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Background and outline

A brief introduction into the history of electrochemistry is given, followed by a
description of the project’s background. The chapter is concluded with an outline of
this thesis.
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1.1 Electrochemistry

The field of electrochemistry was started by the pioneering work of such men as
Luigi Galvani and Allesandro Volta, who were already conducting electrochemical
experiments as far back as the late 18th century [1-3]. Galvani discovered that the
muscles of a dead frog would contract upon contact with an electrical spark, and
he claimed the electrical source for this effect was stored within the frog, which
is why he called it animal electricity. These results had a strong impact on the
scientific community as scientists tried to confirm or disprove this newly discovered
animal electricity. While some scientists choose other animals for their experiments,
Galvani’s nephew Giovanni Aldani performed his experiments on the corpse of an
executed criminal [4]. It has been suggested that this research was the inspiration of
Mary Shalley’s novel Frankenstein [5]. Allesandro Volta did not believe in animal
electricity and instead claimed the source of electricity originated from the metals
used to connect to the frog tissues. His experiment eventually lead to the development
of the Voltaic pile, which became the first battery in history. An example of such a
battery is shown in figure 1.1. Shortly afterwards, William Nicholson and Anthony
Carlisle used the Voltaic pile for the electrolysis of water [6], and in 1834 Michael
Faraday published one of his accounts of experimental research in electricity [7], in
which he suggested the terms electrode, anode, cathode, electrolyte, electrolyze, ion,
cation, and anion. Besides being responsible for these basic terms used even today,
charge-transfer reactions occuring at the surface of an electrode now bear his name:
faradaic reactions. With these results, the field of electrochemistry was born and it
has developed into a field that is now over 200 years old and still actively researched
in areas ranging from energy conversion and storage to biosensors and fundamental
electrochemistry.

1.2 Background

This Phd project is funded through the European Research Council’s Seventh Frame-
work Programme as part of the Elab4life grant. Elab4life stands for electr(ochem)ical
labs-on-a-chip for life sciences and the grant involves a budget of 2.4 M€ for a
total of 5 Phd projects with the aim to develop new electrochemical techniques for
health and life science applications in Lab-on-a-Chip devices. Within the grant this
project is entitled Redox cycling characterization of surface linked E-DNA using
SECM and it is strongly linked to a second project entitled Surface modification
for electrochemically amplified biosensing. The combined aim of these projects is
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Figure 1.1: The first battery in history: the voltaic pile by Allessandro Volta. Stacks of silver
and zinc disks are alternated with wet cloth soaked in salt water. When the ends of the pile
are connected through a wire, an electric current is obtained. Image adopted from [2]

the detection of biomolecules such a DNA, using redox cycling and surface linked
electroactive molecules such as electrochemically labeled DNA (E-DNA). While
molecule synthesis is convenient on the small scale, electrode fabrication on the other
hand, is more convenient on the large scale. In this project they had to meet each other
halfway for the development of a twin electrode design featuring surface attached
molecules undergoing redox cycling.

1.3 Outline

To establish a theoretical background for the following chapters, electrochemical
basics such as (non)faradaic processes, kinetics and mass transport are described
in chapter 2. These electrochemical basics are followed by the theory of surface
attached electrochemistry and redox cycling. The effects of surface attachment on
single electrode chronoamperometric measurements such as cyclic voltammetry (CV)
are discussed, as well as various dual electrode measurement techniques employing
the concept of redox cycling.

The application of redox cycling in fields ranging from fundamental electrochemistry
to imaging and biosensing is discussed in chapter 3. The chapter starts with a brief
historical overview of the development of redox cycling based devices, followed by a
review of recent applications that make use of redox cycling, such as DNA sensing
and the study of flow in nanochannels.
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During this Phd project a new electrochemical mode of operation was investigated,
which we labeled Differential Cyclic Voltammetry (DCV). Analytical expressions
were derived for a thin layer cell geometry and these expressions matched experimen-
tal results obtained using a scanning electrochemical microscope (SECM). This is
reported in Chapter 4.

In chapter 5 the results are shown for experiments where ferrocene labeled polyethy-
lene glycol molecules (PEG-fc) were attached to gold electrodes. The obtained surface
density and stability is evaluated, followed by an investigation of the voltammogram
shape obtained for CVs at varying concentrations of the background electrolyte
NaClO,. A correlation is observed between the background electrolyte concentration
and the measured formal potential of the PEG-fc molecules. This shift is attributed to

ion pairing.

During the fabrication of electrodes designed for redox cycling of surface attached
molecules, an oxidized layer of titanium was found to block the electrochemical
response of freely diffusing ferrocenedimethanol molecules. This was further inves-
tigated as a possible protection layer for gold electrodes being able to provide an
alternative to gold cleaning which typically needs to be performed prior to electro-
chemical experiments. The result are briefly reported in chapter 6.

In chapter 7 the fabrication of nanospaced electrodes is reported. Using edge lithogra-
phy a 50 nm gap was defined between two gold electrodes. To confirm their use for
electrochemistry, measurements were performed in a ferrocenedimethanol solution.
Both single electrode CVs and amplified CVs were recorded and compared to finite
element simulations. The electrodes showed reversible kinetics and are therefore
suited for electrochemistry.

These electrodes were subsequently modified with PEG-fc molecules and this is
reported in chapter 8. Two electrode configurations were used. One, the planar
nanogap device reported in chapter 7 and two, a nanofluidic thin layer cell fabricated
in the group of Lemay. Redox cycling currents were observed for both devices.
However, at this time it is not possible to determine which part of the current is
contributed by the surface attached molecules and which part is due to freely diffusing

molecules.

Finally in chapter 9 conclusions are drawn and recommendations are given for future

research into redox cycling of surface attached molecules.
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Theory of electrochemistry and
redox cycling

The fundamentals of electrochemistry form the basis of all measurements reported in
this thesis. To establish a background for further chapters, electrochemical basics such
as (non)faradaic processes, kinetics and mass transport are described. This is followed
by a discussion on the use of single electrode measurement techniques at macro and
micro electrodes for the measurement of freely diffusing or surface attached redox
mediators. The chapter is finished with an overview of the various dual electrode
measurement techniques employing the concept of redox cycling.
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2.1 Electrochemistry fundamentals

This section is based on theory from Electrochemical Methods: Fundamentals and
Applications by Bard and Faulkner, and Understanding Voltammetry by Compton and
Banks [1, 2].

The measurements reported in this thesis are made using outer sphere redox mediators
such as ferrocene and ruthenium hexamine. During the reported experiments, these
redox mediators exchange electrons with electrodes instead of exchanging electrons
with other chemicals. Reactions that are taking place at the interface between the
electrolyte and the electrode are also known as heterogeneous reactions. These
reactions are influenced, not only by the kinetics of the molecule itself, but also by
other parameters such as mass transport.

