorbs from the surface and reacts with the active
site of the papain due to the high affinity forming the irreversible FcAL@papain complex. This
complex then might adsorb to the HOPG surface and the measured potential is equal to the
redox potential of FcAL@papain/HOPG. That means that the now ferrocene labeled enzymes
displace the adsorbed FcAL on the electrode surface, i.e. the charge density decreases due to
the fact that the papain molecules are larger than the FcAL resulting in the decay of the peak
current density. Compared to the free FcAL an inhibited electron transfer between the ferrocene
group of FcAL@papain and the electrode can also not be excluded.

Furthermore, to verify the detection of the in-situ labeling process (shown in Fig. another
experiment with modified initial conditions was performed. Therefore, the FcAL was immobilized
onto a 4-CP/HOPG electrode surface and investigated using cyclic voltammetry (100 mVs~!).
As already observed earlier, the CV shows a redox behavior with a redox potential of 550 mV vs.
NHE (Fig. black curve). Then activated papain molecules were added to the electrolyte and
CVs were recorded continuously. Immediately after the injection, the CV shows no significant
difference compared to the FcAL/4-CP/HOPG electrode, however, after ten minutes the peak
current density decreased by more than 15% from 4.76 pAcm=2 to 3.85 pAcm~2 (Fig. K4.21
outer red curve). The red curves were obtained in time intervalls of 10 minutes up to 1 h after
adding the papain molecules, the green curve was recorded after 2 h, the blue curve after 5 h, the
turquoise curve after 10 h and the magenta curve after 15 h, respectively. After 15 h the peak

current density decreased to 1.69 pA cm~2 and the redox potential shifted to a more positive
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value of 565 mV vs. NHE. Considering that the FcAL molecules are tightly bound to the 4-
CP/HOPG surface they are not able to release the surface in order to bind to the active site
of the dissolved enzymes. Therefore, the activated papain molecules can only simply adsorb on
top of the FcAL layer blocking the access of the electrolyte to the FcAL. As a result the current
density decreases, the peak potentials shifts and the redox potential increases due to a higher
required overpotential. The peak potential separation of 60 mV might now be attributed to
diffusion controlled processes, e.g. diffusion of the electrolyte through the enzyme overlayer to
the redox active FcAL on the electrode surface.

1 M 1 v 1 M 1 v 1 M 1 M 1
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Figure 4.21. CVs of FcAL/4-CP/HOPG electrode obtained in 10 mM PBS (pH 7) containing activated papain.

4.3.2. Nanoscale Read-out by EC-STM

Electrochemical properties investigated by bulk measurement techniques such as cyclic voltam-
metry display only an average over the whole active area of the electrode surface. However,
EC-STM allows to study electrodes on the nanoscale and probe single molecules under full po-
tential control. The first experimental EC-STM study of electron tunneling via a redox active
molecule was performed by Tao [36], who investigated the electron transfer through Fe(III)-
protoporphyrin (FePP) compared to a reference sample protoporphyrin(PP), both adsorbed on
HOPG. When the substrate potential was held near the redox potential of FePP (-0.24 V vs.
NHE) the molecular species containing Fe appeared brighter than the reference. This imaging
contrast depending on the substrate potential was due to the redox level made available by the
Fe ion. This section shows that this technique can also be applied for papain and FcAL@papain
molecules. In order to elucidate the electron transport through ferrocene labeled and unlabeled
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papain molecules down to a single enzyme level, in-situ EC-STM and scanning tunneling spec-
troscopy (STS) were performed.

4.3.2.1. Single Labeled Papain Molecules

FcAL@papain was covalently immobilized on 4-CP modified HOPG using EDC/NHS coupling
and investigated with different modes of the EC-STM. All EC-STM experiments were performed
in 10 mM phosphate buffer solution (PBS, pH 7).

Constant Current Mode EC-STM

Constant current mode EC-STM was performed applying a constant tunneling current of Ip=
0.2 nA and a bias voltage of Upg;qs = 100 mV. The initial substrate potential was set to
Ug = 490 mV vs. NHE equal to the redox potential Uy of the FcAL@papain/4-CP/HOPG
electrode (see Table . Figure shows typical EC-STM images of papain/4-CP/HOPG
(Fig. [£:22]A) and FcAL@papain/4-CP/HOPG (Fig. [1.22B) electrode surfaces.

Figure 4.22. In-situ EC-STM images of A) papain/4-CP/HOPG and B) FcAL@papain/4-CP/HOPG electrode
surface, obtained in constant current mode (I = 0.2nA) in 10 mM PBS (pH 7) at a substrate potential Ug =
Up = 490 mV vs. NHE (150 nm x 150 nm).

From line scan analysis of several molecules (> 20), the average size of the enzymes observed in
EC-STM was measured to be (30 x 23 x 2.3) A? for papain/4-CP/HOPG and (31 x 25 x 6.1) A3
for FcAL@papain/4-CP/HOPG, which is significantly smaller than the crystallographic data of
papain. However, one has to keep in mind that STM images always show a convolution of the
surface topography and its electronic properties, such as conductivity, apart from further possible
tip induced image artefacts. Therefore, in STM experiments the electron transfer pathway is a
crucial point for mapping the topography of protein structures. If only the amide skeleton is
involved in the tunneling process and not all the sidechains, the enzyme appears smaller in the
STM image than it is in reality [234]. An inhibited electron transfer between the STM tip and
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the electrode also impairs the resolution of the protein structure, as could be observed in the
combined EC-STM/SECPM study of HRP/HOPGox electrodes in Section Another point
that might be responsible for the mismatch of apparent morphology and crystallographic data
is the fact that STMs are normally calibrated against a monoatomically high Au(111) step in
z-direction and against the atomic structure of HOPG in x-y-direction, not against a protein
calibration standard which would be more suitable due to the different conductivity. However
such calibration standards are not available. Therefore, absolute values should not be overrated.
Measured dimensions only describe the apparent topography, which is a convolution of electronic
and morphological properties. The reason for the difference in the average apparent height of
labeled and unlabeled papain molecules will be discussed in more detail in the following sections.

In order to study the potential dependence of the apparent morphology of the ferrocene-labeled
papain molecules, two single enzyme molecules were imaged for different applied substrate po-
tentials. STM imaging started with the substrate potential set to the equilibrium redox potential
of FcAL@papain/4-CP/HOPG, i.e. at Us = Ug = 490 mV vs. NHE. During continous imaging
(Ir = 0.2 nA, Upg;as = 100 mV) the substrate potential and simultaneously the tip potential to
keep the bias voltage constant were changed in steps of 50 mV towards either more positive or
more negative values, i.e. the absolute value of the overpotential |n| = |Ug - Ug| with respect
to the redox potential was increased. As a result, a series of EC-STM images has been acquired
at different overpotentials, which are presented in Figure [£:23] For substrate potentials close to
the redox potential (Fig. ) the STM image has the highest image contrast as compared to
STM images obtained at different overpotentials, indicating that the tunneling current through
the FcAl@papain and thus its conductivity is strongly enhanced for Ug = Uy = 490 mV vs.
NHE. With increasing overpotential the image contrast is decreasing independent whether the
substrate potential is more positive or more negative than the redox potential (Fig. —J ).

From the evaluation of the apparent height of the FcAL@papain molecules Figure is
derived. According to the image contrast, the apparent height of both FcAL@papain molecules
was highest at the redox potential with an apparent height of 7 A relative to the HOPG surface.
With increasing overpotentials, positive and negative, the apparent height decreased to 2.8 A
for n = -200 mV (Fig. [4.23E) and to 2.4 A for n = +400 mV (Fig. ) When the redox
potential (Fig. 4.23]A) is restored, the molecules reappeared with the same image contrast and
thus, with the same apparent height of 7 A, illustrating the reversibility of the effect. Within
this experiment all experimental parameters other than substrate and tip potentials remained
unchanged.

The same potential-dependent experiment was performed for unlabeled papain covalently im-
mobilized on HOPG (Fig. . The experimental parameters; Up;,s = 100 mV and I = 0.2 nA,
were exactly the same as mentioned above. EC-STM images were first obtained at a substrate
potential of 490 mV vs. NHE, which is equal to the redox potential of the FcAL@papain/4-
CP/HOPG electrode (see Fig. 4.25B). Then images were recorded for different overpotentials in
50 mV steps. Figure A) and C) representatively show images obtained at overpotentials of
-200 mV (A) and 200 mV (C). Over the whole potential range that was investigated, no change
in the image contrast was visible. The analysis of the apparent height of 54 papain molecules
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Figure 4.23. Series of EC-STM images (35 nm x 35 nm) of FcAL labeled papain covalently immobilized on
4-carboxyphenyl modified HOPG obtained in constant current mode (I = 0.2nA, Up;qs = 100mV) at different
overpotentials n starting at Up = 490 mV vs. NHE, i.e. n =0 (A). The overpotential is stated in the images. The
inset shows the CV of the FcAL@papain/4-CP/HOPG electrode obtained in 10 mM PBS (pH 7) at a scan rate
of 100 mVs—!.
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Figure 4.24. Apparent height of the ferrocene-labeled papain molecules shown in Fig. in dependence of
the applied overpotential n = Ug — Up.

yielded an average apparent height of (2.3 £+ 0.3) A independent of the applied substrate poten-
tial (dashed line in Fig. [4.25]D). The open circles in Figure 4.25D represent the average apparent
height of the molecules shown in Figure [4.25]A - C.

Constant Height Mode EC-STM

The FcAL@papain/4-CP/HOPG electrode surface was investigated also in constant height mode
EC-STM in order to achieve direct access to the tunneling current that is flowing without feedback
control. The current response coming from the labeled molecules was mapped in dependence of
the applied substrate potential in 10 mM PBS (pH 7). The tip was approached to a setpoint
current of 0.2 nA inside the tunneling range at a constant bias voltage of 100 mV. The feedback
loop was then switched off and the surface area was scanned continuously and relatively fast with
a frequency of 30 Hz to minimize lateral and vertical drift. The initial potential applied to the
substrate was equal to the equilibrium redox potential of FcAL@papain/4-CP/HOPG, i.e. Ug
= Up= 490 mV vs. NHE (Fig. . The surface area of 20 nm x 20 nm shows the tunneling
current flowing through four FceAL@papain molecules (Fig. ) with a maximum current of
100 pA, as can be seen in the line scan in Figure £.26]B. The same surface area was scanned with
unchanged parameters several times to assure that the system is running stable although the
feedback is switched off.

Only when reproducible images were obtained an overpotential was applied to the HOPG
electrode. Within continous imaging, tip and substrate potential were carefully adjusted in order

to keep the bias voltage constant. In constant height mode it is essential that both potentials are
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Figure 4.25. EC-STM images of unlabeled papain molecules obtained in constant current mode at different
applied substrate potentials (45 nm x 45 nm). The overpotentials given here are stated with respect to the redox
potential of FcAL@papain/4-CP/HOPG, i.e. the substrate potentials are Ug = A) 290 mV vs. NHE, B) 490 mV
vs. NHE and C) 690 mV vs. NHE. D) Fig. supplemented with the apparent height found for unlabeled
papain molecules at different applied substrate potentials (dashed line).
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Figure 4.26. A) (20 nm X 20 nm) EC-STM image of FcAL@papain/4-CP/HOPG obtained in constant height
mode at Ug = Up= 490 mV vs. NHE showing four FcAL@papain molecules. B) Line scan of the tunneling
current through a single labeled molecule (indicated by the black line in ) yielding a maximum current of
100 pA.

changed simultaneously since the tip, while scanning without feedback control, might react to
already small parameter changes by crashing into the substrate or leaving the tunneling regime.

In those cases the experiment had to be aborted.

The potential-dependent EC-STM images of the series shown in Figure [£:27 were recorded one
after the other, the scan direction is represented by the arrow in the upper or lower right corner.
Starting with the scan shown in Figure (equal to [£.27A), Ug = Ug = 490 mV vs. NHE,
an overpotential of 7 = -200 mV (Ug = 290 mV vs. NHE) was applied to the substrate potential
while imaging Fig. @B The dashed line indicates the simultaneous change of Ug and Ugyy,
keeping the bias Up;,s = 100 mV constant. The overpotential immediately induces a decrease in
the tunneling current through the FcAL@papain molecules; both molecules in the upper part of
the image were "switched off", i.e. they disappear in the constant height STM image. Holding the
potentials the (20 nm x 20 nm) surface area was imaged subsequently in Figure showing no
molecules. When the substrate potential was readjusted to Ug = 490 mV vs. NHE the molecules
were "switched on" again, i.e. they reappear (Fig. [4.27D). The effect was reproducible several
times (Fig. @E + F). The slight differences in image contrast before and after changing the
working electrode potential to 0.29 V vs. NHE (compare Fig. and Fig. [£.27F) might be,
in spite of the fast scanning, due to a small vertical drift of the STM piezos.

As already mentioned, constant height mode EC-STM is extremely sensitive to parameter
changes. Therefore, it was not possible to perform this experiment for the whole range of over-
potentials shown in Figure [£:23]

Scanning Tunneling Spectroscopy

In order to quantitativly assess the current response depending on the applied substrate potential
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Figure 4.27. Series of EC-STM images in constant height mode obtained at two different applied substrate
electrode potentials (20 nm X 20 nm).
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scanning tunneling spectroscopy (STS) measurements were performed on single FcAL@papain
molecules. STS directly yields the tunneling current as a function of the applied bias voltage
and overpotential. For this experiment the enzyme surface coverage was chosen to be relatively
low, so that the average distance between the papain molecules on the surface is large and
the interaction between single papain molecules could be neglected. After having modified the
HOPG electrode surface with an activated NHS-ester the electrode was incubated over night
at 4 °C in a 10 mM PBS (pH 8) enzyme solution containing only 0.1 mgml~! papain. The
FcAL@papain/4-CP/HOPG electrode surface was characterized via constant current mode EC-
STM (Ug = 490 mV vs. NHE, Iy = 0.2 nA, Up;s = 100 mV) in order to check the suitability
of the surface coverage and the stability of the immobilized enzymes. A region where only few
molecules were located was chosen for the STS experiment. From STM imaging prior to STS,
lateral drift can be estimated. Only when the system was running stably the ST'S measurement
could be performed on a single FcAL labeled papain molecule (see Fig. A).
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Figure 4.28. A) Constant current mode EC-STM image of a single FcAL@papain molecule on the
FcAL@papain/4-CP/HOPG electrode on which the STS experiment is performed, obtained at a tunneling current
of 0.2 nA and a bias voltage of 100 mV (25 nm x 25 nm). B) Cyclic voltammogram of the FcAL@papain/4-
CP/HOPG electrode (black curve, left ordinate, scan rate 100 mVs~1) and STS tip current (right ordinate, red
curve) of the FcAL@papain molecule in 10 mM PBS (pH 7) with Upg;qs = 100 mV. The green curve shows STS
data obtained for an unlabeled papain molecule under same experimental conditions with the corresponding cyclic
voltammogram of the papain/4-CP/HOPG electrode shown in grey.

Since this enzyme was the only molecule located within a surface area of 25 nm x 25 nm
the contribution of molecules positioned further away from the tip apex could be considered
negligible. The tip was approached to a setpoint current of I, = 0.2 nA inside the tunneling
range. A constant bias voltage of 100 mV with an initial potential U; suitably remote from the
redox potential was applied to the working electrode. Initial parameters such as the current
setpoint and the bias voltage were always the same for all tip approaches in order to yield
the same tip-sample distance for all sweeps. The feedback loop was then switched off and the
substrate potential Ug and the tip potential Ur;, were cycled between 0.1 V and 0.9 V vs. NHE
to scan over the equilibrium redox potential of the FceAL@papain/4-CP/HOPG. Both electrode
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potentials were changed with a scan rate of 100 mVs~—! in parallel, i.e. the bias voltage between
tip and sample was kept constant. With the feedback control switched off, the tunneling current
through a single molecule is locally probed by the EC-STM tip as a function of the substrate
potential.

In Figure the current response detected at the tip (right ordinate) above the FcAL@papain
(red curve, Fig. [4.28) B) and for comparison above an unlabeled papain molecule (green curve) are
plotted together with the CVs obtained at the working electrode (black curve for FeAL@papain/4-
CP/HOPG and grey curve for papain/4-CP/HOPG, both left ordinate) in 10 mM PBS (pH 7).
I7ip is baseline corrected by a background signal of 0.2 nA. For the FcAL@papain molecule a
significant enhancement of the tunneling current could be detected with a distinct maximum
close to the redox potential Uy of FcAL@papain/4-CP/HOPG, whereas the same experiment
performed on top of an unlabeled papain molecule showed no current enhancement, indicat-
ing that the redox level of the ferrocene moiety incorporated in the FcAL@papain molecule is
involved in the tunneling process through the nanogap.

The measurements reported in Figure [4.28] were repeated for several fixed bias voltages be-
tween 50 mV and 300 mV in 50 mV steps, as shown in Figure in order to evaluate the
dependence of the tunneling current on the applied bias voltage across the hybrid junction. As
can be seen, the tunneling current through the FcAL@papain molecule measured at the tip in-
creases with increasing bias voltage, wheras the maximum peak potential shifts towards more

negative substrate potentials Ug.
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Figure 4.29. STS tunneling current/substrate potential correlations for different bias voltages between 50 mV
and 300 mV in 50 mV steps.