2.1.1 Electrode potential

Consider the redox couple ferrocenedimethanol and ferroceniumdimethanol of which

the half reaction is
Fc(MeOH), = Fc(MeOH)3 + e~ (2.1)

with a concentration of Cl..q [M] and C,; [M] respectively. For this situation the
equilibrium voltage, F/ [V] at an electrode can be calculated through the change in
free energy

AG
- nF
with AG the change in free energy [J], F' the faraday constant [C/mol], and n the

(2.2)

number of electrons involved in the half reaction. The change in free energy can be

found by summing over all the potential energy of the species involved.
oo
AG = Z HiSi (23)
i=1

where s; is the stoichiometric coefficient and p; the chemical potential of species ¢
[J/mol] which can be described by

pi=pd + RTIn "t (2.4)
mo

with M? an intrinsic species property [J/mol], R the gas constant [J/(mol K)], T" the
temperature [K], m; the molality [mol/kg], mg the standard molality [mol/kg], and ~;
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the activity coefficient. For dilute aqueous solutions the molality is equal to molarity
so we can substitute C; and Cj for m; and mg respectively.

C.
pi = i + RTIn = (2.5)
0
If only the ferrocenedimethanol couple is present, putting together equations 2.2, 2.3,
and 2.5 gives
Moz — Hred RT . CorYox RT . CreqVred
EF=——10—+4+—721 ——Ihh——- 2.6

nkF + nkF . Co nk . Cy (2.6)

which can be simplified to

RT . C,

E=E"+-"In—% 4]pt2 @.7)

nk’ Cred Yred

where E° is the standard potential of the redox couple [V]. Generally the activity
coefficients of a species are unknown and influenced by factors such as the ionic
strength of the electrolyte and ion pairing. As a result equation 2.7 is often rewritten
in the form

, RT C
E=E"+—In=*
+ nkF . Chred

(2.8)

with EY the formal potential [V], a parameter which is experimentally determined’.
This equation is also known as the Nernst equation and it relates the observed electrode
potential to the concentration of the redox species that are present.

2.1.2 Electrode reactions

Rewriting the Nernst equation it becomes clear that it is possible to change the
concentration ratio at the electrode surface by applying the appropriate potential.

applied o’
Ok /et = (Bt (R ) 29)
If the applied potential results in a change in concentration ratio at the surface
compared to the bulk, conversion of ions from oxidized to reduced state or vice versa

must take place at the electrode. The speed at which this process takes place is given
by the flux at the electrode surface which is related to the current by

I =nFAN (2.10)

!formal potential and standard potential are easily mixed up. The formal potential is measured and
depends strongly on experimental parameters, whereas the standard potential is an intrinsic property of
aredox couple that should always have the same value.
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Current [A]

Fo(MeOH),”
—_9
5
Fc(MeOH),
<
\ Electrode Area [m?]

Figure 2.1: Illustrating the concept of a half reaction at an electrode. Fc(MeOH), is converted
to Fc(MeOH)3 and the obtained flux is governed by mass transfer towards the electrode and
electron transfer at the electrode.

with I the current [A], n the number of electrons involved in the reaction, A the
electrode area [m2], F the Faraday constant, and N the flux [mol/(m2s)]. The flux at
the electrode is determined by a number of processes such as mass transfer, electron
transfer at the electrode, adsorption, crystallization, and catalysis. The slowest process
determines the obtained flux and is called the rate determining step. For the redox
mediators used in this thesis the flux is determined only by the first two processes:
mass transfer towards the electrode and electron transfer at the electrode surface. This
is shown schematically in figure 2.1.

2.1.2.1 Mass transport

The flux of ions in an electrolyte is the sum of three individual mass transfer processes.
A flux of ions as a result of a concentration gradient is called diffusion. Charged
ions can be moved if an electric field is applied, in which case it is called migration.
If the electrolyte itself is moving and dragging the ions along, the process is called
convection. These three mass transfer processes are combined into what is known as
the Nernst-Planck equation.

. F
N; = -D,VC; — LD,CZV@ + Ciu (2.11)
dif fusion - - convection
maigration

Where D; is the diffusion coefficient [m?/s], n; the number of electrons involved in the
reaction, V& the electric field, and « the liquid flow [m/s]. For experiments reported
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(a) (b)

Figure 2.2: Difference between (a) linear and (b) hemispherical diffusion

in this thesis, a background electrolyte was added in order to eliminate migration and
experiments were conducted under stagnant conditions. As a result, diffusion is the
only form of mass transport present. Depending on the size of the electrode the nature
of the diffusive layer changes from linear to hemispherical as is shown in figure 2.2.
The effect of these diffusive regimes on the observed current is investigated in more
detail in section 2.2.

2.1.2.2 Electron transfer

Besides mass transport, the flux is also determined by the speed of electron transfer
at the electrode. This speed is described by the Butler-Volmer model for electrode
kinetics. Consider the redox couple from section 2.1.1

Fe(MeOH), =2 Fe(MeOH)S + e 2.12)

kred

with rate constants k,; and k,.q4. These rate constants are given by

kyog = kge—®Bapptica—E") i (2.13)

Koy = ko1~ Eappica—E") 77 (2.14)

which is essentially a rewrite of the Arrhenius equation replacing the free energy by a
voltage difference, with k, the standard rate constant [m/s] which is a measure for the
reactivity of a redox couple, and « the transfer coefficient which typically has a value
of 0.5. Using these rate constants, the flux resulting from oxidation or reduction (Nyy
and N,..q) can be calculated by multiplying with the concentration of the reactant at
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the surface of the electrode.?

Noz = ko - CZ, (2.15)
N’/‘ed = kred : Cgi (216)

These two fluxes can be combined in order to calculate the net flux at the electrode
resulting from electron transfer N

Net = kox : Cd

red

— Kyeq - Cgi (2.17)

From equation 2.13, 2.14, and 2.17 follows that the direction of the flux can be
influenced by the application of an electrode potential. If the applied potential is
higher than the formal potential, the rate constant for oxidation is higher than the rate
constant for reduction and the net result will be a conversion of ions from reduced
to oxidized state. If the applied potential is lowered to values below the formal
potential, the reverse happens and reduction becomes favorable. This process is
strongly influenced by the value of the standard rate constant. For the redox couples
used in this thesis, ruthenium hexamine, ferrocenedimethanol, and ferrocene, the rate
constants are > 1 cm/s with values depending on the electrolyte that is used [3-5].
This is considered to be fast and it is typical of outer sphere one electron transfer
processes [1]. As a result, the system quickly reaches its steady state concentration
ratio as defined by the Nernst equation with mass transfer determining the flux at the
electrode.

2.1.3 Electrochemical cell

In practice electrochemical reactions cannot be studied using a single electrode
because the electrical circuit must be closed to allow the flow of electrons. As such, an
electrochemical cell requires at least two electrodes connected through an electrolyte.
The chemical reactions taking place in this cell are two independent half reactions,
each describing the chemical changes at one of the electrodes. Generally only one of
the two half reactions is investigated and the electrode at which this reaction occurs is
called the working electrode. The other electrode is constructed such that the potential
remains stable during experiments, and this electrode is called the reference electrode.
Given that the reference electrode is stable, any changes in the electrochemical cell

2For outer sphere redox couples adsorption is not needed for electron transfer to take place, which
means the definition of surface concentration is the concentration of redox species within tunneling
distance of the electrode.
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potentiostat

counter working reference
electrode electrode electrode

Figure 2.3: Example of a three electrode chemical cell consisting of a working, counter and
reference electrode connected to a potentiostat.

can be attributed to the working electrode. Examples of reference electrodes used in
measurements reported in this thesis are the silver-silver chloride electrode and the
mercurous-mercurous sulphate electrode.

However, while these electrodes offer a stable potential in equilibrium, if enough
current flows through the reference electrode, the concentration of its ions can be
changed such that a potential shift occurs.> This shift in the electrode potential is
of course undesired. To eliminate this effect a third electrode is introduced which
is called the counter electrode. An example of a three electrode chemical cell is
shown in figure 2.3. The counter electrode acts as a sink for the working electrode
current, eliminating the need for current to flow through the reference electrode and
thereby increasing its lifetime. The hardware that controls the electrode potentials
and monitors the currents is called a potentiostat. For redox cycling measurements
an additional working electrode is needed and this requires a potentiostat capable of
controlling the potential of two working electrodes. Potentiostats with this ability are
known as bipotentiostats.

2.1.4 Non-faradaic processes

To eliminate migration, a background electrolyte is typically added to the solution, re-
sulting in a high concentration of charged ions. If a potential is applied to the electrode,

3Microelectrodes often draw currents in the < 1 nA range. For these situations it is acceptable to use
a two electrode setup [2]. This can be convenient if space for the electrodes is limited.
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the electric field will either attract or repel these charged ions. As the background is
meant to be inert, this charge cannot be transferred through the electrode-electrolyte
interface resulting in an accumulation of charge at the interface. This is analogous to
the behavior of a capacitor, with charged electrons on one side and charged ions on
the other. It is due to these two charged layers that the capacitance is named double
layer capacitance. If the potential is changed by E, this double layer capacitance
results in a charging current

E
ie = —e t/BsCa (2.18)
S
with R, the solution resistance [€1], ¢ the time [s], and Cj the double layer capacitance

[F']. If the voltage is not stepped but ramped, as occurs in techniques like cyclic
voltammetry, the charging current becomes

lie| = Cav (2.19)

where v is the scanrate [V/s]. These charging currents are added to the current
obtained through electrochemistry. Since the chemical reactions are of interest, the
additional offset due to charging of the double layer can be regarded as unwanted.
How this effects the various electrochemical measurement techniques is amongst
others investigated in the following section.

2.2 Amperometry

In the following section various modes of amperometry are described. The response
of each of these modes of operation is described assuming that diffusion is the only
means of mass transport, and that the kinetics of the redox couple involved are
fast enough for the charge transfer at the electrode to be diffusion limited, unless
mentioned otherwise.

2.2.1 Chronoamperometry

In chronoamperometry a potential is applied to an electrode and the resulting current
is measured. Rapidly a concentration profile is set up between the electrode surface
and the bulk. This concentration profile depends strongly on the size of the electrode,
as was already mentioned during the section regarding mass transport. For large
electrodes, the diffusion profile is effectively one dimensional and perpendicular to
the electrode surface. For this situation the response is given analytically by the
Cottrell equation

D;

imacro(t) = nFACY -

(2.20)
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with C} the bulk concentration of the reactant ¢ and D; its diffusion coefficient. For
smaller disk shaped electrodes, the current consist of two components: the time
dependent Cottrell current, and a steady state current*

D,
imicro(t) = NFACH/ E +4nFrD;Cf (2.21)

with r the radius of the electrode. At short timescales, the Cottrell current dominates
and at large timescales only the steady state current remains. The time to reach steady
state tss depends on the radius of the electrode and the diffusion coefficient of the
reactant.

fos ~ — (2.22)

These parameters of course vary from experiment to experiment. However as a rule
of thumb, an electrode with a radius in the micrometer range will show a steady state
current whereas larger electrodes show a Cottrell current. The smaller electrodes are
called microelectrodes or ultramicroelectrodes while the larger electrodes are referred
to as macroelectrodes.

2.2.1.1 Chronoamperometry on attached redox species

A special situation arises when chronoamperometry is performed on redox species
that are not present in solution but attached to the electrode surface. In this situation
mass transport to the electrode does not play a role and the reaction is solely based
on electron transfer kinetics. Because diffusion does not play a role, the shape of the
chronoamperometric response does not differ between micro and macro electrodes.

As this system is not limited by mass transfer, it can be used to determine the standard
rate constant ks and the transfer coefficient « of a redox couple. This is achieved
by plotting the logarithm of the current versus the applied overpotential. This type
of plot is known as a Tafel plot. For more information on using Tafel plots for the
extraction of the kinetic parameters of surface attached species, see [6—8].

2.2.2 Cyclic voltammetry

Cyclic voltammetry (CV) is a technique where a current is measured while the
voltage is swept over a predefined range at a certain scanrate v [V/s], resulting in a

“There are also other electrode shapes, each with their own steady state current and time to steady
state. For more information see section 5.3.1 of [1]
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voltammogram where the electrochemical reactions of the redox species present can
be observed. The voltammogram strongly depends on the electrode size and whether
the investigated redox species is attached or not.

2.2.2.1 Macroelectrode

An example of a macroelectrode voltammogram for a freely diffusing redox species
is shown in figure 2.4. In this example the voltage is scanned between -0.7 and 0.3 V
and the redox species has a formal potential at approximately -0.19 V. The arrows
indicate the scan direction. As the applied potential passes the formal potential, the
rate constant of electron transfer at the electrode increases exponentially resulting in
oxidation of the species in solution. Shortly after this moment, mass transfer becomes
the rate limiting process and a decay in the current can be observed similar to Cottrell
decay observed for chronoamperometry. After having reached the maximum potential
the scan direction is reversed and the same process happens, this time for reduction.

An ideal macroelectrode voltammogram has a few identifying features. The height of
the peaks is given by the Randles-Sevcik equation

ip = 0.4463nFAC\/nFvD/RT (2.23)

From this equation follows that a peak height versus the square root of the scanrate
plot should be linear and that parameters like the diffusion coefficient can be extracted
from the slope. The distance between the peaks is 2.3RT/nF or 59 mV for a redox
couple with n =1 at 25 °C [1]. The formal potential is located in the middle between

the two peak voltages

¢ By, +Ep

EY 5 red (2.24)

2.2.2.2 Microelectrode

An example of a microelectrode voltammogram is shown in figure 2.5. Similar to
the chronoamperometry result, a microelectrode voltammogram approaches a steady
state. In the example shown the formal potential is O V, and the applied potential is
scanned from -0.2 to 0.2 V. As the applied potential passes the formal potential the
current increases due to an increase in rate constant. This increase is limited by the
steady state current resulting from hemispherical diffusion. This current is given by

iim = 4nFrD;C;} (2.25)
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Figure 2.4: Theoretical macroelectrode voltammogram for freely diffusing redox species.
Arrows indicate the scan direction.