Explanation by a Two-step Electron Transfer
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The results of the single FcAL@papain molecule study obtained by different modes of EC-STM
can be explained by a two-step electron transfer mechanism where the electrons have to tunnel
from the tip via the redox state of the FcAL@papain to the substrate (or vice versa, depending
on the sign of the bias voltage). Thereby, the appearance of the maximum in the tunneling
current will be rationalized as follows [40, [44]: In general, the configuration tip - redox molecule
- substrate, or Au(Tip) - FcAL@papain - 4-CP/HOPG present in these experiments, implies that
a molecule with discrete electronic levels is located in the gap between substrate and tip electrode,
both representing continous distributions of electronic levels. Figure [£:30] shows a scheme of the
potential dependent in-situ EC-STM tunneling current and the corresponding energy diagrams
(Fig. —C) to illustrate the correlation between tunneling current and the relative energy

levels of substrate, tip and redox active species located in the nanogap [40].
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Figure 4.30. Scheme of potential-dependent in-situ EC-STM tunneling current through a redox-active molecule
located in the nanogap between substrate and tip at a fixed bias voltage, taken from [40].

The localized electronic states are broadend by possible interactions of the redox-center with
the surrounding electrolyte and with the substrate [3} [109]. Variation of the overpotential at
fixed bias voltages (Upiqs - Urip) is equivalent to a parallel shift of the Fermi levels of tip and
substrate. Figure [£.30]A shows the case where the redox level is empty and located above the
Fermi levels. This level, initially vacant, constitutes a lower tunneling barrier, i.e. as the redox
level approaches one of the Fermi levels an amplifying current channel opens and the current rises
(see Fig. ) Further increase leads to redox level occupation and to level trapping below the
Fermi level (Fig. [4.30C). Theoretically, this behavior can be desribed by a sequential two-step
electron transfer mechansim developed by Ulstrup and Kuznetsov et al. [40, 44, T53HI55] that

predicts the following correlation between the tunneling current and the applied bias voltage:

A + eUBias 0.5 — v)eUgjas — Ee -1
I7 x (eUpias) €xp (—4k3}3> {cosh [( ’y;k‘B]; § 77] } (4.1)
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The nuclear reorganization free energy A represents the electronic-vibrational coupling, £ and
~ are the fractions of the overpotential and bias voltage, respectively, at the site of the redox
center, e the electronic charge, kp Boltzmann’s constant, and T the temperature. This theory has
recently been applied to redox-active proteins and metal transition complexes [3] [40, 41}, [44}, [235].

Figure shows the linear correlation between the substrate potential where the maximum
of the tunneling resonance is achieved in dependence on the applied bias voltage, which supports
the validity of the two-step ET model. The potential dependent image contrast of FcAL@papain
obtained in constant current and constant height mode qualitatively supports the interpreta-
tion of the STS data as a tunneling process involving the redox level of the ferrocene moiety
incorporated in the papain protein shell. Similar results for potential-dependent constant cur-
rent mode EC-STM were already found for redox molecules [36] 41], the metalloprotein azurin
[3, I7, [43, T10] and the redox enzyme glucose oxidase [I5, [I6]. All the papers report about
gating the tunneling current by the redox level of the redox species [236], i.e. one could use the
incorporation of the ferrocene group to "gate" the interfacial charge transport across the papain

molecule to the electrode surface.
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Figure 4.31. Dependence of the peak potentials on the applied bias voltage for bias voltages between 50 mV
and 300 mV (see data in Fig. [4.29)

4.3.2.2. Submonolayers of mixed Labeled and Unlabeled Papain

Based on the results discussed so far, electrodes with a submonolayer of labeled and unlabeled
papain molecules were studied with in-situ EC-STM. These electrodes were prepared as usual by
incubating the NHS-ester modified 4-CP/HOPG electrode over night at 4°C this time into a solu-
tion containing a mixture of crude papain and FcAL@papain (1:1, 0.1 mgml~! in 10 mM PBS, pH
8). The exact composition of labeled and unlabeled molecules can only be estimated since every
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charge of FcAL@papain also contained some unlabeled molecules. After thoroughly rinsing with
Milli-Q water the electrode surface was investigated in 10 mM PBS (pH 7) in constant current
mode EC-STM with a tunneling current of 0.2 nA and a bias voltage of 100 mV. The potential
applied to the working electrode again was equal to the redox potential of FcAL@papain/4-
CP/HOPG electrodes, Us = Uy = 490 mV vs. NHE. Figure shows typical surface areas
(A) 150 nm x 150 nm, B) 100 nm x 100 nm) with submonolayer coverage. Imaging smaller
surface areas with higher resolution 20 nm x 20 nm, enzyme molecules with two different image
contrasts, i.e. different apparent heights were observed (Fig. .

A B
1.1

Figure 4.32. EC-STM images of papain electrodes with unlabeled and FcAL@papain molecules with submono-
layer coverages: A) 150 nm X 150 nm, B) 100 nm x 100 nm. Obtained at Us = Uy = 490 mV vs. NHE with
UBias = 100 mV and I = 0.2 nA.

The apparent height of the molecules was investigated performing a line scan analysis. The
papain molecules with the lower image contrast had an apparent height between 2 A and 3 A (see
blue line scan in Fig. , whereas the papain molecules with the high image contrast had an
apparent height of approximately 6 A to 7 A(see green line scan in Fig. [{4.33). Similar values
for single FcAL labeled and unlabeled papain molecules were also found before. Therefore, we
assume that the single molecule with low image contrast is an unlabeled papain molecule, whereas

the two molecules showing high image contrast are FcAL@papain molecules.

4.3.2.3. On-chip Labeling

In Section was already shown that it is possible to detect the labeling process of the
ferrocene affinity label to the activated papain molecule in-situ by cyclic voltammetry. Fur-
thermore, the investigations at the nanoscale using in-situ EC-STM enables one to differentiate
between single ferrocene-labeled and unlabeled papain molecules. In this section it will be dis-
cussed whether EC-STM also provides the detection of the labeling process directly on-chip, i.e.

whether the binding of the electroactive ferrocene species to immobilized papain molecules can
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Figure 4.33. High resolution EC-STM image of papain molecules showing different image contrasts
(20 nm X 20 nm). The apparent height can be evaluated from the corresponding line scan analysis (color
coded).
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be monitored. Unlabeled papain molecules were covalently immobilized on the active NHS-ester
of a 4-CP/HOPG electrode. In order to obtain a high surface coverage, an enzyme solution
containing a papain concentration of 1 mgml~! was pipetted onto the functionalized HOPG
surface and stored over night at 4 °C. The electrode was then thoroughly rinsed with water and
characterized by cyclic voltammetry and in-situ EC-STM. Figure represents the papain/4-
CP/HOPG electrode surface showing that the molecules are arranged in a hexagonal close-packed
lattice over large areas (150 nm x 150 nm). Furthermore, a potential-dependent EC-STM study
was performed, verifying that the apparent height of unlabeled papain molecules is not affected
by the applied substrate potential (comparable to Section .

Figure 4.34. In-situ EC-STM image of papain molecules immobilized on 4-CP/HOPG arranged in a hexagonal
close-packed lattice (150 nm X 150 nm, Ug = 490 mV vs. NHE, I =0.5 nA, Up;qas = 80 mV).

After the electrochemical characterization, the free NHS-ester groups on the surface were
blocked with ethanolamine and the papain molecules were activated with TCEP (detailed de-
scription of the electrode preparation procedure in Section . 70 pl of phosphate buffer
solution (10 mM, pH 8) containing 1 uM FcAL were dropped onto the surface and the electrode
was again stored over night at 4 °C. The electrode was then thoroughly rinsed with Milli-Q wa-
ter, put in the ultrasonic bath for 30 s to remove loosely bound FcAL, rinsed again with Milli-Q
water and finally characterized by cyclic voltammetry and in-situ EC-STM.

Figure [£.35 shows the cyclic voltammograms and an in-situ EC-STM images of the papain
electrode surface before and after the FcAL labeling. As expected, the CV of the papain/4-
CP/HOPG electrode (Fig. [£.35]A1) showed no redox active behavior, however, after incubation

in the FcAL containing solution a distinct redox behavior with a redox potential of 490 mV vs.
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NHE could be observed (Fig. [4.35B1). Therefore, the redox potential was equal to the redox
potential found for FcAL@papain/4-CP/HOPG electrodes in previous studies. Furthermore,
the apparent morphology observed by EC-STM applying a substrate potential of 490 mV vs.
NHE changed significantly. While unlabeled papain molecules exhibit an apparent height of
approximately 2.4 A their apparent height increased by a factor of four, up to 10 A after the
labeling procedure (compare Fig. 2 and B2).
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Figure 4.35. CVs (1) and in-situ EC-STM images (2) of an array of papain molecules A) before FcAL labeling
and B) after FcAL labeling. Both images were obtained at I7 = 0.5 nA and Upg;qs = 80 mV at an applied
substrate potential 490 mV vs. NHE

These results already indicate that the FcAL bound to the immobilized papain molecules on
the HOPG surface. However, after the FcAL labeling the electrode surface was imaged again
at different applied substrate potentials 240 mV < Ug < 890 mV in steps of 50 mV in order to
investigate the potential-dependent apparent height of the molecules (Fig. [4.36]). Figure
shows the cyclic voltammogram of the papain/4-CP/HOPG electrode obtained after the labeling
process, the letters within highlight the applied substrate potential and refer to the corresponding
EC-STM images (36 nm x 33 nm). The CV reveals a redox potential of 490 mV vs. NHE equal
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to the redox potential found for prelabeled FcAL@papain immobilized on 4-CP/HOPG. Figure
[£336B shows the EC-STM image obtained at Uy = 490 mV vs. NHE. Figure [£.36[C, D and E
correspond to positive overpotentials of 100 mV, 200 mV and 350 mV, whereas Figure [£36F
and G correspond to negative overpotentials of -100 mV and -200 mV, respectively. Again,
with increasing overpotential, positive or negative, the image contrast of the papain molecules
decreased.

01 02 03 04 05 06 07 08 09
U /V vs. NHE

Figure 4.36. Series of in-situ EC-STM images of the labeled papain array obtained at different applied electrode
potentials indicated in the corresponding CV (A). The letters B) - G) highlight the applied substrate potential
and refer to the corresponding EC-STM image. Parameters for all images: I = 0.5 nA and Up;qs = 80 mV,
36 nm X 33 nm

The analysis of the apparent height depending on the applied overpotential is shown in Figure
The dashed line represents the apparent height found for the papain molecules before the
labeling procedure being approximately 2.4 A. After the FcAL incubation the apparent height
exhibits a maximum of 10 A when the redox potential Uy = 490 mV vs. NHE was applied, i.e.
the overpotential was zero, and decreased to 2.4 A for an overpotential of -250 mV and to 5 A
for an overpotential of 350 mV. In order to check the reversibility of the effect, the substrate

potential was switched several times to the redox potential, Uy = 490 mV vs. NHE, where the
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molecules reappeared with the same height of 10 A as before.
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Figure 4.37. Apparent height of the papain molecules before (dashed line) and after the incubation in FcAL

solution (squares) in dependence on the applied substrate potential given as overpotential with respect to
Up = 490 mV vs. NHE.

Comparing the potential dependence of the apparent height observed in Figure with the
apparent height of the prelabeled FcAL@papain molecules presented in Figure [4.24] a similar
behavior can be observed. Although the maximum apparent height of the immobilized papain
molecules after the labeling procedure is slightly higher than for the FcAL@papain complex, it is
assumed that the on-chip labeling of the papain molecules was successful. Possible explanations
for the differences in the apparent height will be discussed in the following.

Single Molecule vs. Molecule Array

As already mentioned, it was observed that the maximum apparent height of the immobilized,
on-chip labeled papain molecules is higher than for the prelabeled FcAL@papain complex immo-
bilized on 4-CP/HOPG. Assuming a successful ferrocene labeling, the only differences between
these two cases are the amount and the arrangement of the enzymes on the surface, thus, the
enzymes will be distinguished between arrayed and single FcAL@papain molecules.

In Figure the potential dependence of the apparent height of single (circles) and ar-
rayed (squares) FcAL@papain molecules is presented in one graph for direct comparison. Both
data sets show a similar, almost parallel behavior with an apparent height of 2.4 A at negative
overpotentials, which is equal to the height of unlabeled single and arrayed papain molecules.
Furthermore, a maximum height is observed when the redox potential Uy = 490 mV vs. NHE
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of FcAL@papain/4-CP/HOPG is applied. However, the averaged maximum height of 10 A for
an enzyme located in the array is about 40% higher than for a single enzyme with an apparent
height of 7 A. Since EC-STM images represent a convolution of morphology and the electronic
properties of the molecules, where brighter contrasts represent regions of high-tunneling proba-
bility, an enhanced electron tranfer in the enzyme array is proposed. Beside the apparent height
also the apparent width of the molecules will be compared.
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Figure 4.38. Apparent height of the papain molecules arranged in hexagonel close-packed layer after the in-
cubation in FcAL solution (squares) in comparison with the apparent height of single FcAL@papain (circles)
molecules, plotted as a function of the applied overpotential vs. Uy = 490 mV vs. NHE.

The apparent width of the FcAL@papain molecules in dependence on the applied substrate
potential was evaluated and is shown in Figure The dashed and dotted line represent the
average molecule width found for unlabeled arrayed (5.4 nm) and single (2.5 nm) papain, re-
spectively. Both conformations, arrayed and single FcAL@papain molecules showed an increased
apparent width when the redox potential Uy = 490 mV vs. NHE of FcAL@papain/4-CP/HOPG
is applied. While the width of a single FcAL@papain molecule increased from 2.5 nm to 3 nm
(15%), the width of the arrayed enzyme was already about 5.4 nm initially, i.e. much larger than
the width of a single molecule and increased up to 6.5 nm (20%).

Again it is noteworthy to mention that EC-STM visualizes the tunneling probability of elec-
trons through the nanogap between tip and electrode. The more electrons flow, the higher is
the image contrast and the apparent height of the feature under study. We assume that beside
the one-dimensional electron transfer pathway from the tip through the FcAL@papain molecule
directly to the elctrode surface, another two-dimensional pathway from the tip and across the

enzyme array might exist, i.e. the electrons might propagate also in x-y direction. Thereby, the
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Figure 4.39. Apparent width of the papain molecules arranged in an hexagonel close-packed layer before
(dashed line) and after the incubation in FcAL solution (squares) in comparison to the apparent width of sin-
gle unlabeled papain (dotted line) and FcAL@papain molecules (dots), plotted in dependence on the applied
overpotential vs. Up = 490 mV vs. NHE.

2D electron transfer migth be provided and enhanced either by the underlying 4-carboxyphenyl
layer or by the N-terminated residue amino acid chain of the FcAL that is flexibly located outside
the papain protein shell or even both. Especially, features observed at the edge of an hexagonal
close-packed enzyme array support this assumption. Figure shows an 55 nm X 55 nm
EC-STM image obtained at the redox potential of the FcAL@papain/4-CP/HOPG electrode of
edge and centered FcAL@papain molecules.

Within the array all molecules appear rather homogenously and with a spherical shape, whereas
the molecules located at the edge (bottom row) are asymmetric and show an enhanced image
contrast at the rim of the array. The line scan analysis in Figure shows the profile of a
centered and an edge molecule (indicated by the black line in Fig. . It is obvious that the
FcAL@papain molecule located in the center of the array possesses a homogenous profile with an
average apparent width of 6.3 nm, while the FcAL@papain molecule at the edge has a decreased
apparent width of only 4.5 nm. Furthermore, the cross section of the edge molecule is asymmetric,
showing an increased apparent height with a steep trailing edge towards the rim of the array. The
shape of the molecule might indicate that the electron transfer in the direction of the enzyme
array is present, but inhibited towards the edge, probably due to the fact that there are no
neighbours. Therefore, the electron transfer is limited in this direction, the electrons have to
follow the pathway in z-direction directly to the surface leading to an slightly increased apparent
height. Performing EC-STM images of azurin on Au(111), Friis et al. [I09] observed a higher
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B
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Figure 4.40. A) EC-STM image of the edge of an enzyme array (Up = 490 mV vs. NHE, 55 nm X 55 nm) and
B) corresponging line scan across two enzymes, one sitting in the center and the other sitting at the edge of the

hexagonal close-packed array.

apparent height within the azurin molecule at the position of the copper atom visualizing ideal
electron tunneling routes through the metalloprotein. Since single FcAL@papain molecules have
no neighboring molecules, the electron transfer is limited to the z-direction. The probability
for electrons to propagate in x-y direction is not existing. Therefore, the apparent width of
single FcAL@papain molecules is much smaller than that of arrayed molecules. Furthermore,
the absolute value of electrons tunneling from the tip through the enzyme to the electrode is
confined by the electron transfer rate which might be even higher for the hexagonal close-packed

enzyme array.