Besides the limiting current, the microelectrode CV can also be assessed by looking
at the potential difference between the potential values at which 1/4th and 3/4th of the
limiting current is obtained. Ideally this difference between E3/4 and Ey /4 should
be 56.4 mV for n =1 at 25 °C [1]. Deviation from this value is an indication of poor
electron transfer kinetics. If the diffusion coefficients of the oxidized and reduced
species are equal, the half-wave potential £ /5 corresponds to EY. For unequal
diffusion coefficients this becomes
RT D,

Eyjp=EY + =21
1/2 T 0F ™ Do

(2.26)

2.2.2.3 Cyclic voltammetry on attached redox species

An example of a voltammogram for a redox species attached to an electrode is shown
in figure 2.6. As mass transport does not play a role, the size of the electrode does
not matter for the shape of the voltammogram. The shape can be explained using the
Nernst equation.

Low _ (mewrtics_po'y/(RTmF)

F’I‘E

Where I, and I, are the surface concentrations of oxidized and reduced molecules

(2.27)

[mol/m?]. A limited amount of molecules is available for oxidation and reduction.
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Figure 2.5: Theoretical microelectode voltammogram for freely diffusing redox species.

Initially at potentials below the formal potential all of the surface attached molecules
are in the reduced state. As the potential is increased the surface concentration ratio
is changed, resulting in a current. This change in concentration ratio is highest at
the formal potential and decreases again for higher values. If the applied potential
is sufficiently above the formal potential, all surface attached species have become
oxidized and there is nothing to left to oxidize, resulting in an approach to zero current
for higher potentials. As the potential is reversed, the same process occurs again, this
time for reduction.

Key parameters in the shape of the voltammogram are the peak height i,, the peak
width at half maximum AFE),; /; and the separation between the peaks. Because mass
transport is not present, the maximum change in surface concentration occurs at the
formal potential for both the forward and backward scan and as a result, the separation
between the oxidation and reduction peak should be zero. The width of the peak at
half of the maximum value should be 90.6 mV for n = 1 at 25 °C [1]. The height of
the peak is given by
n2F?

ip = mVAFtOt (228)

where I}, is the sum of the surface concentrations of the reduced and oxidized
species.

2.2.3 Amperometry and non-faradaic processes

The previously described voltammogram shapes are those for ideal circumstances
such as the absence of double layer charging currents. Double layer charging currents
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Figure 2.6: Theoretical voltammogram for an electrode with attached redox species. Arrows
indicate scan direction. Adapted from [1].

appear as a positive offset in the forward scan and a negative offset in the backward
scan. The higher this offset, the more challenging it becomes to measure the faradaic
part of the current, especially at low concentrations. This is why for freely diffusing
redox species a microelectrode is favorable. This can be explained by looking the
at the scaling of the current with respect to the electrode area. From equation 2.25
follows that the faradaic current for a microelectrode scales with r. The capacitive
current however, scales with the area (77-2). This means that for decreasing electrode
sizes the capacitive current decreases faster than the faradaic current. As a result, a
better faradaic current to capacitive current ratio is obtained for small electrodes.

However, as can been seen in equation 2.28, for surface attached species the faradaic
current scales with the area. As such, there is no benefit in scaling down the electrode
size when measuring surface attached species. This means that for surface attached
experiments, macroelectrodes are more favorable as these provide a higher absolute
current, resulting in a better signal to noise ratio.

2.3 Redox cycling

In essence redox cycling (RC) is the repeated oxidiation and reduction of a reversible
redox couple. For this process to occur the redox couple must be able to exchange
electrons, either with another compound in solution, or at an electrode. This concept
is known in areas such as biology [9-11], electrode enzyme interactions [12, 13],
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Figure 2.7: Example of a redox cycling configuration. Two parallel plate electrodes with one
electrode oxidizing and the other reducing, separated by a distance z.

and photochemistry [14, 15]. In these areas, redox cycling involves either a single

electrode or none at all.

In this thesis however, the focus is on systems where RC is performed using two
electrodes, where one electrode is held at an oxidizing potential and another at a
reducing potential. When RC is referred to in this thesis it refers to this dual electrode
technique. The advantage of RC is that each molecule can contribute to the measured
current multiple times, thus effectively creating (electro)chemical signal amplification.
While in the next chapter the focus is on the history and application of this technique,
in this section the various modes of operation are highlighted. As a frame of reference,
consider a geometry consisting of two parallel plates as is shown in figure 2.7. The
two plates are separated a certain distance z apart and between the plates a redox
couple is present in solution at concentrations C,,; and C,..q. While this is not the
only geometry suitable for RC it is the most intuitive one when it comes to explaining
the response of the system to the various applied potentials. As such, it will be used
in the next sections to explain the different modes of operation for RC.

2.3.1 Steady state redox cycling

The basic mode of operation for redox cycling is to apply two steady state potentials,
one oxidizing and one reducing and this gives rise to a steady state current as is shown
in figure 2.8. This can be explained by seeing what happens when these potentials
are applied to the electrodes. Suppose the top electrode is oxidizing and the bottom
reducing. At each electrode one of the species is fully converted to the other, resulting

in surface concentrations

Cf)g:p = C;:c + :ed (229)
CUlh = Crp + Clog (2.30)
clr =0 (2.31)

ngt =0 (2.32)
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Figure 2.8: Steady state RC experiment, both electrode potentials remain constant over time.
One electrode is set to an oxidizing potential and the other to a reducing potential. The result
is a constant current.

where C;, and C7_; are the bulk concentrations. These concentrations result in a
flux which is given by the one dimensional solution for diffusive mass transport, also
known as Fick’s first law of diffusion

dz

N; = —D; (2.33)
As both concentration gradients are equal but with a reversed sign, the flux only needs
to be calculated for a single species. Combining equation 2.10 with 2.33 the resulting
current for the top electrode is found

Ttop = nFADoxCe (2.34)

z

This current is independent of time which means a steady state current is obtained.
The only time the current is not at steady state is in the initial moments that the con-
centration gradient is set up. For a typical redox cycling system spaced micrometers
or less apart, this is achieved in milliseconds. Additional molecules can also diffuse
towards the electrode from the side, resulting in an additional current component. The
relative contribution of flux from the sides is determined by the size of the electrodes
and the spacing z. For the sake of convenience the flux from the sides is assumed
negligible for this system.
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Figure 2.9: Amplified CV experiment. One electrode is at a stationary potential while the
other is scanned similar to a cyclic voltammetry experiment. The result is a voltammogram
similar to that obtained at a microelectrode CV. However, in this scenario the signal is
amplified by redox cycling.

If the redox species that is present in solution is already known and the system is
used for an application such as concentration detection, this system is already suitable
as appropriate potentials can be applied based on the known formal potential of the
redox species. If however, more information is required during the measurement,
such as the determination of the formal potential, a slightly more complex strategy
can be desired where at least one of the two electrode potentials is not stationary.

2.3.2 Amplified cyclic voltammetry

A technique which offers these capabilities is one where one of the electrodes is kept
at a stationary potential while the other electrode potential is swept from reducing to
oxidizing state. We label this technique amplified cyclic voltammetry> because one
of the applied potentials is similar to a CV experiment and the shape of the voltammo-
gram is that of a microelectrode CV with the added benefit of redox cycling based
amplification. An example of the applied potentials and resulting voltammogram is
shown in figure 2.9.

>This technique should not to be confused with ACV, which stands for alternating current voltamme-
try. This technique is not discussed in this thesis.
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Suppose the bottom electrode is kept at a reducing potential while the top electrode
is swept from reducing to an oxidizing state and back again. Initially as both are
reducing, all of the molecules confined between the two plates will be reduced. If
there are any oxidized molecules in the bulk solution these can diffuse towards the
electrodes from the side resulting in a negative offset to the obtained current. As the
potential of the top electrode is increased and it passes the formal potential, its surface
concentration is changed from fully reduced to fully oxidized as given by equation
2.9, resulting in a change in concentration gradient between the two electrodes. Once
the top electrode potential is high enough to have oxidized all molecules near the
surface a similar concentration gradient (and resulting current) is obtained as was
determined for the steady state scenario.

Using this method not only an absolute current is obtained but also the formal potential
can be determined. In the voltammogram the formal potential is the voltage at which
the concentration gradient is changed and the system turns on’. More specifically,
the voltage at which the current is half the steady state value. This method has an
additional benefit. If the current at the stationary electrode is measured it does not
suffer from capacitive charging currents, unlike single electrode scanning techniques.
Additional information can be found in papers by Zoski et al. and Nioradze et al.
[16, 17]

2.3.3 Differential cyclic voltammetry

The third redox cycling technique is differential cyclic voltammetry (DCV). In this
technique a CV waveform is applied on one electrode while the same waveform with
a potential offset is applied to the other electrode. Due to this offset we have named
this technique differential cyclic voltammetry. Initially this technique was shown as a
proof of concept [18], followed by the development of analytical expression for the
thin layer cell geometry [19]. A brief explanation of the technique and the derivation
of the analytical expressions is given here, for more detail, see chapter 4.

An example of a DCV voltammogram is shown in figure 2.10. If both electrodes are
above or below the formal potential they compete for the same reaction and the result
is a small current. As the voltage sweep passes the formal potential of a redox species,
one of electrodes is oxidizing while the other is reducing, and the current is amplified.
This results in a peak in the voltammogram where the peak height is related to the
concentration of the species present and the location of the peak supplies information

regarding the species’ formal potential.
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Figure 2.10: DCV experiment. Both potential are scanned in a way similar to CV with one
of the potentials at an offset compared to the other. If the formal potential of a species is
passed, one of the electrodes is oxidizing and the other is reducing. This results in a peak in
the voltammogram.

The shape of the voltammogram is given by the following equation

top ot
I= —nFADM (2.35)

z

with CLZP and Ct°! given by
Cﬁce)p _ Cbulk/(G(EtOP—EO)/(RT/nF) + 1) (2.36)

Cbot — ghulk (o(EY'—E°)/(RT/nF) | 1) (2.37)

with C*"“ the sum of the concentrations of the oxidized and reduced state of a species
and F%* and E*°P the applied potentials. The optimal separation between the top and
bottom voltage is 0.1 V.

2.3.4 Approach curves

In this special case of redox cycling techniques, the applied potentials remain constant
similar to section 2.3.1, but the distance between the electrodes is varied. This
technique is used in scanning electrochemical microscopy to approach conductive
surfaces, which is why the curve shown in figure 2.11 is called an approach curve.b

®If an isolating surface is approached, a negative feedback is observed. For a detailed mathematical
investigation of both feedback types see [20-22].
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Figure 2.11: Positive approach curve based on the redox cycling effect. If the distance
between the two electrodes is decreased, the cycling current increases.

In this figure the current of the top electrode is plotted versus the distance between
the top and bottom electrode with the top electrode at an oxidizing potential. As
already followed from equation 2.34, for a thin layer cell geometry the redox cycling
amplification is inversely proportional to the distance z.

An interesting effect that is not used in other applications but is typical of SECM
approach curves is that of passive feedback. The bottom electrode does not nec-
essarily need to be set at a reducing potential for feedback to occur, provided the
bottom electrode is much larger than the top electrode. If for example, the solution
contains only the reduced form of a redox couple, the bottom electrode will obtain
a reducing potential as is determined by the Nernst equation. If the top electrode is
set to an oxidizing potential and approached to the surface it will locally change the
concentration ratio of the redox couple. For the bottom electrode this local change
in concentration ratio means a local potential change. However, this now means we
have a substrate electrode which is subject to two concentration ratio’s, one for the
bulk and one below the top electrode. According to the Nernst equation this should
result in a potential difference between parts of the bottom electrode. This potential
difference results in a flow of electrons within the metal which in turn drives a counter
reaction to eliminate the potential difference. The substrate electrode starts to reduce
molecules below the top electrode and oxidizes molecules in areas away from the top
electrode.
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Figure 2.12: The concept of passive positive feedback in scanning electrochemical microscopy.
The bottom electrode is left floating but it still contributes to a redox cycling current because
of its larger size and connection to the bulk.

In the conventional redox cycling configurations the current for the bottom electrode
is supplied directly to the electrode itself. In this configuration however, the additional
current is supplied by the counter electrode and there is no net current flow into or out
of the bottom electrode. This concept is shown in figure 2.12.

This technique could have its benefits for on-chip redox cycling as well. The thin layer
cell configuration is easily evaluated analytically and by using a floating electrode
the other electrically addressable electrodes can be fabricated in the same plane. This
will allow easier chip to potentiostat connections.

2.4 Application of theory

The theory described in this chapter can be used for a number of applications, which
for redox cycling are described in chapter 3. The difference between CVs of freely
diffusing and surface attached molecules is used to determined the presence of surface
attached molecules in chapter 5. In chapter 8 the theory of amperometry and redox
cycling is combined for the detection of surface attached molecules by using redox
cycling.
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Redox cycling applications

In this chapter an overview of the technique of redox cycling and its applications is
given. Redox cycling is a technique where molecules are repeatedly oxidized and
reduced between two electrodes, one electrode oxidizing and the other reducing, thus
creating electrochemical signal amplification. A brief historical overview is given,
starting with the initial development in the sixties and ending in the last decade with
its integration into other experimental setups. This historical overview is followed
by a review of the various applications that make use of redox cycling, ranging from
DNA sensing to the study of flow in nanochannels. In this review the focus is on
the applications of redox cycling, rather than the the development of new fabrication
strategies.
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3.1 Introduction

In conventional electrochemistry a single working electrode is biased versus a ref-
erence electrode in an electrochemical cell containing redox active molecules. De-
pending on the applied potential, the molecules in solution will be either reduced or
oxidized at the electrode surface. The resulting current supplies information regarding
the molecules’ diffusion coefficient, concentration, and kinetics. However, in this
setup each molecule only contributes once to the electrochemical reaction and new
molecules need to be transported towards the electrode. As such, the current is quickly
limited by mass transfer towards the electrode.