4.3.2.4. Summary

Electrochemical scanning tunneling microscopy (EC-STM) and spectroscopy (STS) was used to
elucidate the mechanism of the electron transport through ferrocene-modified papain molecules
down to a single enzyme level. The enhancement of the electron transfer around the redox
potential of the FcAL@papain complex is reflected both in the EC-STM imaging contrast and
directly in the tunneling current observed in constant height and STS mode. Since EC-STM
shows a convolution of the topography of the papain molecules and their electronic properties,
single labeled and unlabeled papain molecules could be distinguished. Furthermore, EC-STM
imaging enabled one to monitor the labeling process directly on the surface by detecting the
changes in the nanoscopic electrochemical properties of the immobilized papain molecules due

to the incorporation of a ferrocene moiety.
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4.3.3. Investigation of the Enzymatic Activity of Papain using
Fe(Cp)(n-C5H,-CHy-NH-CO-Epx-Leu-Tyr-Ahx-Lys)

In the previous section it was shown that the labeling process of the FcAL Fe(Cp)(n-CsHy-CHa-
NH-CO-Epx-Leu-Tyr-Ahx-Lys) to the active site of the papain molecule can be electrochemically
detected "on-chip" by cyclic voltammetry and in-situ EC-STM. In this section, we report about
the kinetic approach to also electrochemically determine the enzymatic activity of papain "on-
chip" via cyclic voltammetry. The approach uses the intrinsic property of the FcAL to efficiently
and specifically react with the enzyme in an activity-dependent manner, forming the irreversible
FcAL@papain complex. The successful realization of such a system requires, as a key component,
a surface-immobilization chemistry that besides facilitating the electron transfer to the electrode
also maintains the activity of the papain. The results obtained in Section [£.3.2.3| provide evidence
that the covalent immobilization of papain onto a 4-carboxyphenyl modified HOPG surface by
EDC/NHS coupling fulfills these requirements.

4.3.3.1. Papain Activity

Commercial, i.e. inactive papain was covalently immobilized onto the 4-CP/HOPG electrode
surface. In order to yield a complete monolayer of papain molecules on the surface, a high
concentrated enzyme solution 1 mgml~! was used. The remaining, unconverted functionalities
on the electrode surface were blocked with ethanolamine to avoid FcAL binding. Then, the active
site of the papain molecules was activated with TCEP. Prior to the activity measurements, the
papain/4-CP/HOPG electrode was checked in 10 mM PBS (pH 7) using cyclic voltammetry
(100 mVs™!). The CV is shown in Figure indicated by tg, showing no redox behavior.
Finally FcAL was added to the electrolyte and cyclic voltammograms (100 mVs~!) were recorded
continuously. Figure[4.41]shows a significant increase in the oxidation and reduction peak current
densities with time due to the binding of FcAL to the papain/4-CP/HOPG electrode.

Assuming that only FcAL bound to the enzyme contributes to the redox signal, the amount of
the reaction product, i.e. of the irreversible enzyme-AL-complex FcAL@papain, can be calculated
from the Faradaic charge of the redox peaks. The experiment was performed for different con-
centrations of FcAL in solution. Figure [£:42] shows the amount of produced FcAL@papain with
time for FcAL concentrations of 100 nM, 250 nM, 500 nM and 1 uM following typical Michaelis-
Menten kinetics, where the product formation, i.e. the amount of produced FcAL@papain, is
dependent on the concentration of the substrate, in this case, the FcAL.

After the injection of the FcAL the amount of produced FcAL@papain increases with in-
creasing FcAL concentration. Since the amount of active papain on the surface is limited and
both, papain and FcAL are consumed within the reaction, the amount of FcAL@papain ap-
proaches a saturation level with time. Thereby, ideally the saturation level is equal to a com-
plete FcAL@papain monolayer of 17.32 pMcm 2. After 60 minutes the injection of 100 nM only
reached 6.98 pMcm ™2, probably indicating that there are still free active papain molecules on
the surface and that the fast binding processes are limited by diffusion of the FcAL to the active
site of the papain molecules [29]. The addition of 250 nM and 500 nM FcAL already yielded
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Figure 4.41. Cyclic voltammograms of the papain/4-CP/HOPG electrode detected before (t9) and continously
after the FcAL (500 nM) was added to the electrolyte (10 mM PBS, pH 7)
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Figure 4.42. Amount of irreversibly formed FcAL@papain complex plotted versus time for different FcAL
concentrations in the electrolyte: 100 nM (squares), 250 nM (circles), 500 nM (triangles) and 1 uM (stars).
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concentrations of 14.64 pMcm ™2 and 18.45 pMcm ™2, which are both close to the full monolayer.
However, the amount of FcAL@papain produced after 60 minutes when 1 uM FcAL was added
is 46.76 pMcm ™2, which corresponds to 2.7 monolayers. This observation could be explained by
agglomeration effects and/or possible diffusion of the FcAL through the carboxyphenyl groups
to the electrode, providing direct electron transfer between the ferrocene moiety and the HOPG
surface.

Since the FcAL irreversibly binds to the active site of papain, [ES] is equal to [P] and Equation
[2.37] can be simplified

E+8"s p (4.2)

Being at least three orders of magnitude higher than the enzyme concentration on the sur-
face (~pMcm™2) the substrate concentration c[FcAL| (~nMcm~?2) can be considered constant
throughout the reaction. Therefore, the initial reaction rate vy can be determined from the slope
of the initial rise in FcAL@papain concentration according to equation (Fig. .
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Figure 4.43. Initial reaction rate vg plotted versus the concentration of injected FcAL.

However, for further quantitative conclusions an adequate kinetic model is required considering

also possible diffusion-controlled reversible side reactions between the FcAL and the electrode.

4.3.3.2. Influence of Inhibitors

In order to demonstrate that this method can also be used for the development and characteri-
zation of inhibitors, activity measurements were performed in the presence of papain inhibitors.

Leupeptin, a well-known competitive cysteine protease inhibitor and the synthesized affinity label

132



4.3. Electrochemical Detection of Papain Using Fe(Cp)(n-CsHs-CH2-NH-CO-Epx-Leu-Tyr-Ahx-Lys)

(AL) (without the ferrocene moiety) were used as reversible and irreversible inhibitors, respec-
tively. While leupeptin can be replaced by the FcAL with time, the affinitiy label completly
inhibits the reaction between papain and the FcAL. The inhibitors were preinjected, i.e. before
500 nM FcAL was added, and incubated for various times. The reversible inhibitor leupeptin
was added two hours before FcAL injection, whereas the affinity label was incubated over night.
The transients for FcAL@papain formation in the presence and absence of inhibitors are shown
in Figure The addition of leupeptin slows down the reaction between the FcAL and the
active enzyme in a concentration-dependent manner, i.e. the higher the leupeptin concentra-
tion in the solution the slower the reaction of FcAL and papain. When 500 nM leupeptin were
preinjected the addition of 500 nM FcAL resulted in 16.06 pMcm~2 FcAL@papain after 60 min-
utes. This value is already close to the saturation level of the reaction, indicating that reversibly
bound leupeptin is replaced by the FcAL which binds irreversibly. For 5 yM and 10 M leu-
peptin preinjection concentrations of only 11.66 pMcm ™2 and 9.29 pMcm ™2 were determined
after 60 minutes. Furthermore, the incubation of the irreversible inhibitor, the affinity label

(AL), resulted in a FcAL@papain concentration below 2.5 pMcm™2.

This fact clearly shows
that, by irreversibly binding to the papain, the AL really blocks the active enzyme and suc-
cessfully inhibits the reaction with the FcAL. Therefore, the charge measured via CV, can also
be attributed to side reactions such as direct interaction beteween the FcAL and the electrode

surface, already mentioned above.
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Figure 4.44. Amount of irreversibly formed FcAL@papain complex plotted versus time for 500 nM FcAL in
the absence and presence of reversible and irreversible inhibitors. Squares: without inhibitor, circles: 500 nM
leupeptin, 5 pM leupeptin, triangles: 10 uM leupeptin, stars: 500 nM affinity label.

Estimated reaction velocities vg for 500 nM FcAL in the presence and absence of reversible

and irreversible inhibitors are shown in Table providing evidence that the catalytic activity
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of papain is decreased in the presence of inhibitors.

500 nM FcAL c[FcAL@papain]|(60 min)/pMcm~2 | vo/pM min~!
without inhibitors 18.45 1.49
500 nM leupeptin 16.06 0.66
5 uM leupeptin 11.66 0.38
10 M leupeptin 9.29 0.32
500 nM AL 2.48 0.004

Table 4.3. Parameters of the catalytic reaction between the FcAL and the active papain immbolized on
HOPG, obtained in 10 mM PBS (pH 7) in the presence and absence of inhibitors. The concentration of formed
FcAL@papain is measured after 60 minutes. The reaction velocity vg is estimated from the slope of the initial

rise in FcAL@papain concentration observed in the transients in Figure [1171}

4.3.4. Summary

It was shown that the synthesized FcAL can in principle be used in order to electrochemically
detect the enzymatic activity of immobilized papain. The method is also suitable for qualitative
investigations of enzyme inhibitors. The results show that one can distinguish between reversible
and irreversible inhibition. However, in order to develop an appropriate quantitative model for
the evaluation of, both, kinetic and inhibition constants, detailed studies of possible side reactions

are required.
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4.4. Scanning Electrochemcial Potential Microscopy

The scanning electrochemical potential microscopy (SECPM) is a modification of the electro-
chemical SPM techniques. Its experimental setup is based on the EC-STM. However, instead of
a current preamplifier that enables measuring nA tunneling currents a high impedance voltage
amplifier allows to detect the potential difference between the electrode surface and the SECPM
tip. Therefore, the SECPM tip can be used as local potential probe. The long-term aim of the
scanning electrochemical potential microscopy (SECPM) is to monitor surface potentials at the
solid-liquid interface due to ion distribution in the electrochemical double layer or adsorbates at
the electrode surface. If this could be achieved any type of charged surface could be studied and
the limitations of EC-STM to conductors or semi-conductors would disappear. Since in SECPM
no current flows between the tip and the sample surface SECPM seems to be a suitable tool for
the investigation of biomolecules under electrochemical conditions. In this chapter first results of
the constant potential mode SECPM applied to typical electrochemical support materials such
as Au(111) and HOPG are presented and the approach to map single enzyme molecules under
in-situ conditions is discussed. For direct comparison and in order to get a better understanding
of the SECPM imaging technique combined EC-STM/SECPM studies of the same surface area
were performed. Furthermore, potential profiles were measured on Au(111) and preliminary re-
sults are shown. Finally, a possbile application using the potentiometric tip of the SECPM as

local pH sensor is introduced.

4.4.1. Mapping Electrode Surfaces

4.4.1.1. Au(111)

A comparison of both techniques, EC-STM and SECPM, operating in constant current mode
and constant potential mode, respectively, is shown in order to evaluate the possibilities of the
SECPM method. The Au(111) surface was first imaged in constant current mode EC-STM in
0.1 M HCl1Oy, then the system was switched to SECPM and the same surface area was scanned
in constant potential mode. Obtained data can be compared to existing EC-STM literature
reports where the structure of the Au(111) surface could be resolved with atomic resolution
using EC-STM [237].

Figure A1 shows a typical in-situ EC-STM image of an Au(111) single crystal in 0.1 M
HCIlO,4 taken at a substrate potential Ug of 500 mV vs. NHE. The image was obtained in constant
current mode applying a bias voltage between the tip and the substrate Upgias = Uz, — Ug = 100 mV
and a tunneling current I = 1 nA . The scanned area of the gold surface shows atomically flat
(111) terraces separated by well-defined steps. A line scan analysis of the EC-STM image
A2) reveals that the gold steps are of monoatomic height. The step height h is approximately
2.5 A which is in good agreement with the theoretical value of 2.35 A which is calculated from
the lattice constant a = 4.0786 A and h = 371/2a. Furthermore, the angle of the Au(111) terrace
edge in the middle of the picture is 59°; 120/60° step edges are characteristic of the Au(111)

orientation. These results were compared with scanning electrochemical potential microscopy
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Figure 4.45. EC-STM and SECPM of Au(111) single crystal electrode: A, In situ EC-STM image (1) and
corresponding line scan (2) of Au(111) single crystal electrode in 0.1 M HClOy4, It = 1 nA, Upg;es = 100 mV,
Ug = 500 mV vs. NHE; B, In situ SECPM image (1) and corresponding line scan (2) of Au(111) single-crystal
electrode in 0.1 M HCIO4, Ug = 500 mV vs. NHE, AU = 5 mV.
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(SECPM). The same area was scanned in constant potential mode applying a potential differ-
ence of 5 mV between the tip and the Au(111) single crystal electrode. The potential applied
to the single crystal was 500 mV vs. NHE. As can be seen in Figure [I.45 B1, no significant
differences between the STM and the SECPM image are observed. The angle of the gold terrace
is 61.2° and the line scan in Figure B2 reveals a step height between 2.3 and 2.4 A. These
results show that the lateral resolution of SECPM in these dimensions is comparable to STM.

4.4.1.2. Highly Oriented Pyrolytic Graphite

Highly oriented pyrolytic graphite (0001) (HOPG) has been the support of choice for many
STM experiments, as it provides atomically flat areas, good mechanical stability and electronic
conductivity. Its atomic topography usually shows a hexagonal lattice with a lattice constant of
0.246 nm [238]. Due to the fact that the atomic resolution can easily be obtained HOPG is often
used as a calibration grid for the piezos in xy-direction in SPM . Figure shows a combined
EC-STM and SECPM study of a freshly cleaved HOPG surface obtained in 0.1 M HCIO4 at a
substrate potential Ug = 300 mV vs. NHE. The constant current mode EC-STM images (Fig.
1 and Fig. 2) show the characteristic atomically flat HOPG surface and a typical
step edge across the section. The SECPM also maps a smooth surface (Fig. 1 and Fig.
4.46B2) indicating a homogenous potential distribution. However, the step edges show a much
higher image contrast and appear much broader than observed in STM. This result suggests
a significant change in the electrochemical properties, probably in the electrochemical surface

potential at the step edge.

In the past, intensive studies have shown that defect sites on basal plane HOPG play an
important role especially in influencing and controlling the electrochemcial behavior of the basal
plane [197, [198] 200, 201]. The anisotropy of HOPG leads to several problems when examining

parameters such as adsorption, capacitance and electron transfer kinetics which often vary with
the proportions of edge and basal plane on the exposed surface. Based on Fe(CN)g 8/—4 studies,
Rice and McCreery [239] found a 1000 times larger electron transfer rate for the basal plane

when only 0.1 % of edge defects, with a transfer rate of 0.1 cms™*

-1

, are present on the basal
plane, with a transfer rate of 1077 cms™!. Furthermore, defect sites such as steps and edges
have dangling bonds, giving rise to charged functional groups and reactive sites. Such disordered
structures have a locally increased density of states due to the variety of energy levels created
by defects, functional groups and local dipoles [240]. Whereas macroscopic techniques such as
differential capacitance measurements only yield a spatially averaged response over the whole
surface, SECPM is able to map the local potential distribution. Therefore, SECPM enables
one to image structural heterogeneities of the basal plane with high spatial resolution and is
a promising tool for further investigations of the electrochemical properties and the surface
chemistry of HOPG defect sites. However, so far it is not clear why the HOPG step edges appear
with a much higher image contrast than the Au(111) steps.
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Figure 4.46. Combined A) EC-STM (I7 = 1 nA, Up;es = 100 mV) and B) SECPM (AU = 5 mV) study of
the basal plane HOPG surface, obtained in 0.1 M HClOy4, Ug = 300 mV vs. NHE. Al and B1: 220 nm x 220 nm,
A2 and B2: 500 nm x 500 nm.
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4.4.2. Imaging Enzymes adsorbed on HOPG

Nowadays, imaging of enzymes adsorbed on electrode surfaces is usually performed using AFM.
Due to weak interaction forces between the oscillating AFM tip and the soft protein structure
tapping mode AFM (TM AFM) is the method of choice to investigate all kind of soft biomolecules:
DNA, enzymes or even living cells [241], 242]. However, to gain information about the electronic
properties of these biomolecules, STM is indispensable. Especially the electrochemical behavior of
redox enzymes is of great interest in biosensor technology, biofuel cell research and bioelectronics.
However, the interaction of the STM tip and the biological material, as well as a possible harm
caused by the tunneling current are questions of dispute. Combining soft surface imaging and
mapping of electronic properties SECPM would be an excellent alternative for both TM AFM
and EC-STM. Therefore, SECPM has the potential to become a suitable tool for electrochemical
in-situ SPM investigations of biomolecules.

HOPG was chosen as substrate material since performing EC-STM experiments of biologi-
cal samples requires a flat conducting, inert and structureless electrode. These conditions are
satisfied by HOPG which was already used in 1985 by Baro et al. [225] who for the first time
performed a STM study of a biological specimen. In this section constant current mode EC-
STM and constant potential mode SECPM imaging of enzymes adsorbed on oxidized HOPG is
discussed.

4.4.2.1. Ferritin and Apoferritin

Due to its spherical shape the iron storage protein ferritin was chosen as an ideal candidate
to test SECPM imaging of enzyme electrodes. Ferritin and its iron free conformation apofer-
ritin have a symmetrical 3D structure consisting of 24 subunits which form a spherical pro-
tein shell with a diameter of 12 nm. While each ferritin can store about 4500 Fe(III) ions as
8FeO(OH) - FeO(H2POs3) crystallites in a core with a diameter of up to 8 nm [86], apoferritin
only consists of the hollow protein shell [87]. Although they have the same protein structure
ferritin and apoferritin are supposed to have different electronic properties due to the presence
and absence of the metal core.

First, ferritin was adsorbed onto oxidized HOPG (HOPGox) and studied using cyclic voltam-
metry and in-situ EC-STM in 10 mM PBS (pH 7) (Fig. [4.47).