The obtained current can be amplified by using redox cycling. Redox cycling is based
on cycling a reversible redox couple between two closely spaced electrodes, where
one electrode is held at an oxidizing potential and another at a reducing potential.
The advantage of this technique is that each molecule can contribute to the measured
current multiple times, thus effectively creating (electro)chemical signal amplification.

Research using redox cycling was pioneered at the group of Reilley in the 1960s
[1-4]. They used a twin working electrode setup where one electrode was connected
to a fixed substrate and the other to a micrometer positioner. This way a thin-layer
cell with parallel electrodes was obtained, which they used to study reactions of the
Fe(II)/Fe(1ll) and quinone-hydroquinone redox couples.

This work was followed in the 1980s by the development of a probe that could move
not just in the z direction, but also in x and y [5-7]. This lead to the development of
the field of “scanning electrochemical microscopy” (SECM) and the setup is called a
scanning electrochemical microscope (SECM) conveniently abbreviated in the same
way as its field of research. The experiments performed using a SECM are not limited
to the redox cycling technique. The various modes of operation and its applications
have been thoroughly reviewed over the years [8—12].

Around the same time as the development of SECM the first use of interdigitated
electrodes (IDE’s) for redox cycling was reported [13]. Using conventional lithogra-
phy they fabricated planar electrodes spaced 20 um apart which they used to cycle
1,1-Bis(hydroxymethy1)ferrocene. This first design only had a twin electrode setup,
but this was followed by designs with multiple “fingers” [14, 15].

In the years following these developments research has focused on understanding and
improving the experimental setups, with new analytical expressions being developed
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for specific geometries and finite element modeling of complex systems. Improve-
ments have largely focused on scaling down, as the redox cycling effect increases with
decreasing electrode separation. SECM systems have been combined with atomic
force microscopes (AFM) [16-19]. For on-chip based redox cycling devices the
progress in performance has recently been reviewed by Katelhon et al. [20].

In this review we will focus instead on the applications of redox cycling. Looking
across the different designs the aim is to give a general overview of the practical
implementations of the redox cycling technique.

3.2 Applications

3.2.1 Biosensing

An area where electrochemical applications are often found is in biosensing. Bio-
logically relevant substances can be measured either directly or by measuring the
influence of a measurand on the cycling of a transducing compound. In redox cycling
experiments the recorded current is a measure for the concentration of the relevant
substance. Below a series of common electrochemical assays is described where
redox cycling is applied.

3.2.1.1 Catecholamines

The catecholamines are a family of neurotransmitters such as dopamine, serotonin,
adrenaline, and nor-adrenaline. They are all able to undergo redox cycling and they are
also medically relevant. Dopamine for example, has been linked to Parkinson’s disease
[21]. Moreover, dopamine and others are able to provide diagnostic information
directly from blood plasma [22]. Most of the work on catecholamine sensing has
been performed using microscale IDE’s [23-30]. Other types of devices have been
thin layer cells [31, 32], micro and nano cavities [33-36], and a single nanogap [37].
An example of sensing in a nanogap is shown in figure 3.1.

Because electrochemistry allows the on-line measurement of catecholamines, it is
a very suitable technique for continuous monitoring in clinical environments. In
the related field of fast scan cyclic voltammetry this has already lead to in vivo
experiments in rat brains for the detection of dopamine and norepinephrine on the
subsecond timescale [38, 39].To our knowledge there have been no reports of in vivo
redox cycling experiments or experiments on biological samples.
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Figure 3.1: Example of dopamine sensing using redox cycling. Dopamine is oxidized to
dopamine-0-quinone at one electrode, and back to dopamine at the other. Reprinted from
McCarty et al. 2010 [37]. Copyright 2010, with permission from Elsevier.

The main challenge of measuring in biological samples like blood is the relatively
high background concentration of other redox active species with similar standard
potentials. Dopamine for example has blood levels in the sub nM range, while
interfering compounds like ascorbic acid and uric acid have a typical concentration
of 50 and 400 um respectively [24, 27]. Luckily, ascorbic acid and uric acid are
electrochemically irreversible redox species due to the instability of the oxidized
product. This means that using redox cycling it is possible to selectively detect only
dopamine, provided the amplification factor is high enough. The independence of
clinically relevant interfering ascorbic acid concentrations has been shown [31, 34].
However, this has been shown with catechol concentrations in the uM range. In the
group of Niwa there have been successful experiments with an enzyme modified pre-
reactor to remove ascorbic acid concentrations up to 10 uM, while keeping detection
limits of dopamine below 1 nM [27]. If all of the interferents are removed, lower

levels of detection as low as 1 aM are possible [25].
3.2.1.2 Hybridisation detection

Hybridization is the coupling of DNA or RNA strands that have a matching sequence.
This process can be used to bind a target sequence by choosing the appropriate probe
sequence, and it has it applications in fields such as DNA diagnostics, forensics, and
the detection of pathogens.

Two types of hybridization detection strategies employing redox cycling using IDE’s
have been reported so far. In the detection strategy reported by Zhu et al. the ferro/ferri
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Figure 3.2: (a) Hybridization is detected by influenced mass transport in the channel between
the row and column electrode. (b) This results in a decrease in observed current if hybridiza-
tion occurs. Reprinted from Zhu et al. 2011 [40]. Copyright 2011, with permission from
Elsevier.

cyanide couple provides a cycling current between two planar electrodes [40]. The
electron transfer at one of the electrodes is influenced by the adsorption of probe
DNA and subsequent hybridization with target DNA, as shown in figure 3.2. The
introduction of DNA onto the device results in a decrease of the measured current,
which allows detection of target concentration down to 30 nM.

Alternatively more sensitive devices have been developed where the redox species is
not present initially [41-44]. By means of the enzymatic conversion of p-aminophenyl
phosphate (p-APP) to p-aminophenol (p-AP) by Alkaline Phosphotase (ALP), the non
cycling p-APP is converted to electrochemically active and reversible p-AP. The ALP
is introduced either through labeling of the target strand or through labeling of an
additional detection strand. Because initially there is no redox mediator present, this
is a “signal on” type of sensor where the current increases with increasing target DNA
or RNA concentration. This way a lower limit of detection of 16 fmol was obtained
by Elsholz et al. for E. coli [43]. Their system was also able to analyze several other
pathogens, such as Pseudomonas aeruginosa, Enterococcus faecalis, Staphylococcus
aureus, and Staphylococcus epidermidis, which are involved in urinary tract infections.
The same group has also used their device for the detection of cytomegalovirus,
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Figure 3.3: Surface attached protein imaging by means of redox immunomarked proteins.
Reprinted with permission from Anne et al. 2011 [45]. Copyright 2011, American Chemical
Society.

Epstein-barr virus, Hepes simplex virus in multiplex PCR processed clinical blood
samples with detection limits of 2 nM [44].

3.2.1.3 Proteins

In advanced biosensors, surface attached proteins such as redox active enzymes play
an important role as a transducing element [45]. An example of this is the DNA
hybridization sensor using ALP, described in the previous section. A key parameter in
the functioning of biosensors is the distribution of these proteins [46]. This distribution
of proteins can be imaged using scanning probe techniques such as AFM and SECM.
Anne et al. combined these two techniques in order to get both a topographical and
electrochemical image of the protein distribution of mouse Immunoglobulin-G (Ig-G)
on a gold surface [45]. This was achieved by coupling the Ig-G to its antibody labeled
with ferrocene terminated polyethylene glycol (PEG) chains. An image of this sensing
scheme is depicted in figure 3.3. Ig-G island were printed onto the gold substrate and
subsequently labeled with the antibody. If the AFM probe is in close proximity to the
proteins, the ferrocene labels are able to oxidize at the tip and reduce at the substrate.
This way an image of the attached proteins is obtained with a resolution in the 100
nm range.

3.2.2 Imaging

As already shown in the previous section, localized redox cycling can provide the
means to create an electrochemical image of a substrate. While the field of SECM is
quite wide and allows for much more modes of imaging, only applications based on
redox cycling will be mentioned.
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3.2.2.1 Cells

Electrochemical imaging of cells is an interesting alternative to conventional imaging
techniques such as fluorescent labeling because it can provide information on single
cells without the requirement of labeling. In the SECM field a lot of work has been
done in this area, mostly focused on other modes of operating that do not require a
double electrode scheme [10]. This can be attributed due to the fact that a substrate
electrode is difficult to combine with traditional petri dish culturing of cells, especially
if the intention is to keep the cells alive. However, imaging of cells has been performed
on arrays of redox cycling sensors by Ino et al. [47]. They fabricated a 16 by 16
array of interdigitated (IDA) electrodes which they used to analyze ALP activity from
mouse embryonic bodies. Their aim is to monitor the differentiation of the embryonic
bodies into dopaminergic neurons by first measuring the presence of ALP, and upon
differentiation they expect to measure dopamine. The resolution is quite poor with
every embryonic body taking up a single pixel. But they expect this can be improved
by scaling down the size of the IDE’s.

3.2.2.2 Fingerprints

A technique with direct applications in the field of forensics is that of fingerprint
imaging [48]. In this example, a fingerprint is applied to a glass or PET substrate
which is subsequently put into a magnetron sputtering system to apply a Al-doped
ZnO thin film (ZAO). The film is only deposited onto areas that are free from the
fingerprint ridges due to preferential condensation of the ZAO on the bare glass or
PET substrate, as such a surface with alternating electro active and electro inactive
structures is formed. By scanning over the fingerprint, an increase of the current can
be observed when the electrode is above the thin film and a decrease can be observed
when the electrode is above one of the fingerprint ridges. The concept is illustrated in
figure 3.4.

3.2.3 Physical properties

Redox cyling has also been used in the field of analytical chemistry for the determina-
tion of molecular properties such as diffusion coefficients and reaction rates. While
these parameters have been determined for over a hundred years, starting with the
pioneering work from Graham, Fick, and Arrhenius [49-51], for certain species these
properties are still unknown due to experimental limitations. For example, in the case
of reactions rates, often the limitation is mass transport towards the electrode and not
the reaction at the electrode itself.
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Figure 3.4: Concept of the fingerprint imaging system. Scanning a SECM over an electroac-

tive Al-doped ZnO film. The fingerprint ridges cause a decrease in current and the thin film
causes an increase. Reprinted from Zhang et al. 2012 [48], copyright 2012, with permission
from Elsevier.

3.2.3.1 Reaction rates

This limitation can be overcome by increasing mass transport towards the electrode by
decreasing the spacing between two electrodes. It is for this application that the first
redox cycling devices were used by Anderson and Reilley to investigate Fe(II)-Fe(III)
and the quinone-hydroquinone system [2, 3]. After the development of the SECM,
this new setup was also used to investigate Fe(II) [52] and ferrocene [53]. More recent
developments have focused on scaling down to the nanoscale [54, 55], or novel setups
[11, 56]. Sun et al. scaled down the SECM system by using disk electrodes with a 70
nm radius, which they could approach to a distance of 5 nm from an electrochemi-
cally active substrate. They used this setup to investigate tetracyanoquinodimethane,
rutheniumhexamine, ferrocene, and ferrocenemethanol. Zevenbergen et al. scaled
down a thin layer cell geometry to a spacing of approximately 50 nm and used this
system to investigate the effects of the background electrolytes KCI and NaClO, on
the rate constant of ferrocenedimethanol. Dimutrescu et al. looked at the reactivity
of a single wall carbon nanotube layer with less the 1% surface coverage using (fer-
rocenymethyl)trimethylammonium. The rate constants they obtained suggest their
sidewalls have considerable activity. This is interesting because for single walled
nanotubes it is not yet known exactly at which sites the electron transfer occurs.



REDOX CYCLING APPLICATIONS 37

3.2.3.2 Diffusion coefficients

When measuring diffusion coefficients using redox cycling, the coefficients of the
oxidized and reduced species are combined. Usually it it assumed that the values
for the oxidized and reduced species are similar but this is not always so [57-59].
Martin and Unwin have shown this using a SECM by looking at the time it takes
to reach steady state in a chronoamperometric response for an electrode positioned
close to an electro active surface. They were also able to extract similar parameters
from the difference between approach curves in feedback and substrate generation/tip
collection mode. Using this system they found that for the ferro/ferricyanide couple
the ratio of diffusion coefficients is approximately 1.17. For p-benzoquinone and its
radical, a ratio of 0.7 was found.

3.2.3.3 Single molecule

The first single molecule redox cycling experiments have been performed in the group
of Bard [60]. They moved a recessed SECM tip close to a conductive substrate in order
to confine a small volume between the tip electrode and the substrate. By analysis of
the obtained tip current they claimed the detection of a single diffusing CpFeCpTMA*
molecule. After this initial result nothing was published on this subject for over 15
years. Recently a new attempt has been made by Zevenbergen et al. [61]. In their thin
layer cell with electrodes spaced 70 nm apart they recorded current traces that showed
the presence of individual ferrocene molecules. Potentially this could lead to a new
detection strategy for enzyme products or neurotransmitter release.

A more fundamental approach with limited applications is that of single molecule
analysis using a scanning tunneling microscope (STM) [62]. In this work an STM
tip is positioned close to a surface with an electroactive self asembled monolayer
(SAM), and a connection is formed between tip and substrate through the SAM. By
choosing the appropriate bias potentials they can obtain either a tunneling current
or redox cycling enhanced tunneling current. Through analysis of the obtained
tunneling current histograms they were able to conclude that they could measure the
current transported through a single N,N’-bis(n-thioalkyl)-4,4-bipyridinium bromide
molecule.