Figure shows the CV of the ferritin/HOPGox electrode recorded with a scan rate of
100 mVs—!. The observable redox behavior indicates a direct electron transfer between the
ferritin molecules and the graphite electrode. The cathodic peak appears at 160 mV vs. NHE
and the anodic peak at 240 mV vs. NHE, giving a mean redox potential of 200 mV vs. NHE
(indicated by the dashed line) which can be attributed to the electroactivity of the iron in the
core of ferritin [89] 243]. EC-STM images were obtained at a substrate potential Ug = 300 mV
vs. NHE, applying a bias voltage of 100 mV and a tunneling current of 0.5 nA. A typical EC-
STM image of the ferritin/HOPGox electrode show ferritin molecules attached to the HOPG
surface (Fig. [4.47B). Single ferritin molecules with a diameter of approximately 8 nm could be
observed (see Fig. [4.47C and corresponding line scan in Fig. )
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Figure 4.47. A) Cyclic voltammogram (100 mVs~!) and B) EC-STM image of the ferritin/HOPGox electrode
in 10 mM PBS (pH 7) (180 nm x 180 nm). C) Single ferritin molecule (19 nm X 19 nm), with D) corresponding

line scan analysis showing a molecule diameter of 8 nm).
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Then a combined EC-STM/SECPM study was performed, i.e. a defined surface area was first
imaged in constant current mode EC-STM and subsequently in constant potential mode SECPM,
in order to study the possibilities of both techniques regarding in-situ imaging of biomolecules.
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Figure 4.48. Al) EC-STM image and B1) SECPM image of ferritin/HOPGox electrode (40 nm x 40 nm) with
corresponding line scans A2) and B2).

Figure [£.48 shows two ferritin molecules adsorbed on line defects of an oxidized HOPG surface
imaged in 10 mM PBS using EC-STM (Up;.s = 0.1 V, I+ = 0.5 nA) (Fig. Al) and SECPM
(AU =5 mV) (Fig. 4.48 B1). Both images show a similar shape of the molecules with a diameter
of 7.5 nm (left enzyme) and 6.9 nm (right enzyme) and a height of 5 A relative to the HOPG
flat surface (line scans in Fig. A2, B2). During STM measurements artifacts may arise from
tip-electrode interactions, especially when enzymes are located at HOPG step edges, as can be
seen in Fig. [4.49A), or when agglomerates of molecules are imaged. The same electrode area
can be imaged in SECPM mode without any disturbance (Fig. [1.49B).

Furthermore, the iron free conformation apoferritin was examined under the same experimental
conditions using SECPM and EC-STM. SECPM images resolve single molecules (Fig. A)
with a diameter of approximately 12 nm extracted from the line scan analysis seen in Fig.
B. The low image contrast might result from the homogeneous potential distribution of the
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Figure 4.49. A) EC-STM and B) SECPM image of two ferritin molecules adsorbed on an HOPG step edge
(Us = 300 mV vs. NHE, 65 nm X 65 nm).

protein structure. It was not possible to image the apoferritin/HOPGox electrode via EC-STM,
probably due to a low conductivity of the protein polypeptide. Therefore, it is assumed that
the conductivity (EC-STM) and the potential distribution (SECPM) of the iron atoms inside
the cavity of the ferritin molecule dominate in the imaging process and thus superimpose upon
the properties of the protein shell and thus only the iron core with a diameter of 8 nm can be
resolved in EC-STM and SECPM.
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X/ nm

Figure 4.50. A) SECPM image of apoferritin/HOPGox electrode (90 nm x 90 nm) and B) corresponding line
scamn.
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4.4.2.2. Horseradish Peroxidase

In contrast to ferritin, the redox enzyme horseradish peroxidase (HRP) contains only one iron
atom located in the active site, the heme group [90]. Single HRP molecules adsorbed on oxidized
HOPG were imaged in 10 mM PBS in EC-STM (Fig. Upias = 0.1 V, Ir = 0.5 nA). The
four homogeneous bright spots represent single molecules with dimensions of 43 x 34 x 2.4 A3,
The same area was also imaged in SECPM mode (AU = 5 mV) (Fig. [£51B). All five visible
molecules exhibit an open-loop-shaped structure with mean dimensions of 54 x 52 x 3.2 A3,
Comparing EC-STM and SECPM, the molecules could be resolved to a much greater extent in
SECPM. Furthermore, in SECPM an additional HRP molecule in the upper part of the image
(Fig. black circle) can be observed which is not visible in STM. A poor electrical contact
between enzyme and electrode may inhibit the electron transfer between tip and electrode and
thus prevent imaging of the molecule. Since SECPM only maps the charge distribution of the
molecule, no electron transfer is required and the molecule is observable.

11.3
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Figure 4.51. A) EC-STM image and B) SECPM image of HRP/HOPGox electrode in 10 mM PBS (pH 7).

In addition, the resolution of the biomolecules in the STM image is relatively low, espe-
cially the size of the molecules is smaller than reported by Zhang et al. [I4] based on ex-situ
(62 x 43 x 12 A®) and in situ (68 x 44 x 40 A%) STM studies performed on HOPG with
Ir = 0.5-1.2 nA. A possible explanation for this observation may be again a poor contact of the
enzymes with the substrate possibly impairing the STM image. Furthermore, contributions due
to tip intrusion of the molecule moiety must be taken into account. One has to consider that
applying a tunneling current of 0.5 nA in STM means that approximately 10° e~ per second flow
through the molecule or, vice versa, one e~ passes every ns. This may have a negative effect not
only on the image quality, but also on the protein structure.

In a 3D representation of the SECPM image (Fig. [4.52]A) of two molecules the open-loop
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Figure 4.52. A) 3D SECPM image of HRP adsorbed on oxidized HOPG (Zoom in of Fig. ) B) Contour
Plot of A, 45 nm X 45 nm, 10 intermediate contours with 0.27 A nm~1!. C) 3D plot of the X-ray crystal structure
of HRP. The heme is colored in turquoise, the calcium atoms are shown in blue, a-helical and 8-sheet regions are
shown in red and yellow (Plotted with PyMOL [82]), accession code 1w4w from PDB [83].). D) Surface potential
of an HRP molecule in 10 mM PBS (pH 7) created by YASARA [244].
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structure is clearly recognizable. Figure B shows the corresponding contour plot of Figure
. The lines represent constant height slices with a constant height difference of 0.27 A.
From X-ray crystallographic data it is concluded that the heme is located in a pocket between
the distal and the proximal domain of the molecule (Fig. ) [90]. Comparing the 3D image
and the X-ray structure one could suggest that the open-loop seen in SECPM corresponds to the
pocket in the protein shell where the active center of the enzyme is located. In order to compare
the SECPM images with the charge distribution, the electrostatic surface potential of an HRP
molecule immersed in 10 mM PBS (pH 7, T = 298 K) was simulated by YASARA (Fig. [£.52D)
[244]. The potential map allows a qualitative comparison with the SECPM data. The position of
the active site in the pocket of the protein shell can also be identified in the potential map (Fig.
black circle) as well as in the SECPM image (Fig. and Fig. [£.52B). Compared to
the ferritin study, the single Fe of the heme group does not superimpose the signal coming from
the protein shell. The position of the metal ion can clearly be located in SECPM due to the
potential distribution of the molecule. In order to confirm these findings one could repeat the

experiment using Fe free HRP.

4.4.2.3. Remarks

The results show that SECPM is able to image biomolecules under in-situ conditions with an
unprecedented resolution. SECPM seems to be a promising electrochemical SPM technique
for mapping the charge distribution of adsorbed molecules. Comparing SECPM images with
EC-STM images indicates that a potentiometric technique such as SECPM may clearly be ad-
vantageous for imaging enzymes at the solid-liquid interface and has the potential to investigate
their dynamic behavior on the surface. Further studies e.g. potential dependent imaging or map-
ping active enzymes should reveal whether SECPM provides new insights into electrochemical

properties of the active site of redox proteins and enzmyes.

4.4.3. Potential Profiling

The SECPM was initially designed to measure potential profiles in the electrochemical double
layer (EDL) without significant perturbation by the probe [245]. The potential profile of the
EDL is theoretically described by the Gouy-Chapman-Stern theory (see Section . Using
the SECPM setup, Hurth et al. (|47, 246]) measured the potential profile on several surfaces
using Ptg glrg.2 tips in a dilute I-I electrolyte (KCI1, 0.01 mM).

In this work the potential profiles of an Au(111) single crystal in NaClO,4 were investigated using
an etched and insulated gold tip. Beside concentration effects, the dependence of the potential
profiles on the applied working electrode potential was studied. Prior the SECPM experiments,
the gold single crystal was prepared as described in Section [3.4] The profiles, the so called
potential-separation plots (P-S plots) were obtained while the tip approached the surface. The
potential of the tip was measured with respect to the working electrode potential. The P-S plots
give the potential difference AU between the substrate potential Ug and the tip potential Ury,
versus the distance between electrode and tip, i.e. AU(z)-curves are obtained. Since the Au tip
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itself is a metallic electrode in contact with the electrolyte, AU(z) contains also contributions
from the tip potential profile which will be discussed later. Although P-S plots can not be di-
rectly compared to theoretical EDL potential profiles of metal electrodes, at least trends of the

potential distribution in the nanogap between tip and electrode are expected.

Effects of the Electrolyte Concentration

Since the potential distribution of the electrochemical double layer strongly depends on the
concentration of the electrolyte, P-S plots were recorded in different concentrations of NaClOy.
The experiment was performed starting with the diluted electrolyte (1 uM) and increasing the
concentration up to 1 M in order to avoid distortion by mixing effects. During the measurements
the Au(111) single crystal was held at a constant potential of 800 mV vs. NHE. The P-S plots were
measured while the tip approached (0.1 Hz for 3 um) the Au(111) electrode starting 3 pm above
the surface, far enough to avoid interactions between the EDLs of tip and substrate. Thereby, a
typical etched and insulated gold tip as used in common EC-STM experiments served as potential
probe. Figure [£.53]shows the potential profiles obtained in NaClO4 with concentrations ranging
between 1 M and 1 M.
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Figure 4.53. Potential-separation plots of an Au(111) surface in NaClO4 (1 pM - 1 M) at an electrode potential
of 800 mV vs. NHE, obtained with an etched and insulated Au tip.

Independent of the concentration of the electrolyte, all P-S plots show the same behavior.
Far away (3 pm) from the Au(111) surface they all possess a constant potential. When the tip
approaches the electrode surface, the potential difference decreases. For higher concentrations
the decay starts earlier than for diluted electrolytes, e.g. the P-S plot for 1 M NaClO, (purple
curve in Fig. shows a decrease in the potential difference already at distances closer than

146



4.4. Scanning Electrochemcial Potential Microscopy

2 pm, whereas for the 1 uM NaClOy (black curve in Fig. [4.53) the decay starts not until 250 nm
in front of the electrode. Actually, according to the Gouy-Chapman-Stern theory the opposite
behavior would be expected as with increasing electrolyte concentration the Debye length de-
creases. Finally, when the tip is in the immediate vicinity of the Au(111) the potential difference
drops to 5 mV, which is the smallest potential difference allowed by the feedback loop in or-
der to avoid crashing the tip into the electrode surface. The potential difference AU between
the Au(111) at 800 mV vs. NHE and the gold tip, positioned 3 pum away from the Au(111)
surface, is significantly different for different electrolyte concentrations. According to the Gouy-
Chapman-Stern theory the potential in the bulk electrolyte, i.e. far away from the electrode
is independent of the electrolyte concentration. Therefore, AU(z = 3 um) is expected to be
constant for all concentrations, only depending on the OCP of the tip. However, Figure
shows: the more diluted the electrolyte, the smaller is AU(z = 3 pm). So far it is not clear how
to explain the observed behavior. Experimental difficulties to obtain the tip at the potential of
zero charge (pzc) can not be excluded. The OCP of the tip could be disturbed due to adsorption
and Faradaic perturbation from, e.g. dissolved oxygen. Further fundamental studies are required.

Dependence on the substrate potential

According to equation the potential distribution of the EDL also depends on the potential
that is applied to the electrode. Therefore, for different Au(111) electrode potentials P-S plots
were recorded. The concentration of the electrolyte was chosen to be 1 mM, where the thickness
of the diffuse double layer is about 10 nm [53]. In Figure the P-S plots for Ug = 800 mV
vs. NHE (black curve), 500 mV vs. NHE (red curve) and 300 mV vs. NHE (green curve) are
shown.

Again the shape of all three P-S plots is similar. They run almost in parallel following the
behavior described before. The potential difference AU between the Au(111) and the gold tip
positioned 3 pum away from the Au(111) surface is significantly different for different electrode
potentials. The absolute value of the measured AU(z=3 pm) is highest for an electrode poten-
tial of 800 mV vs. NHE, shows a minimum at 500 mV vs. NHE and increases again for smaller
potentials such as 300 mV vs. NHE. This behavior might probably be explained by influences
of the OCP of the Au(111) single crystal electrode which was measured to be 550 mV vs. NHE,
i.e. close to the applied substrate potential of 500 mV vs. NHE. Since the tip is also made up
of gold a similar OCP can be assumed. Therefore, the potential difference AU between single
crystal electrode and tip is expected to be smallest when substrate potentials close to the OCP
are applied to the Au(111).

Remarks

The measured potential profiles obtained for an Au(111) in different concentrations of NaClO,4
and for different applied electrode potentials do not follow the potential distribution of an EDL
predicted by the classical Gouy-Chapman-Stern theory, neither quantitatively nor qualitatively.
It is known that the interaction between both EDLs influences the observed P-S plots. Thus,

calculations are possibly required in order to substract the contribution of the tip electrode.
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Figure 4.54. Potential-separation plots of an Au(111) surface in 1 mM NaClOy for different applied electrode
potentials: black curve: 800 mV vs. NHE, red curve: 500 mV vs. NHE, green curve: 300 mV vs. NHE, obtained
with an etched and insulated Au tip.

Furthermore, we assume that the extension and the shape of the metallic apex play an important
role. Potential profiles reported by C. Hurth et al. [47] did also not fit the GCS theory ,
Figure shows the normalized potential profiles as a function of the Pt foil surface potential
in a 10 uM KCI solution (Fig. £.55)A) and for different electrolyte concentrations (Fig. [L.55B).
Since all curves overlap, no dependence on the surface potential could be observed. Changing
the electrolyte concentration resulted in a change of the decay length of the P-S curves, however
for electrolyte concentrations higher than 0.1 mM no significant differences were observed. They
suggested that the tip extension along the z-axis limits the smallest Debye length that can be
resolved.

Therefore, future work has to reveal which kind of tip is perfectly suited for SECPM, not only
regarding tip geometry, but also tip material and insulation, and to develop a procedure in order
to reproducibly produce such tips. Additionally, it must be pointed out that further experimental
challenges occur within the potential profiling experiment. It could be observed that the shape of
the potential profiles significantly changes by applying different approach velocities. Especially at
high frequencies the curves tend to be not reproducible, probably indicating that the potential
detected at the tip is not at equilibrium and possibly affected by the movement of the tip.
Therefore, the fundamental question of the response time of double layers to changes induced
in the environment still remains. Furthermore, a reference electrode with a stable potential
behavior, i.e. a fixed equlibrium potential is required. Assuming a reference electrode with only

a slightly oscillating potential (£ 5 mV) might cause crashing the tip into the electrode surface
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Figure 4.55. A) Potentiometric approach curves on the Pt foil surface held respectively at +400 mV (filled
black circles), +300 mV (filled gray triangles), and 4200 mV vs. a platinum polypyrrole reference electrode
(PtPPy) (empty gray boxes) recorded at 20 nms~!) in 10 uM KCIl. B) Influence of the electrolyte concentration
on the double-layer profile obtained by approaching the Pt foil surface held at +400 mV vs. PtPPy at 20 nms™1)
in 10 pM (filled black circles), 100 uM (filled gray triangles), and 1 mM (empty gray boxes) KCIl. The curve
corresponding to 1 mM KCI should decay faster than all others. However, in this case the typical electrode
size falls within the value of the expected Debye length for a 1-1 electrolyte at 1 mM (9.6 nm). The curves are

inf

normalized to the applied surface potential, E, and the tip potential far away from the Pt foil surface, P”p ~

32 mV vs. PtPPy, adopted from [47].

leading to a deformation of the tip apex. As already mentioned the tip and its free apex seem

to be crucial for potential profiling experiments as will be discussed in the following section.

4.4.4. The SECPM tip

As in all SPM techniques special care has to be taken for the tip preparation which has to be
tailored to the specific needs of the technique, i.e. the shape of the tip, its free surface area,
thus the tip insulation and the tip material have to be adjusted to the experimental conditions.
Especially SPM imaging in x-y-direction yields always a convolution of the geometry of the tip
and the topographical structure of the investigated surface. Furthermore, electronic effects of

the tip such as influences caused by the EDL of the tip have to be taken into account.

4.4.4.1. Geometry of the tip

Since the change in the potential distribution perpendicular and parallel to the electrode surface
is different, the tip geometry should be dependent on the scan mode. For this discussion the
cases x-z profiling and x-y imaging have to be distinguished (Fig. .

For potential profiling in x-z direction (Fig. [4.56lA), the required spatial resolution depends
on the extension of the tip along the z-axis which has to be considerably smaller than the

expected Debye length of the EDL. Due to its extension Az, a thin tip can measure the potential
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Figure 4.56. Scheme of the tip influence depending on SECPM operation mode: A, Potential profiling mode
(x-z direction) and B, Constant potential mode (x-y direction)

distribution perpendicular to the electrode with a resolution given by %.

For scanning in x-y direction in constant potential mode (Fig. [4.56[B) a sharp tip like in EC-
STM is preferred. The free tip surface probes different potentials AU; and AUz (indicated by
the red arrows in Fig. at different positions of the apex. Since the decay of the EDL
follows an exponential behavior, a change in the charge distribution at the surface would lead
to a significant change in AUj, but would probably be negligible for AU, assuming that the
extension along the z-axis is larger than the expected Debye length (Fig. .

4.4.4.2. Overlapping double layers

Furthermore, the tip is a metal electrode with an EDL at the solid-liquid interface. As long as
the tip is sufficiently far away from the electrode surface there is no interaction between the two
EDLs (see Fig. ) However, when the tip approaches the electrode, the EDLs of both will
overlap at close distances (Fig. [4.57B); such effects are already known from EC-STM studies
[35], 247, 248]. Since the STM tip potential influences the local electrode potential underneath
the tip apex, these effects have to be taken into account e.g. in in situ metal deposition and
dissolution [249] 250].

In SECPM the presence of the EDL at the tip has a direct impact on the measuring signal,
since the SECPM signal is a convolution of the EDLs of tip and electrode. However, for a
discussion of the tip influences on SECPM measurements, again the x-z and the x-y mode have
to be distinguished. While scanning in the x-z direction, the probed potential at the tip is a
function of the distance relative to the surface f(z) i.e. the effects of overlapping double layers
increase with decreasing distance. In dilute electrolytes, following the Gouy-Chapman theory the

effect can be calculated. Based on a symmetrical problem, one can deconvolute the potentials
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Figure 4.57. Scheme of the EDLSs present at the tip and the electrode surface, based on [46]: A) When tip and
electrode surface are far apart the two EDLs do not influence each other. B) When the tip approaches the surface
the EDLs start overlapping.

and calculate the EDL of the electrode surface.

Woo et al. [46] suggested a simplified approach where the interfacial potential is represented as a
linear superposition of two independent EDLs, assuming two planar surfaces and no interaction
between the EDLs. However, Hurth et al. [47] claimed that a more complex situation with
interacting double layers and a nanogap between a tip at OCP and a electrode at a fixed potential
has to be considered. In x-y mode with a set AU between the tip and the sample, the height of
the tip will only slightly change in order to keep the potential difference constant. Therefore, the
effects coming from the overlap of the EDLs can be considered being of small variation within
the measurements. When the tip approaches the electrode both EDLs will overlap; again the x-z
and the x-y mode have to be distinguished. For moving in the x-z direction towards the surface
the potential measured at the tip is increasingly influenced by the overlapping EDLs. In the x-y
mode, the influences of two overlapping EDLs can be considered as almost constant throughout
the imaging since changes in height are negligible compared to the extension of the free area of
the tip. With an adequate model of two overlapping EDLs at identical metals, both following the
Gouy-Chapman-Stern theory it might be possible to deconvolute the potentials and to calculate
the EDL at the electrode surface. However, one has to keep in mind that the GCS theory is only
valid for diluted I-I electrolytes and furthermore, has to be adjusted to the nanogap geometry
present in the SECPM setup.
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4. Results
4.4.4.3. Application as local pH sensor

In the past, it has been shown that the EC-STM tip can be used as a local sensor in order to
measure the reactivity of single Pd [159, [I60] or Pt nanoparticles [25I]. Thereby, the tip probes
the reaction products of a catalytic reaction occuring at the nanoparticle in the reverse process,
e.g. hydrogen is evolved at the nanoparticle and will be oxidized at the unisolated STM tip apex
yielding in an oxidation current. A second approach to measure the activity of nanoparticles or
possibly even enzymes is to locally probe the change in proton concentration within the catalytic
reaction using the SECPM tip as a potential sensor. Since a change in proton concentration
changes the local pH causing a potential shift of 59 mV per pH value, hydrogen evolution or
oxidation can be directly detected at the potentiometric SECPM tip by a shift of its OCP, pre-
suming that the tip is pH sensitive. In order to have a pH sensitive Pd SECPM tip, palladium
has to be loaded with hydrogen.

Hydrogen Loading

In order to form palladium hydride electrodes polycrystalline palladium was loaded with hydro-
gen by galvanostatic pulses in an electrochemical glass cell. This technique has already been
introduced earlier [178]. Figure shows typical potential transients obtained for three differ-
ent applied current values (-100 pA, -300 pA, -500 pA) and a pulse length of 500 s. Before and
after the pulse, the OCP was measured for 20 s and 100 s, respectively. The curves are recorded
in 1 M NaClO,4 containing 0.01 M HCIO4 (pH 2.5). The time transients start at a high open
circuit potential around 1 V vs. NHE, indicating the equilibrium potential of palladium oxide.
Applying negative currents to the electrode, which means enforcing the adsorption, absorption
and evolution of hydrogen, the potential subsequently drops below 0 mV vs. NHE. For small
current values (-100 pA, black curve in Fig. the potential stays constant within the pulse
length of 500 s and the OCP detected after the hydrogen loading steadily increases. For higher
currents (-300 pA and -500 pA, red and green curve, respectively) the measured potential further
decays after some time to a second potential plateau with a value between -700 mV and -750 mV
vs. NHE, where it stays constant for the rest of the pulse. After the galvanostatic pulse, the
OCP of the electrodes reaches steady state with a equilibrium potential of -160 mV vs. NHE.

The transients can be explained as follows:

The inital potential drop includes double layer charging, hydrogen adsorption and o Pd hydride
formation, while the first potential plateau is thought to represent the completion of the 5 hydride
phase. The further potential decay and thus the increase in overpotential could be attributed to
the hydrogen gas evolution. Similar results were found earlier for potentiometric measurements
where Pd/H was formed by applying negative potentials and detecting the current transients
[173].

However, measuring the OCP of these Pd/H electrodes for further 600 s revealed that the
potential was not constant with time, independent of the current applied within the galvanostatic
pulse (Fig. 4.59). The increase in potential indicates the diffusion of hydrogen into the electroyte,
i.e. that the stable (o + ) phase of the palladium hydride has not been formed.
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Figure 4.58.
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4.4. Scanning Electrochemcial Potential Microscopy
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Figure 4.59. OCP measurements of the Pd/H electrodes formed by galvanostatic pulses shown in Fig.
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Flanagan and Lewis [252] found that the electrochemical loading of palladium electrodes can
lead to a higher concentration of hydrogen at the surface than in the bulk, especially beyond the
ratio H/Pd = 0.4. Therefore, an anodization procedure right after the electrolysis was applied
to the Pd/H electrode in order to remove excess surface hydrogen and relieve concentration gra-
dients [I80]. Figure shows the galvanostatic procedure for the stable Pd/H formation in the
(o + () phase (red curve, right axis) and the corresponding potential transient (black curve, left
axis) obtained in 1 M HClO4. The galvanostatic process consists of 1. an OCP measurement
for 10 s, 2. the H loading pulse with an applied current of -300 pA for 500 s, 3. an anodization
pulse with an applied current of 200 pA for 20 s and 4. the final OCP measurement for 600 s.
Again, with the beginning of the charging current, the potential response decays immediately
from 780 mV vs. NHE down to -25 mV vs. NHE and stays constant according to the formation
of the 8 hydride phase. Then the anodization pulse causes a potential increase up to 15 mV vs.
NHE indicating the release of hydrogen from the Pd/H electrode by a hydrogen oxidation pro-
cess. The following OCP measurement results in a stable potential of 0 mV vs. NHE indicating
that the stable (« + /) phase is obtained.
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Figure 4.60. Formation of Pd/H electrodes by applying a galvanostatic pulse in 1 M HClO4 (pH 0.8) and
subsequent anodization procedure followed by OCP measurement. The potential transient is shown in black
according to the left axis and the applied current of the galvanostatic pulse is shown in red according to the right

axis.

pH Sensitivity

In order to investigate the pH sensitivity of the Pd/H electrodes, titration experiments were
performed. A Pd/H electrode was prepared as described above in 1 M HCIO4 and transferred to
1 M NaClOy. If necessary the preparation procedure was repeated in 1 M NaClO,4 until a stable
OCP was achieved. Starting at a pH value of approximately 5 in 1 M NaClOy4 (80 ml) electrolyte
the HT concentration was increased by adding stepwise HC1Oy in different concentrations. During
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4.4. Scanning Electrochemcial Potential Microscopy

the whole experiment the OCP of the Pd/H electrode was recorded. Figure shows the
potential transient of the Pd/H electrode versus time. In the beginning, i.e. at higher pH values,
only low amounts of diluted HCIO4 were added to the electrolyte since the pH is proportional
to the logarithm of the H" concentration and thus, only small changes in the H' concentration
strongly affect the pH. With decreasing pH the amount and the concentration of HCIO4 were
increased (exact values see Fig. . At the end of the experiment the pH of the electrolyte
was measured with a pH meter to be 0.79.
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Figure 4.61. Titration curve: Potential response of a Pd/H electrode immersed in 1 M NaClO4 when stepwise
decreasing the pH value by adding different amounts and concentrations of HClO4. The arrows indicate the

injection of HC1O4. The amount and concentration of the injection is stated at the arrow.

From the amount and concentration of added HC1O4 the pH value of the electrolyte can be
calculated after each step. The relation between the OCP of the Pd/H electrode and the pH
value is presented in Figure The black curve is the linear fit to the measured data points
yielding a slope of -56 mV per pH value and an intersection point with the ordinate of 58 mV
vs. NHE for pH 0. Within accuracy, these data are in good agreement with theoretical and
literature data stating a slope of -59 mV per pH [53] [I73] and an equilibrium potential of the («
+ ) phase of 50 mV vs. NHE [I80, [I81]. These results show that the Pd/H electrode can be

used as pH sensor.
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4.5. Oxygen-Terminated Diamond for Biomolecule Immobilization

4.5. Oxygen-Terminated Diamond for Biomolecule

Immobilization

So far, HOPG was used as electrode material for the immobilization and electrochemical inves-
tigation of biomolecules. Due to its smooth surface the basal plane of HOPG is a suitable model
electrode which provides single molecule studies using SPM techniques. However, for technical
applications e.g. in electrochemical biosensors or bioelectrochemical fuel cells, the use of HOPG
is disadvantageous since HOPG is susceptible for corrosion. Therefore, biocompatible electrode
materials with a higher electrochemical and mechanical stability are of great importance. Due to
its unique properties regarding electrochemical inertness, stability and biocompatibility boron-
doped diamond is a promising alternative carbon material for biomolecule immobilization and
electrochemical characterization.

In this section oxygen-terminated synthetic boron-doped diamond electrodes are investigated
concerning their suitability for electrochemical biosensing electrodes. Different oxidation proce-
dures were applied to the diamond electrodes in order to form oxygen containing groups on the
surface and improve immobilization of redox active biomolecules. Furthermore, electrodes with
different morphology, i.e. nanocrystalline diamond films (NCD) and single crystal diamond (001)
electrodes were used. The surface coverage and the direct electron transfer are studied by cyclic

voltammetry.

4.5.1. Characterization in Phosphate Buffer Solution

Prior to enzyme adsorption the diamond electrodes were studied by cyclic voltammetry in the
potential range between -0.15 V and 1 V vs. NHE in 10 mM PBS (pH 7). Figure m shows
the CVs obtained at a scan rate of 100 mVs~—!. The red curve corresponds to the diamond
terminated by oxygen plasma, also called p-etch, the green curve to the wet chemical oxidation
(WC), the blue curve to the reactive ion etching (RIE) and the black curve is an untreated,
i.e. "as grown" and therefore hydrogen-terminated surface. Except for the electrode terminated
by RIE all electrodes show a similar capacitive behavior in the phosphate buffer according to a

double layer capacitance of approximately 4.5 uFem™2.

This value is in good agreement with
literature data obtained from electrochemical impedance spectroscopy [I3]. The CV of the RIE
treated diamond shows a positive current density starting at 0.3 V vs. NHE, steadily increasing
up to 1 V vs. NHE when sweeping from negative to positive electrode potentials, and an increased
negative current density between 1 V and 0.7 V vs. NHE when sweeping backwards from positive
to negative potentials, respectively. This might indicate that an electrochemical process takes
place at the electrode surface, which is only partially reversible. All other CVs show currents
only determined by the double layer charging of the electrode due to the fact that the oxidized

surfaces are electrochemically inert.
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Figure 4.63. Cyclic voltammograms of diamond electrodes oxygen-terminated by different oxidation proce-
dures, obtained in 10 mM PBS (pH 7) at a scan rate of 100 mVs—!.

4.5.2. Ferrocene labeled Papain on Diamond

The nanocrystalline diamond (NCD) films were oxygen-terminated by the three different oxida-
tion procedures described in Section 3.4.4]in order to immobilize and investigate the electroactive
FcAL@papain molecules (studied in detail in Section . A NCD film without surface mod-
ification, i.e. "as grown", served as a reference electrode. For comparison FcAL@papain was
also adsorbed on an oxidized HOPG electrode surface. All electrodes were freshly prepared,
being exposed to one adsorption procedure (2 h incubation at room temperature) using the same
enzyme solution (0.1 mgml~! in 10 mM PBS, pH 7).

Figure shows the CVs (100 mVs~!) obtained after the adsorption procedure. The color
coding is given in the figure caption and is the same as the one for Figure [£.63] Additionally, the
CV of the FcAL@papain/HOPGox electrode is shown in turquoise. The capacative background
current of the oxidized HOPG electrode is by a factor of 2 larger than the background current of
the NCD electrodes. The FcAL@papain/HOPGox electrode shows a significant redox behavior
with a redox potential at 555 mV vs. NHE, as already known from chapter [£:3] In contrast,
only for the NCDs which were oxygen terminated by wet chemical oxidation (green curve in Fig.
and by p-etch (red curve in Fig. redox peaks can be observed. From the CV of the
NCD modified by the reactive ion etching (RIE) (blue curve in Fig. a redox behavior can
also be assumed in the range of 0.7 V vs. NHE. However, the oxidation and reduction peaks are
superimposed by the background current which was already observed for the pure NCD RIE. The
untreated NCD "as grown" shows no redox behavior (see black curve in Fig. [4.64). Untreated
NCDs are usually hydrogen-terminated and thus, hydrophobic. The lack of chemically reactive
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4.5. Oxygen-Terminated Diamond for Biomolecule Immobilization

groups usually precludes the attachment of biomolecules to the surface [220], i.e. FcAL@papain
molecules can not stably bind to the "as grown" NCD electrode and thus no direct electron

transfer is visible in the cyclic voltammogram.
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Figure 4.64. Cyclic voltammograms of FcAL@papain adsorbed on oxidized HOPG and differently treated
diamond surfaces, obtained in 10 mM PBS (pH 7) at a scan rate of 100 mVs~!.

Furthermore, the surface coverage and the redox potential of the FcAL@papain adsorbed on
different electrodes is significantly different. For all electrodes, the redox potential, the charge
densities evaluated from the oxidation peak (gqp) and the reduction peak (g.p), as well as their
ratio gap:qcp are given in Table[d.4] The lowest redox potential of 495 mV Vs. NHE was found for
the NCD treated by wet chemical oxidation. The redox potential for p-etched NCD is 160 mV
more positive at 655 mV vs. NHE and the redox potential for the RIE NCD, although only
assumed, is even higher at 720 mV vs. NHE. Due to the high background current the reactive
ion etching procedure seems to be not suitable for biomolecule immobilization. XPS studies
performed by Dr. Andrej Denisenko at the University in Ulm have shown that this oxidation
technique roughens the surface and leads to C-O-C and C=O groups at the diamond surface
with an underlying 3 nm to 6 nm thick insulating layer made up of amorphous diamond (a-sp?).
Therefore, further experiments and evaluation were focused on the WC and p-etch diamond.
According to the detected charge, nearly the same amount of FcAL@papain molecules were
adsorbed onto the oxidized HOPG surface and the p-etch diamond, while the NCD modified
by the wet chemical oxidation shows a 50% higher surface coverage. However, since the charge
densities are based on the geometric surface area of the electrodes it is hard to compare these
absolute values without knowing the roughness factor of the different surfaces. The ratio of
the charge densities gap:gcp is for all electrodes close to unity, indicating a completly reversible
electron transfer process independent of the surface modification.
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4. Results

FcAL@papain Uy Qap ep Qap Qep r
adsorbed on mV vs. NHE | yCcm~? | Ccm™2 pMcm 2
HOPGox 555 0.806 0.798 1.01 8.29
diamond WC 495 1.196 1.225 0.98 12.5
diamond p-etch 655 0.890 0.882 1.01 9.18
diamond RIE 720 - - - -
diamond "as grown" - - - - -

Table 4.4. Redox potential Uy, charge density of the oxidation (gap) and the reduction peak (gcp) evaluated

from the CVs shown in Figure the ratio of qap:gcp and the surface coverage I'.

Cyclic voltammetry at different scan rates between 0.1 Vs~! and 1 Vs~! was performed for
the electrodes FcAL@papain/diamond WC (triangles, Fig. 4.65A) and FcAL@papain/diamond
p-etch (squares, Fig. ) The redox peaks show a linear variation in the peak current den-
sity with increasing scan rate, indicating that the FcAL@papain molecules are surface bound

and undergo direct electron transfer with the oxygen-terminated diamond electrode surfaces
(Fig. [4.65]A). For comparison, Figure [4.65B shows the linear increase in peak current density
with increasing scan rate for the FcAL@papain/HOPGox electrode, showing also a direct elec-

tron transfer between the electrode and the redox-active ferrocene group of the FcAL@papain

molecules.
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Figure 4.65. Peak current density j plotted versus the scan rate v obtained from CVs of
A) FcAL@papain/diamond p-etch (squares) and FcAL@papain/diamond WOC (triangles) and B)

FcAL@papain/HOPGox electrodes.
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4.5.3. Azurin on Diamond

Electron transfer studies of the metalloprotein azurin covalently immobilized on carboxyphenyl
modified HOPG and adsorbed onto oxidized HOPG surfaces have already been shown in Section
in order to compare and evaluate both immobilization techniques. Therefore, azurin will
also be used here to investigate the interfacial electron transfer between a redox active biomolecule
and oxygen-terminated diamond electrodes. Single crystal boron-doped CVD diamond (001) was
used in order to have smooth surfaces with sub-nanometer roughness, i.e. the geometric area is
almost equal to the active surface area, comparable to the HOPG. In the previous section it was
shown that wet chemical oxidation and p-etching provides the immobilization of biomolecules
onto the diamond surface and enables a direct electron transfer. Therefore, the electrode surfaces
were oxygen-terminated only by the wet chemical (WC) oxidation and the u-etch procedure. For
comparison azurin was also adsorbed on an oxidized HOPG electrode surface. All electrodes
were freshly prepared, being exposed to one adsorption procedure (2 h incubation at room
temperature) using the same enzyme solution (0.1 mgml~—! in 10 mM PBS, pH 7). In Figure m
the cyclic voltammograms obtained for the azurin/diamondWC (black curve), azurin/diamond

p (red curve) and azurin/HOPGox (green curve) electrodes are shown.
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Figure 4.66. Cyclic voltammograms of azurin adsorbed on oxidized HOPG and single crystal diamond oxygen-
terminated by two different approaches, obtained in 10 mM PBS (pH 7) at a scan rate of 100 mVs—!.

All three electrodes show observable redox peaks, which can be attributed to the oxidation
and the reduction of the adsorbed azurin on the surfaces. However, the redox behavior shows
significant differences. Especially in the case of the azurin/diamond pu electrode, the redox peaks
almost disappear in the background current. Therefore, the redox potential can only be roughly
estimated. Furthermore, the redox potential, i.e. the midpoint potential differs between -150 mV

vs. NHE for the azurin/diamondWC, approximately -60 mV vs. NHE for the azurin/diamond g
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and 215 mV vs. NHE for the azurin/HOPGox. These potential differences might be explained
by the azurin molecules being located in different chemical compositions depending on the kind
of the oxide overlayer. Due to the ligand effect, the redox potential of a molecule can vary [253].
Especially the protonation of the molecule plays an important role [229]. Table shows that
the redox potential of azurin significantly differs depending on the electrode material and the
electrode pretreatment. Literature data [3| 230] obtained for azurin in NH4Ac at a pH 4.6 lies
around 300 mV vs. NHE, while the redox potential found for azurin adsorbed on oxidized HOPG
is around 80 mV lower due to deprotonation effects of histidines within the molecule (see Section
the redox potential on the diamond electrodes can not be explained so far.

The surface coverage I', i.e. the number of redox-active azurin molecules attached to the elec-
trode surface is determined from the charge passed under the Faradaic peaks assuming a one
electron transfer process. Although the surface coverage obtained for the azurin/diamond g is
by a factor of 5 higher than for the azurin/diamond WC (Table the redox peaks are broad
and almost superimposed by the capacitive current originating from double layer charging of the
electrode. The surface coverage on the p-etch diamond is comparable to the coverage obtained
for oxidized HOPG. For the diamond surface terminated by wet chemical oxidation, the surface
coverage achieved only 25% of the coverage obtained for oxidized HOPG or u-etch diamond. For
both electrodes azurin/diamond p and azurin/diamond WC, cyclic voltammetry at different scan
rates was performed. However, due to the broad redox peaks the electron transfer rate could not
be evaluated for the p-etch diamond. The peak separation of approximately 400 mV indicates
a sluggish electron transfer. The CVs obtained for the azurin/diamond WC showed a linear in-
crease in peak current density with increasing scan rate, indicating that the azurin molecules are
really surface bound. The rate constant for electron transfer was determined from the variation
in peak position between the oxidation and the reduction peak as a function of the scan rate.
The separation of the peak potentials was fitted according to the Laviron theory [73] yielding an
electron transfer rate ko, = 1.5 s71. The rate constant for the azurin/diamond WC electrode is
also given in Table together with the rate constant for the azurin/HOPGox electrode already
evaluated in Section The apparent electron transfer rate of azurin/diamond WC is by a
factor of three higher than for the oxidized HOPG.

azurin on Uy Qap dep Jap : dep r Kapp
mV vs. NHE | yCecm~2 | uCcm™2 pMcm~2 | s7!
diamond WC -150 0.115 0.124 0.93 1.24 1.50
diamond p -60 0.659 0.590 1.11 6.47 -
HOPGox 215 0.492 0.497 0.99 5.13 0.43

Table 4.5. Parameters of azurin adsorbed on diamond WC, diamond p and HOPGox. Redox potential Up,
charge density of the oxidation gqp and the reduction peak gcp peak evaluated from the CVs shown in Figure

@ the ratio of gap:gcp, surface coverage I' and the apparent electron transfer rate constant kqpyp.
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4.5.4. Summary and Remarks

Preliminary results of enzyme electrodes using oxygen-terminated diamond as support material
were shown. While the NCD electrode surface is characterized by grain boundaries and powder
like orientation without preferential direction, single crystal diamond electrodes have atomically
flat surfaces and might also be used for EC SPM experiments. The results indicate that it
is possible to directly adsorb metalloproteins and enzymes onto oxygen-terminated diamond
surfaces similar to the immobilization of biomolecules onto oxidized HOPG. Thereby, the wet
chemical oxidation procedure shows promising results providing a faster electron transfer than
on oxidized HOPG. First XPS experiments revealed that the WC oxidation forms, besides C=0
and C-O-C groups, also C-OH groups on the diamond surface which were also found on oxidized
HOPG. However, so far it is not clear in which manner biomolecules adsorb or bind to the
oxidized carbon surfaces. A detailed XPS study of oxygen-terminated diamond and oxidized
HOPG is planned in order to reveal which oxygen groups on the carbon surface are responsible
for the biomolecule binding and which oxidation treatment is best suited to realize these groups

on the diamond surface.
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5. Discussion

The scientific focus of this work was the electrochemical investigation of biomolecules at the
solid-liquid interface in order to study their functional properties such as activity, stability
and structure-function relation down to a single molecule level. Obtaining new insights into
these properties and being able to systematically tune the biological and electronic function of
such biomolecules, new possibilities in the field of biosensors [6], bioelectrochemical fuel cells
[254], 255] and bioelectronics [I, 256] will open up. In the past a lot of work has been done
to study these questions depending on the biomolecule-electrode interaction and therefore, the
right electrode material, the optimized immobilization mechanism and the suitable investigation
technique. Thereby, electrochemical investigations were mainly limited to naturally redox-active
proteins and enzymes.

Beside electrode preparation and surface characterization, the investigation and improvement
of direct electron transfer between the biomolecules and the electrode was one of the main is-
sues. Thereby, different electrode preparation procedures were applied to achieve an optimized
electrode architecture (surface coverage, stability) and to enhance electron transfer processes
between the biomolecule and the electrode.

Moreover, it was shown that by transfering the affinity label concept to electrochemical detection
methods, i.e. tagging the affinity labels with electroactive markers, redox-inactive enzymes could
be studied electrochemically.

Well established electrochemical investigation techniques such as cyclic voltammetry for bulk
measurments and EC-STM for single molecule studies have been mainly applied throughout this
thesis in order to study these issues in detail. Furthermore, it was shown that the scanning
electrochemical potential microscopy, although being still in its infancy, has high potential for

electrochemical investigation of biological samples.

In this chapter the obtained results presented in chapter 4 will be discussed under the fol-
lowing aspects: (i) the improvement of the direct electron transfer between the biomolecules
and the electrode by functionalization of carbon electrode surfaces, (ii) the investigation and
characterization of protein electrodes with EC SPM techniques with special focus on the new
opportunities offered by SECPM and (iii) the valuation of a new concept of electrochemical
biosensing of naturally redox-inactive enzymes for possible medical applications using ferrocene

affinity labels.
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5.1. Interfacial Electron Transfer between Biomolecules and

Electrodes

The study of the electron transfer behavior of molecules and biomolecules immobilized onto elec-
trode surfaces represents an interesting and important task since it is intimately connected to
the possibility of deeply understanding and tuning their functional properties. The electronic
communication and thus the charge transfer across the solid-liquid interface is of great impor-
tance for all kinds of bioelectrochemical devices. However, usually the redox-active site of a
biomolecule is encapsulated deep inside the protein structure, providing an effective barrier for
electron transfer. The electronic communication between the molecule and the electrode is often
achieved by mediators. Typical mediators are small charge carriers, i.e. redox-active molecules
such as ferrocenemonocarboxylic acid (FCMA) acting as electron donor and electron acceptor,
shuttling electrons between the active site of the biomolecule and the electrode surface [257]. Only
under carefully controlled conditions, i.e. by anchoring the biomolecule to the electrode surface,
maintaining their functionality and keeping the electrode-active site distance short enough, also
direct electron transfer can proceed. Therefore, several surface techniques have been employed
to study the molecular organization and the redox properties of metalloproteins immobilized
onto electrode surfaces [258] 259]. It is well known that the electron transfer rate constants in
electrode-contacted enzymes are often lower than those between the enzymes and their natu-
ral electron acceptors, e.g. Os. This decrease can be attributed to an insufficient electronic
contact between the biomolecule and the electrode or to the binding of the enzyme in a nonop-
timal position and, thus, to the lack of alignment of the biomolecule to the electrode surface.
Therefore, surface chemistry, i.e. the modification and functionalization of electrode surfaces in
order to immobilize metalloproteins and -enzymes and to provide fast electron transfer between
biomolecule and electrode, is a key parameter for the investigation of direct electron transfer
phenomena [260] 261]. Thereby the immobilization has to be optimized to the used electrode
material and also has to meet the experimental requirements, for example regarding obtained
surface coverage and binding stability. In order to be able to perform EC SPM experiments on
protein electrodes one has to take into account that the molecules have to be strongly bound to
the electrode surface to resist occurring tip-molecule interactions (see section .

The choice of the electrode is another crucial point for EC SPM, since the surface to which the
proteins are immobilized should be ideally atomically smooth so that also small single proteins or
enzymes with a size of a few nanometers can be resolved with high resolution. Atomically planar
surfaces of single crystal electrodes offer well-defined environments with large terraces and only
few defect sites. Therefore, proteins and enzymes are often immobilized onto the Au(111) single
crystal surface either via thiol groups which are present in the biomolecule itself (e.g. cysteine
amino acids [99] 230]) or by thiolate self-assembled monolayers (SAM) [17, 262].

Within this work a first experimental attempt was also performed on Au(111) single crystals.
However, using phosphate buffer solution as electrolyte, phosphate ion adsorption and desorp-
tion on the gold surface could be observed in cyclic voltammetry and electrochemical impedance

spectroscopy experiments [100, 263, 264]. Phosphate ion adsorption is even stronger than the
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known specific adsorption behavior of sulphate ions. Especially for enzyme electrodes with only
small surface coverages the electroactivity of the enzymes was superimposed on the background
current coming from electrochemical interaction between the phosphate ions and the gold surface
occurring in a potential range between 0.4 V and 0.8 V vs. NHE. Therefore, carbon electrodes
such as highly oriented pyrolytic graphite (HOPG) and diamond were preferred as electrode
material. Especially using HOPG as model electrode has several advantages: (i) its smooth
surface that makes it perfectly suitable for EC SPM investigations, (ii) being a biocompatible
carbon material, not a metal, since proteins often denaturate when coming into contact with
metal surfaces [8, [9], and (iii) due to its electrochemical inertness (HOPG has a larger poten-
tial window). However, binding of proteins and enzymes onto the initially hydrophobic HOPG
electrode is challenging and requires an adequate pretreatment of the surface. Protein adsorp-
tion can be enhanced by the modification of the carbon material, forming active sites on the
surface for example by oxidation techniques resulting in oxygen containing groups. The pe-
ripheral amino groups of the proteins and enzymes can bind to the formed CO groups on the
oxidized carbon surface providing stable binding and a direct electron transfer [I0, II]. The
redox activity of the metalloprotein azurin adsorbed on electrochemically oxidized HOPG and
different oxygen-terminated diamond electrodes was investigated in Section [£.I] and Section .5}
respectively. A reversible interfacial electron transfer between the Cu-ion of the protein and the
electrode surface was confirmed for both modified electrode materials by cyclic voltammetry. The
apparent electron transfer rate constants k,y, were found to be 0.43 s~! for azurin/HOPGox and
1.50 s~! for azurin on single crystal diamond electrodes oxygen-terminated by the wet chemical
procedure (see Table in Section . While literature mainly reports about enzyme immobi-
lization on oxygen-terminated diamond electrodes by an additonal functionalization using silane
groups [52], 265] it was demonstrated here that azurin can also be directly adsorbed onto the
diamond WC electrodes showing an enhanced direct electron transfer compared to azurin on ox-
idized HOPG. Therefore, due to its biocompatibility, its electrochemical inertness and stability,
oxygen-terminated diamond seems to be a promising material for fundamental studies in bioelec-
trochemistry and for technical applications such as biosensor devices. However, the exact nature
and number of oxygen-containing functional groups which are formed on the carbon surfaces
during the oxidation procedures are difficult to ascertain and control. Furthermore, oxidation of
carbon normally leads to a roughening of the surface (also shown in Section , which makes
this functionalization technique disadvantageous for single molecule EC SPM experiments.

In 1992, Delamar et al. [20] introduced a promising alternative proposing the functionalization of
carbon surfaces by electrochemical reduction of aryl diazonium ions consisting of an aromatic ring
and a N;r X~ group, where X can be an inorganic or organic anion. After elimination of dinitrogen
the generated aryl radicals couple to the carbon support forming a robust covalent C-C bond [21].
In contrast to the oxidation procedures this technique does not roughen the carbon surface, but
forms a monolayer of conductive linker molecules on the flat surface. When a biomolecule is cova-
lently bound to the linker, the delocalized electron system of the II electrons within the aromatic
ring enables good conductivity through the chain and across the bioelectrochemical solid-liquid

interface. This electrochemically assisted grafting method has several advantages compared to
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common self-assembled monolayer (SAM) methods as known from thiol-Au surface chemistry.
The formation of SAMs often needs several hours of incubation and usually becomes unstable
at potentials higher than 0.9 V vs. NHE. Furthermore, the possibility to control the potential
and/or the current within the reduction process allows an easy variation of the functionalization
coverage between submonolayers and a full monolayer. Besides a strong binding of the linker
molecule to the electrode surface, electrochemical grafting enables a fast surface modification
which can be easily controlled by the grafting parameters. The formation of a saturated 4-CP
monolayer generally required only a few seconds within the first potential sweep (Section
and offers an increased stability with a wider potential window for subsequent electrochemistry
[50, 226, 266].

In Section this covalent immobilization technique was transferred to the basal plane of
HOPG and tested in 10 mM phosphate buffer solution (pH 7) using again the metalloprotein
azurin. Although this protein immobilization technique was already used before for the modifi-
cation of glassy carbon, a surface characterization via SPM methods and an investigation of the
surface coverage have not been done before probably due to the roughness of the glassy carbon
electrode. EC-STM studies on azurin/4-CP/HOPG electrodes showed surface coverages up to
80% of a monolayer, whereas varying the grafting parameters also coverages of about 10% could
be achieved. By electrochemically grafting of the basal plane with the aryl 4-carboxyphenyl diazo-
nium tetrafluoroborate and the subsequent protein anchoring by EDC/NHS-coupling, submono-
layers and monolayers of azurin were successfully prepared. These electrodes were investigated
by cyclic voltammetry and EC-STM and compared to protein adsorption on electrochemically
oxidized HOPG (Section and Section . Evaluating the apparent electron transfer rate
constant kqpp of azurin covalently immobilized on the 4-CP/HOPG electrode according to Lavi-
ron [73], kapp was found to be 48 s~1. This quantitative analysis showed that k,p, is two orders
of magnitude higher for azurin/4-CP/HOPG compared to azurin/HOPGox (Section [4.1.3.1).
Although it is known that defect sites on oxidized HOPG facilitate the electron transfer [12],
the covalent binding onto the carboxyphenyl-modified HOPG provided a faster direct electron
transfer process.

Furthermore, both immobilization techniques showed significant differences in the electrode sur-
face coverage when characterized by EC-STM. The adsorption of electroactive species onto ox-
idized HOPG only yielded low surface coverages throughout the experiment (normally < 30%),
showing that only a small number of molecules are strongly bound to the surface and/or can
undergo direct electron transfer with the electrode. Even if strongly bound a lack of direct elec-
tron transfer between biomolecules and the electrode surface could occur within the adsorption
of proteins. This finding was also confirmed by EC SPM experiments presented in Section [1.4.2]
where the combined EC-STM/SECPM study performed on HRP/HOPGox revealed that con-
stant potential mode SECPM resolved an HRP molecule that was not visible in the EC-STM
due to inhibited electron transfer.

Furthermore, all attempts to visualize the interfacial electron transfer through a single FcAL@papain
molecule adsorbed on oxidized HOPG performing potential dependent EC-STM studies failed,

probably also due to an insufficient electron transfer. However, performing the same experiments
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on FcAL@papain/4-CP/HOPG electrodes, the enhanced interfacial electron transfer provided by
the covalent binding to the carboxyphenyl monolayer enabled the visualization of the electron
transfer process in constant height mode EC-STM, constant current mode EC-STM and STS
(Section [1.3.2.1)).

These results clearly show that the covalent anchoring of redox-active proteins onto 4-CP/HOPG
enabled not only the preparation of electrodes with a high surface coverage, but also fast electron
transfer between the biomolecule and the electrode was successfully achieved. A fast interfacial
electron transfer is the prerequisite for fundamental studies on biomolecules and for bioelectro-

chemical devices ranging from biosensors to bioelectrochemical fuel cells.

5.2. EC SPM of Protein Electrodes

The interfacial electron transfer of redox enzymes and metalloproteins have long been addressed
by voltammetric methods achieving patterns for protein-electrode interactions and molecular
mechanisms [I54] 267]. However, the so far obtained data such as redox potential and rate con-
stants, are of average character since the whole electrode is investigated using integral measure-
ment techniques like cyclic voltammetry or electrochemical impedance spectroscopy. Scanning
probe microscopy techniques operating in aqueous solution allow to perform the investigation of
proteins and enzymes on a single molecule level in their natural environment. Measuring different
properties simultaneously can allow the structure—function relationship of biological samples to
be investigated. Due to its soft imaging technique which provides to maintain the biomolecules
in their native conformation and preserve its functionality atomic force microscopy (AFM) [39]
is probably the most used SPM technique for biological samples. Extensive reviews can be found
in literature [268-271]. Making the AFM tip and cantilever conductive, it is even possible to
measure the current between a conductive sample and the tip along with its topography in the so
called conductive atomic force microscopy (C-AFM) configuration [272]. Positioning a biological
molecule between the tip and a conductive substrate allows the measurement of the modulation
of the current due to the molecule [273], [274]. However, up to now it is not possible to extend such
C-AFM experiments to a physiological environment due to the lack of suitable tips. Like in EC-
STM the conductive AFM tips have to be insulated except for the very apex of the tip in order
to avoid large Faradaic leakage currents. If such tips are available a great breakthrough would be
reached because, with respect to other current sensitive techniques such as EC-STM, soft surface
imaging without a current flowing and subsequent electrochemical characterization of biomolec-
ular samples could be achieved independently. Moreover, such a set-up will allow to study the
effect of mechanical forces on the molecular transport properties under full potentiostatic control.
As long as such AFM tips are commercially not available the electrochemical scanning tunnel-
ing microscopy will be the method of choice to study the electrochemical behavior of individual
biomolecules. In the recent past different STM works on redox molecules, metalloproteins and
redox enzymes adsorbed onto atomically flat electrode surfaces have been carried out aiming at
the investigation of the interfacial electron transfer through a single immobilized biomolecule.
Thereby, it could be shown experimentally |3l 15 [16], [36, 40l (411, 43|, [44, 235] and theoretically
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[40, [44), T53HI55] that the tunneling current which flows through the electrode/biomolecule/EC-
STM tip hybrid junction can be significantly enhanced when the redox level of the biomolecule
located within the nanogap is involved in the tunneling process. Combined with well-defined
functionalized surfaces EC-STM has paved the way for true molecular-scale electrochemical nan-
otechnology e.g. demonstratiing single metalloprotein-based transistors [I10] or operating indi-
vidual nanoparticles as multistate switches [42].

In order to characterize the surface structure and the electronic properties of individual immo-
bilized protein or enzyme molecules, two different electrochemical scanning probe microscopy
techniques were applied here, the EC-STM and the SECPM. Since in-situ EC-STM rests on the
electronic conductivity of the sample and not directly on the morphology of the surface, EC-STM
images of protein electrodes show a convolution of both, the real topography and the density of
electronic states. Taking advantage of this knowledge, the EC-STM was the method of choice to
investigate whether the naturally electroinactive papain molecules can be made electrochemically
detectable by incorporating the redox-active ferrocene affinity label (FcAL) into its active site.
The differences in the electronic properties of unlabeled papain and FcAL@papain, as well as
their potential dependence were shown in Section [£.3.2.1] via constant current mode EC-STM.
The image contrast of the FcAL@papain molecule changed with changing electrode potential,
reaching a maximum in contrast when its redox potential was applied and the tunneling current
was enhanced due to the fact that the electrons could easily tunnel from the tip through the
redox level of the FcAL@papain molecule to the electrode. As expected, the unlabeled redox-
inactive papain molecules showed no change in the image contrast when the applied electrode
potential was varied. These results were in good agreement with the data obtained for prela-
beled bulk FcAL@papain/4-CP/HOPG electrodes by cyclic voltammery in Section and
verified the concept of electrochemical detection using FcAL down to a single molecule level.
Performing similar potential dependent EC-STM studies on protoporphyrin IX with and with-
out a Fe-ion inside the structure, Tao [36] could identify the different molecules by the image
contrast. Alessandrini et al. [I8] were able to distinguish between Cu containing azurin and
Zn containing azurin molecules. Making use of this technique, we were able, for the first time,
to show under in-situ conditions that it is possible to make a naturally redox-inactive enzyme
electroactive. Showing that the EC-STM is also able to detect "on-chip" (see Section [4.3.2.3) the
changes in the nanoscopic electrochemical properties of immobilized papain molecules due to the
in-situ binding of the FcAL and the coherent change in the interfacial electron transfer proper-
ties, confirmed the quality and the opportunities of this new kind of electrochemical biosensing.
At the same time it could be shown with this results that the structure and function of papain
molecules will be maintained when the molecules are covalently immobilized on 4-CP/HOPG.
Applying current-voltage spectroscopy on single FcAL labeled and unlabeled papain molecules
(see Section showed that in-situ EC-STM offers the possibility for bioelectronic devices
working on the single molecule level, directly in their natural aqueous reaction media. In 2005
Alessandrini et al. [T10] performed similar experiments; positioning an azurin molecule between
two biased gold electrodes they demonstrated that a single redox protein wet biotransistor can

be a promising step forward towards future biomolecular electronics.
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Beside EC-STM the scanning electrochemical potential microscope (SECPM) was used for the
first time to investigate and characterize enzymes adsorbed on electrode surfaces. Due to the fact
that the SECPM works by scanning in the region of the EDL mapping the potential distribution
of the surface without any current flowing, it is a suitable tool for non-invasive imaging of soft
biomolecules. Section [£4.2] showed that the SECPM enables one to visualize the differences in
the electronic properties of the iron-containing ferritin and its iron-free conformation apoferritin.
Although both molecules have the same spherical protein structure with a diameter of 12 nm,
the obtained SECPM images showed different molecule sizes due to their different chemical com-
position and surface potential. Having a homogenous potential distribution on the surface the
protein structure of the apoferritin could be resolved with a molecular diameter of 12 nm. The
surface potential of the ferritin molecule mapped by constant potential mode SECPM could not
resolve the protein structure since the potential distribution was dominated by the signal coming
from the iron core inside the protein shell, which has a diameter of up to 8 nm. Therefore, the
ferritin molecules appeared with diameters between 6 nm and 8 nm in the SECPM images.
The scanning probe microscope used here could easily be switched between EC-STM and SECPM
mode by software control, i.e it was possible to successively image the same surface area with
both techniques for direct comparison. Since SECPM maps the surface potential of proteins,
a direct electron transfer between the protein and the electrode is not required, what allows
SECPM to resolve protein molecules that are "invisible" for STM imaging as was shown in Fig-
ure in Section [£.4:2] where SECPM resolved an additional HRP molecule. Comparing high
resolution SECPM with the crystallographic data of HRP showed that the position of the heme
group inside the protein pocket could be identified in the SECPM image, whereas in EC-STM
the HRP molecules only appeared as tiny dots probably due to an insufficient electronic contact
to the electrode.

Since it is able to map the electrode surfaces without significant perturbation by the probe
electrode and no current flows between tip and substrate, SECPM is especially suited for the
investigation of sensitive organic and biological molecules. New insights into structure-function
relation of the active sites of enzymes and their interaction with the electrode surface could
be obtained by performing potential-dependent imaging on a single molecule level. Further ex-
periments have to show whether SECPM is comparably good also in other systems and if it is
possible to achieve atomic resolution. Although providing great potential especially for biomolec-
ular investigations, the principle of SECPM is still not completely understood. Especially the
potential profiling experiments in Section showed that mapping the electrochemical double
layer of the working electrode in xz-direction does not yield potential profiles like they would be
expected by the GCS theory. Influences coming from the electrochemical double layer of the tip
have to be considered and the overlap of both EDLs has to be understood in more detail in order
to evaluate measured AU(z) data. Therefore, fundamental experimental and theoretical work
regarding the investigation of the SECPM tip with respect to tip geometry, the tip material and
the role of the free surface area of the tip apex is required.

Once a better understanding of the SECPM is achieved, the instrumental conditions providing

the combination of EC-STM and SECPM will permit new possibilities to investigate biomolecules
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making use of the advantages of both techniques. The enzyme electrode surface can first be im-
aged under soft SECPM mapping conditions, i.e. nearly without any tip-enzyme interactions,
for characterizing the surface coverage and distribution of the molecules on the surface, then the
electron transfer can be investigated on selected single molecules performing scanning tunneling
spectroscopy. Potential-dependent EC-STM and SECPM studies on single redox enzymes would
probably yield new insights into the electrochemical properties of the active site, comparing
changes in the tunneling current and the potential map for different applied electrode potentials.
Furthermore, it was shown that in-situ EC-STM can be successfully used to perform nanografting
on protein electrodes made of proteins covalently coupled onto carboxyphenyl-modified HOPG
by increasing the tunneling current (Sectio. This technique opens an innovative route to
locally produce enzyme arrays with a well defined number of molecules, subsequently image and
investigate their electrochemical behavior by EC-STM and SECPM. Using then the EC-STM
tip as local current sensor [I59, [I60] would possibly allow to study the electrocatalytic activity
of enzyme arrays (assuming that the catalytic turnover rate is high enough). Succeeding in the
preparation of pH sensitive Pd/H electrodes (Section for application as SECPM tips
one might also think about using the SECPM tip as local potential probe in order to detect pH

changes above enzymes and enzyme arrays due to their catalytic activity.

5.3. Electrochemical Biosensing using Ferrocene Affinity
Label

Electrochemical biosensors with biomolecule-electrode signal transduction based on interfacial
electron transfer are often limited to the sensing of redox-active proteins or enzymes. Therefore,
most of the current methods for the detection of enzymes and the investigation of the enyzmatic
activity are based on optical detection using fluorescent probes and fluorogenic peptides or on
radiolabeling although the electrochemical detection, for example via cyclic voltammetry, pos-
sesses considerable advantages such as low costs, simple application and high sensitivity. The
combination of high-resolution bioelectrochemistry using nanotechnology (EC-STM) (shown in
Section with electrochemical surface functionalization by carboxyphenyl groups (intro-
duced in Section enabling bioelectronics, i.e. fast electron transfer between molecule and
electrode, has revealed the possibility to develop and approve a new approach for the electrochem-
ical biosensing of electroinactive enzymes using redox-active markers. Over the last years, the
research field of ferrocene modified receptors in order to develop protein-sensitive electrochemical
probes has been mainly promoted by the group of Kraatz [IT5], [275H278|. Inspired by his work
two tailormade watersoluble ferrocene affinity labels, FcAL(in) and FcAL(out), for the electro-
chemical detection of the cysteine protease papain were synthesized which are able to bind in an
activity-dependent manner to the active site of the papain molecule (Sectio [29]). Although
the proof-of-principle could be adduced for both FcALs for extended papain electrodes using
cyclic voltammetry (Section [£.3.1)), the redox behavior of FcAL(out) was irreversible. A detailed
investigation by EC-STM experiments down to a single molecule level (Section was only
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performed with the more promising affinity label FcAL(in). In Section it was shown that
the labeling process of the FcAL to active papain molecules can be observed directly in solution
by a potential shift detected in the cyclic voltammogram. The two facts that cyclic voltammetry
is a sensitive measurement technique and that no complex electrode preparation is required since
both compounds are dissolved in solution, make the application of this electrochemical sensing
technique for redox-inactive enzymes in commercial biosensors possible. However, biosensors are
not only used for the detection of enzymes, but also for the investigation of the enzymatic activity
and the invention of new enzyme inhibitors for drug development in pharmaceutical research.
Therefore, the FcAL has also to fullfil the requirement to bind in an activity-dependent man-
ner to the papain molecules. In order to investigate this issue, FcAL-concentration-dependent
experiments were performed in the presence and absence of possible papain inhibitors (Section
4.3.3)). Thereby the activated papain molecules were covalently immobilized on a 4-CP/HOPG
electrode to control the amount of enzymes on the surface. The detected charge in dependence
on time was referred to the amount of formed FcAL@papain and thus to the reaction velocity.
Side reactions were neglected since in Section it was shown that the carboxyphenyl layer
on the HOPG surface provides not only fast electron transfer between the redox-active site of
immobilized biomolecules, but also passivates the HOPG electrode, inhibiting possible side re-
actions. Potential-dependent EC-STM studies before and after the Fc labeling process (Section
4.3.2.3) showed that all molecules within an enzyme array are active and can bind the FcAL,
i.e. despite the strong covalent immobilization the biological activity of the papain molecules
was maintained. The fact that after the labeling process all FcAL@papain molecules within the
hexagonal close-packed monolayer showed nearly the same changes in the image contrast when
the applied electrode potential was varied, might lead to the assumption that the molecules were
bound with the same orientation to the 4-CP/HOPG electrode surface. Since the EC-STM image
contrast represents the electron tunneling propability between tip, redox level of the molecule and
the electrode surface which is, according to the Marcus theory, related to the distance between
them, all papain molecules must bind via the same lysine group to the surface. Although the
covalent immobilization technique using EDC/NHS coupling is unspecific, i.e. the amino group
of the protein structure can not be specifically defined, it is possible that the papain molecules
bind via a preferential lysine group to the active NHS-ester. Therefore, the possible orientation
of the papain molecules is discussed here. In case that the FcAL is able to reach and bind to
the active site of the immobilized papain the molecule must be orientated on the surface in such
a way, that the protein pocket provides free access. As already mentioned, the anchoring of
the protein to the NHS-ester on the 4-CP/HOPG surface happens at the lysine amino acids of
the protein structure. Figure [5.1] shows the lysine groups at the papain surface that might be
considered as possible binding sites and their distance to the ferrocene moiety of the FcAL in the
active site. Assuming a sufficiently fast intramolecular electron transfer, Lys-10 located opposite
to the active site would be an ideal immobilization position for activity measurements providing
undisturbed diffudion of the FcAL into the protein pocket.

The results obtained by the EC-STM experiments to investigate the "on-chip" labeling pro-
cess enabled the approach to qualitatively measure the enzymatic activity of immobilized papain

173



5. Discussion

Lys-10 —Fc: 33.2 A
Lys-100 - Fc: 26.8 A
Lys-106 — Fc: 359 A
Lys-139 - Fc: 145 A
Lys-156 — Fc: 12.1 A
Lys-190 — Fc: 24.6 A

Figure 5.1. Scheme of the lysine amino acids within the papain protein structure and their distance to the
ferrocene moiety (Fc) of the incorporated FcAL.

by detecting the binding process of the FcAL to the active site (Section . We have al-
ready performed first experiments with a synthesized ferrocene-tagged affinity label optimized
for serine proteases such as trypsin. They have shown promising indication that it is possible
to enlarge this concept of electrochemical detection also to other enzymes of the protease family
([33]). Therefore, ferrocene affinity labels combined with electrochemical detection techniques
are promising systems for analytical devices in medical applications for diagnostics and health
care.

Future appoaches to minituarize the electrodes forming microarrays in a chip format may enable
fast and sensitive recording of the enzymatic activity, enabling high throughput screening (HTS).
HTS allows rapid identification of enzyme inhibitors and antibodies, thus providing deeper un-

derstanding of biochemical processes and interactions and showing new ways of drug discovery.
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The focus of this work was the electrochemical investigation of biomolecules. Thereby, one of the
main issues was the investigation of the interfacial electron transfer between redox-active proteins
and the chosen carbon electrode HOPG. Beside well established immobilization mechanisms such
as anodic oxidation an adequate surface chemistry was found in order to enable a strong binding
of the biomolecules to the electrode surface and to provide fast direct electron transfer between
the protein and the electrode. It was shown that a covalent anchoring of the metalloprotein azurin
to a carboxyphenyl-modified HOPG surface yielded an apparent electron transfer rate kqp, that
was two orders of magnitude higher compared to azurin only adsorbed onto electrochemically oxi-
dized HOPG. EC SPM investigations also revealed protein electrodes with high surface coverages
that could be varied up to a complete monolayer using this covalent immobilization technique.
Thus, having found a suitable way to immobilize biomolecules onto the HOPG electrode surface
allowing good electron transfer kinetics, a procedure was developed which enabled the electro-
chemical investigation of naturally redox-inactive enzmyes such as papain. Papain belongs to the
family of proteases which play important roles in living organsims. This innovative biosensing
approach was successfully achieved by incorporating ferrocene-containing affinity labels (FcAL)
into the active site of the molecules which made the redox-inactive papain electroactive and
therefore electrochemically addressable. Tracking the binding of the FcAL to the papain in-situ,
it was also possible to study the kinetics of the enzymatic activity in the absence and presence
of enzyme inhibitors.

Throughout the work electrochemical measurement techniques such as cyclic voltammetry and
in-situ EC STM were used to characterize and investigate the electrochemical behavior of the
biomolecules. Cyclic voltammetry was a useful method to study new electrochemical bulk sys-
tems such as the ferrocene labeled papain electrodes. The in-situ investigation of electron transfer
processes through single biomolecules was enabled by high resolution EC-STM. In addition to the
EC-STM the scanning electrochemical potential microscope (SECPM) was utilized the first time
for the charcterization of electrode surfaces, revealing unexpected opportunities for the investi-
gation of protein electrodes. The chosen HOPG substrate served as model carbon electrode and
enabled single-molecule studies due to its unique surface properties. However, for commercial
applications, e.g. as electrode material in electrochemical biosensors HOPG is not suited since it
is sensitive to corrosion. First experiments showed promising results for using oxygen-terminated

boron-doped diamond as substrate material for enzyme electrodes and biosensor technology.

In the first Section 4.1 two different techniques to functionalize the hydrophobic HOPG surface
for successful protein and enzyme immobilization were introduced. HOPG was electrochemically
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oxidized using cyclic voltammetry in order to form oxygen containing groups on the surface and
thus, change the surface properties form hydrophobic to hydrophilic. The new approach was to
covalently immobilize proteins by EDC/NHS coupling onto 4-carboxyphenyl-modified HOPG.
For this purpose, diazonium tetrafluoroborate was electrochemically reduced. Both techniques
were studied by EC-STM and cyclic voltammetry using the metalloprotein azurin as a redox-
active species. These studies showed that the covalent immobilization results in an increased
surface coverage and a higher electron transfer rate compared to the often used electrochemi-
cal oxidation treatment. Varying the concentration of the enzyme solution within the electrode
preparation electrode surfaces with different coverages could be produced. Furthermore, ap-
plying high tunneling currents (3 nA) the EC-STM was successfully used to nanostructure the
azurin/4-CP /HOPG surface. This technique opens up a new route to locally produce enzyme
arrays with a well defined number of molecules, and to subsequently image and investigate their
electrochemical behavior. Using then the EC-STM tip as local sensor would allow one to study

the electrocatalytic activity of enzyme arrays.

Section 4.2 reported about the synthesis and the characterization of two ferrocene affinity labels
for the electrochemical detection of redox-inactive enzymes such as the cysteine protease papain.
Both FcALs are based on the structure of the E-64 motive, an irreversible inhibitor of papain
that binds in an activity-dependent manner to the active site. The difference of the FcALs was
the position of the ferrocene moiety which was either located directly in the active site of papain
(FcAL(in)) or attached to a linker outside the protein shell (FcAL(out)). The successful binding
of both FcALs to the papain molecule was verified by mass spectrometry and cyclic voltammetry.
However, a detailed investigation of the electrochemical behavior of the FcALs and labeled pa-

pain molecules showed that FcAL(in) was more suitable for the electrochemical sensing of papain.

In Section 4.3 FcAL(in) was used for electrochemical biosensing of the naturally electroinac-
tive papain. The FcAL, unlabeled papain and prelabeled FcAL@papain molecules adsorbed
on oxidized HOPG and immobilized on 4-CP/HOPG were investigated in detail using cyclic
voltammetry and in-situ EC-STM. Thereby, significant differences in the redox potential of the
ferrocene moiety were found depending on the chemical surrounding of the FcAL, i.e. whether
it was dissolved in solution, bound to oxidized HOPG or immobilized on 4-CP/HOPG. Different
redox potentials were also found when FcAL was incorporated in the electroinactive protein shell
of the enzyme forming FcAL@papain, which was then either adsorbed or covalently immobilized
on HOPG. These potential differences enabled us to observe the labeling process, i.e. the bind-
ing of the FcAL to the active site of papain in solution via cyclic voltammetry. Furthermore,
in situ EC-STM imaging enabled us to distinguish between FcAL-labeled and unlabeled papain
molecules due to different image contrasts of the molecules caused by their different electronic
properties. Thereby, the interfacial electron transfer between the ferrocene moiety incorpo-
rated in the electroinactive protein shell and the electrode surface could be resolved on a single
molecule level by constant current and constant height EC-STM, as well as by scanning tunneling

spectroscopy (STS). The tunneling current through the nanogap between the STM tip and the
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electrode surface could be gated by the redox level of the FcAL in the active site of the papain
molecule by applying different electrode potentials and different bias voltages. The observed
behavior can be explained by a two-step electron transfer process. Furthermore, a potential
dependent EC-STM study before and after the labeling demonstrated successful binding of the
FcAL to immobilized papain molecules directly "on-chip". This evidence served as a prerequisite
to investigate also the enzymatic activity of papain on the 4-CP/HOPG electrode surface in
the presence and absence of inhibitors. While the reversible inhibitor slows down the binding
kinetics of the FcAL to the papain, the irreversible inhibitor blocks the active site and avoids
the binding completely. However, for a quantitative analysis and the determination of kinetics

and inhibition constants further experiments and an appropriate theoretical model are necessary.

Section 4.4 showed experimental results obtained in constant potential and potential profiling
mode of the scanning electrochemical potential microscope (SECPM). It could be shown that
the SECPM is a suitable tool for the in-situ investigation of different electrode surfaces under
full potential control. The potential distribution of typical support materials often used in
electrochemistry such as Au(111) and HOPG have been imaged and compared to EC-STM images
to verify the quality of the SECPM technique. SECPM was able to resolve the monoatomic height
of the step edges and the 120/60° angles of the terrace edges of the Au(111) surface with the
same resolution as EC-STM. However, HOPG step edges appeared with a higher image contrast
probably due to their inhomogeneous potential distribution. SECPM revealed high potential
in the investigation of soft biomolecular samples. It was demonstrated that SECPM is ideally
suited to image the surface potential of enzymes such as apoferritin, ferritin and horseradish

peroxidase adsorbed onto oxidized HOPG electrodes:

e SECPM is able to visualize the protein structure of the hollow apoferritin with a diameter
of 12 nm, while EC-STM is not;

e EC-STM and SECPM can resolve ferritin molecules with comparable resolution. The

measured diameter, however, is much smaller than that of apoferritin;
e SECPM images HRP molecules which are not visible in EC-STM;
e SECPM is able to resolve the protein pocket and the active site of the HRP molecule.

In future studies, one might investigate whether the potential map, obtained by SECPM
imaging, changes by changing the electrode potential or within biological activity of the enzyme.

Potential profiles of the Au(111) surface were measured in different concentrations of NaClOy4
in order to study the dependence of the electrochemical double layer on the electrolyte concen-
tration. Furthermore, the applied electrode potential was changed to investigate potential effects
on the EDL. However, the potential-distance plots were not in agreement with the theoretical
Gouy-Chapman-Stern theory. It is necessary to understand in more detail, experimentally and
theoretically, the role of the SECPM tip to be able to prepare reproducible probe electrodes,
which are tailormade for the requirements of SECPM. Detailed studies in order to clarify fun-

damental questions on the relaxation time of the double layers and the response of the probe
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electrode to changes in its environment are required. It was shown that the potentiometric
SECPM tip can in principle be used to detect local pH changes by a shift of the OCP value of
the tip. A first approach to prepare pH sensitive SECPM tips by loading polycrystalline pal-
ladium electrodes with hydrogen has been performed. The pH response of the Pd/H electrode
showed an OCP shift of 56 mV per pH, which is in good agreement with the theoretical value of
59 mV according to the Nernst equation.

In Section 4.5 oxygen-terminated diamond was used and studied as alternative substrate mate-
rial for biomolecule immobilization. Three different termination procedures to form functional
oxygen-containing groups on the sp® carbon surface were applied: Og plasma (u-etch), wet
chemical oxidation (WC) and reactive ion etching (RIE). First experiments using FcAL@papain
and azurin as redox-active biomolecules showed that the wet chemical oxidation process is most
promising the electrochemical investigation of biomolecules. However, futher studies are required.
To conclude, the results obtained in this work brought a new progress in the investigation of
the electrochemical behavior of biomolecules. We are now able to prepare protein/enzyme elec-
trodes with high surface coverage providing fast electron transfer between the active site of the
protein and the electrode allowing a detailed investigation of the electrochemical behavior of
the biomolecules. Therefore, the presented electrode architecture can be used for future funda-
mental research in bioelectrocatalysis and possibly also technical applications in electrochemcial
biosensors or bioelectrochemical fuel cells. For technical applications oxygen-terminated dia-
mond electrodes seem to be suitable as substrate material due to their unique stability and
biocompatibility. The concept of using electroactive ferrocene affinity labels for the development
of a new electrochemical biosensor introduced here, opens up new ways for pharmaceutical and
medical devices especially in the research field of drug development allowing HTS by microarray
technology. Furthermore, it was found that SECPM has high potential for the investigation of
biomolecular electrodes. In addition to EC-STM it might provide new insights into biomolecule-
electrode-interactions with an unprecedented resolution of the protein structure paving the way

for future enzymatic structure-function studies.
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A.l. Abbreviations and Symbols

QTip
AFM
AL
Au

BOP
BU4NBF4

*

C-AFM

Ca

Cp

Cr

CE

Cv

CVD

4-CP
4-CP/HOPG

do
D
DCC

Lattice Constant [m)]

Ativity of the Ton Species i in the Liquid Phase 1
Electrochemically Active Surface Area [cm?]
Transfer Coefficient

Transfer Coefficient for the anodic Reaction
Transfer Coefficient for the cathodic Reaction
Electron Transfer Coefficient between Tip and Redox Center
Electron Transfer Coefficient Redox Center
Atomic Force Microscope

Affinity Label

Gold

Benzotriazolyloxytris(dimethylamino)phosphonium Hexafluorophosphate

Tetrabutylammoniumtetrafluoroborate

Concentration [MI~1]

Concentration of the Bulk z : z Electrolyte [M171]
Conductive Atomic Force Microscopy
Differential Capacitance [Fem™?]
Capacitance of the diffuse Layer [Fem 2]
Capacitance of the Helmholtz Layer [Fem 2|
Counter Electrode

Cyclic Voltammetry

Chemical Vapor Deposition
4-Carboxyphenyl

4-Carboxyphenyl modified HOPG

Width of the Tunneling Potential Barrier Height [m]

Diffusion Coefficient [cms™!]

Dicyclohexylcarbodiimide
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DCM
DIC
Doy
DMF
DOS

€o
AEeyy
Er
ErTip
Evae

EC

EC SPM
EC-STM
EDC
EDL

EIS

ESI

F

[,

FAL

Fc

FcAL
FcAL(in)

FcAL(out)

FCMA
Fmoc

A GO

A G

r

0

GCS theory
GOx

Dichlormethane
Diisopropylcarbodiimide
Density of Oxidized States
Dimethylformamide
Density of States

Electron Charge = Elementary Charge Value (1.602 - 10~1°C)
Dielectric Constant

Permittivity of Free Space (8.854 - 10712 Fm—!)

Effective Tunneling Barrier Height [eV]

Fermi Level [eV]

Fermi Level of the STM Tip [eV]

Fermi Level of the Sample [eV]

Vacuum Energy Level [eV]

Electrochemical

Electrochemical Scanning Probe Microscope

Electrochemical Scanning Tunneling Microscope
N-Ethyl-(3-Dimethylaminopropyl)-N’-Carbodiimide Hydrochloride
Electrochemical Double Layer

Electrochemical Impedance Spectroscopy

Electronspray Ionization

Overpotential [V]

Faraday Constant (96 485 CM 1)

Fugacity of Hydrogen

Fluorescence Affinity Label

Ferrocene

Ferrocene Affinity Label
Fe(Cp)(n-CsHy-CH2-NH-CO-Epx-Leu-Tyr-Ahx-Lys) with Ferrocene
group inside the active site of the papain molecule
Fe(Cp)(n-CsHy4-CH-CH(NH;)-CO-Lys-Ahx-Tyr-Leu-Epx-COOEt) with
the Ferrocene group outside the papain molecule
Ferrocenemonocarboxylic Acid

9H-Fluoren-9-ylmethoxycarbonyl

Standard Gibbs Free Energy Change in a Chemical Process [kJM™!]
Standard Gibbs Free Energy of Activation [kJM™1]

Surface Coverage [Mcm 2]

Fraction of the Bias Voltage Drop at the Redox Center
Gouy-Chapman-Stern Theory

Glucose Oxidase
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HFCVD
HOMO
HOPG
HOPGox
HPHT
HPLC
HRP
HTS

MALDI-TOF
MS
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Planck Constant (6.626 10734 Js)
Reduced Planck Constant %

Step Height [m]

Hydrogen

Hot-Filament Chemical Vapor Deposition
Highest Occupied Molecular Orbital
Highly Oriented Pyrolytic Graphite
Electrochemically Oxidized HOPG

High Pressure High Temperature
High-Performance Liquid Chromatography
Horseradish Peroxidase

High Throughput Screening

Current [A]

Current of the Anodic Peak of a Redox Reaction [A]
Current of the Cathodic Peak of a Redox Reaction [A]
Tunneling Current [A]
Tip Current [A]

Inner Helmholtz Plane
Current Density [Acm™?]

Rate Constant [s71]

Apparent Electron Transfer Rate [s~!]

Electron Transfer Rate between STM Tip and Redox Center [s™!]
Electron Transfer Rate between Redox Center and Substrate [s7!]
Boltzmann’s constant (1.380 - 10723 JK—1)

Debye-Hiickel Length

Electronic Transmission Coeflicient

Electronic Transmission Coefficient between Redox Center and Substrate

Electronic Transmission Coefficient between Tip and Redox Center

Solvent Reorganization Energy [eV]
Local Density of States

Linear Sweep Voltammetrey

Lowest Unoccupied Molecular Orbital

Mole Number
Matrix Assisted Laser Desorption/Ionization Time of Flight

Mass Spectrometry
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MWCVD Microwave-Assisted Chemical Vapor Deposition
n Number of Electrons transferred in an Electrochemical Reaction
n? Number Concentration of the Ion ¢ in the Bulk Electrolyte [cm ™3]
Nsample Number of States of the Sample

Nip Number of States of the STM Tip

v Reaction Rate [Ms™'m™2]

NHE Normal Hydrogen Electrode

NHS N-Hydroxysuccinimide

NMR Nuclear Magnetic Resonance

O Oxidized Species

ocCp Open Circuit Potential

OHP Outer Helmholtz Plane

PBS Phosphate Buffer Solution

Pd Palladium

10) Electrostatic Potential of the Electrode

Yo Potential of the Electrode

Obulk Potential of the Bulk Electrolyte

Dy Work Function of the Sample [eV]

Drip Work Function of the STM Tip [eV]

Pt Palladium

PZC Point of Zero Charge [V]

q Charge Density [Cem™?|

Qap Charge Density of the Anodic Peak [Ccm™2]
ep Charge Density of the Cathodic Peak [Ccm™2]
Q Charge [C]

R Gas Constant (8.314 JK-1M~1)

R Reduced Species

RE Reference Electrode

RIE Reactive Ion Etching

Ry Effective Tunneling Resistance [(]

ps Electronic Level Density of the Substrate

PTip Electronic Level Density of the Tip

SAM Self-assembled Monolayer

SECPM Scanning Electrochemical Potential Microscope
SEM Scanning Electron Microscope
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oM
SOMO
SPM
SPPS
STM

tr

Th
Ts(E)
Trip(E)
t-Boc
TCEP
TFA
TMB
TOC

Uap
Uy
UBias
AUdiff
Us

Utip

Uy
Uoo
UHV

Vo

Weff
WC

WE
WKB

A.1. Abbreviations and Symbols

Surface Charge Density [Cem 2]
Single Occupied Molecular Orbital
Scanning Probe Microscope
Solid-Phase Peptide Synthesis
Scanning Tunneling Microscope

Time [s]

HPLC Retention Time = time between injection and maximum detected response
Absolute Temperature [K]

Thomson, unit of m/z = 1 ue™! = 1 Dae™!

Electronic Coupling between Redox Center and Substrate

Electronic Coupling between Tip and Redox Center

tert-Butyloxycarbonyl

Tris(2-Carboxyethyl)Phosphine

Trifluoroacetic Acid

Trimethyl Borate

Total Organic Carbon

Represents Double-Layer Effects and Tunneling Barrier-Overpotential Dependencies

Ion Mobility of the Ion Species i in the liquid phase I [m?V~1s71]
Potential [V]

Potential of the Anodic Peak of a Redox Reaction [V]
Potential of the Cathodic Peak of a Redox Reaction [V]

Bias Voltage [V]

Diffusion Potential [V]

Potential of the Working Electrode in the EC SPM setup [V]
Tip Potential of the Tip in the EC SPM setup [V]

Voltage at Piezo [V]

Redox Potential [V]

Formal Potential of a Redox Couple [V]

Ultra High Vacuum

Sweep Rate [Vs™1]
Initial Reaction Velocity

Effective Nuclear Vibrational Frequency [s™!]
Wet Chemical, Treatment for Producing Oxygen-terminated Diamond
Working Electrode

Wentzel-Kramer-Brillouin

Fraction of Substrate-Solution Drop at the Redox Center
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z;(I) Charge of the Ton Species ¢ in the Liquid Phase I
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