3.2.4 Miscellaneous applications

In this section a few examples are highlighted that do not fall into the previous
categories, but that are interesting examples nonetheless.
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Figure 3.5: (a) Schematic of the flow measuring setup. (b) Time delay between upstream
and downstream electrodes allows the calculation of the liquid flow rate. Reprinted with
permission from Mathwig et al. 2012 [64]. Copyright 2012 by the American Physical Society.

3.2.4.1 Flow sensing

Typically in fluidic devices for redox cycling, flow is assumed absent and the data is
analyzed based upon the assumption of a stationary concentration gradient between
the two electrodes. Turning this around, the effect of flow on the obtained current
can be used to create a flow sensor. In the work by Li et al. this is achieved by
measuring the redox cycling current at two planar electrodes at various vibration
speeds [63]. The enhanced mass transport due to displacement of the sensor gives
rise to an increase in current, as such a seismic sensor is obtained.

In a more elaborate setup by Mathwig et al., flow was detected by measuring local
changes in concentration at two sets of redox cycling electrodes within a nanochannel
[64]. In their nanochannel (130 nm high, 5 um wide) local changes in concentration
can be observed which appear as noise on top of the DC redox cycling current. Both
electrodes show a similar time trace with a slight shift in time. This can be seen in
figure 3.5. The time delay is calculated through cross correlation and is then converted
to a flow speed. Using this setup they obtained a lower limit of detection of 10 pL/min,
which is the lowest value reported in literature.

3.24.2 Contamination sensing

Redox cycling has also been used to determine trace amounts of iron in ultrapure
carbon [65]. Using an IDA electrode they were able to determine these trace amounts
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at levels lower than the required 5e-5 wt%. The conventional approach to detecting
these trace elements is using Graphite-furnace atomic absorption spectrometry (AAS),
and they claim their method offers a much cheaper detection method.

3.3 Concluding remarks

The concept of redox cycling in twin electrode systems is almost 50 years old and
it has developed into a technique with applications in various fields of research.
However, its developments are far from finished. In the area of biosensing, clinically
relevant concentrations can already be measured. However, the stability over time
of these devices still prevents them from being applied in a clinical setting. If these
devices are to transition from proof of concepts to real world applications, additional
optimization is needed. The developments in nanofabrication will likely lead to even
smaller devices, which should give an impulse to the area of single molecule detection
and the study of reaction rates. An example of this is the fabrication of nanospaced
electrodes as is discussed in chapter 7 of this thesis.
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Differential cyclic voltammetry for
selective and amplified detection

We propose to combine two existing electrochemical techniques, CV and RC, in order
to obtain amplified and selective detection of redox active species. This combination
is achieved by applying CV waveforms to two electrodes spaced 1.20 um apart, with
one of the electrodes at a constant potential offset compared to the other. Due to this
potential offset we have named this technique differential cyclic voltammetry (DCV).
Analytical expressions for the DCV voltammogram are derived and an optimal po-
tential offset is calculated. The optimal voltage difference for the trade-off between
peak height and width is 0.1 V for redox couples with n=1. Experimental voltammo-
grams show good agreement with the analytical expressions. The voltammogram for
ferrocenedimethanol has been fitted (R? = 0.9985) using only the distance between
the electrodes as fitting parameter. Therefore, this technique shows promise as a tool

for amplified and selective detection of redox active species.!

!This chapter has been published as M.I.J. van Megen, M. Odijk, J. Wiedemair, W. Olthuis and A.
van den Berg, Journal of Electroanalytical Chemistry, 681:6-10, 2012.
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4.1 Introduction

Over the past few years development of micro and nanofabricated structures has
generated a renewed interest in existing electrochemical methods. The nanoscale
study and understanding of electrochemical processes combined with these structures
have led to improved electrochemical detection capabilities. Here we propose to
combine two existing and widely used techniques to obtain improved functionality.

The first technique we employ is that of CV. CV has been around for a long time
and is a well known classification technique for electrochemical systems described in
numerous textbooks [1-3]. In CV, current is measured while sweeping the voltage
over a predefined range, resulting in a voltammogram where the electrochemical
reactions of the various compounds present can be observed. This ability to show in
one measurement the contributions of various compounds is a clear benefit of CV.
Another benefit is that the shape of a voltammogram is well described, therefore any
deviation from this shape is a clear indication of an issue with the measurement, e.g.
electrode fouling or a drift in the reference electrode. This makes CV a useful tool for
assessing the functioning of the electrochemical setup. As such it is often used as a
test preceding other electrochemical techniques.

An important downside to CV is its susceptibility to non-faradaic currents caused
by charging of the double layer capacitance as a result of the continuously changing
potential in a CV measurement [1]. This capacitive charging current ¢, can be
calculated as follows:

lic] = ACqv “4.1)

Where A is the area [m?], Cy; the double layer capacitance [F/m?], and v the scanrate
[V/s]. This capacitive current can be regarded as an offset added to the faradaic current.
An initial boost to the faradaic to offset ratio can be obtained by scaling the electrode
down to a dimension where the diffusion profile becomes hemispherical instead of
linear. This happens for electrode dimensions in the micrometer or sub-micrometer
range. For a disk electrode with micrometer dimensions the faradaic current is given
by [4].

ifarad = BANEF DC*r 4.2)

Where [ is a prefactor based on the ratio between radius of the insulating material
and the radius of the electrode r [m], n is the number of electrons involved in the
reaction, F' the faraday constant [C/mol], D the diffusion coefficient [m?/s], and C*
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the bulk concentration [mol/m?]. From these two equations one can derive a signal to

offset ratio. .
Uffaraa _ BANEDC*r

i) ACmw

snr = 4.3)
From equation 4.3 follows that detecting lower concentrations requires lower scanrates
in order to distinguish the faradaic current from the capacitive background. This
signal to offset ratio can be enhanced by introducing electrochemical amplification
in the form of RC. Conventional RC is based on cycling a reversible redox couple
between two closely spaced electrodes, where one electrode is held at an oxidizing
potential and another at a reducing potential. The advantage of this technique is that
each molecule can contribute to the measured current multiple times, thus effectively
creating (electro)chemical signal amplification. This amplification can be used to
achieve single molecule detection limits [5].

Selective detection using RC is feasible because only the current of reversible redox
couples is amplified. For example, small amounts of catechol can be detected in the
presence of an interfering compound such as ascorbid acid [6]. Both catechol and
ascorbid acid are easily oxidized at approximately the same potential, but only the
oxidation product of catechol can be reduced. Therefore, only the catechol related
current is amplified by RC. It is also possible to achieve selective detection in a
mixture of multiple reversible couples, e.g ferrocyanide and dopamine [7, 8], by
applying the potentials such that only dopamine is subject to RC.

The majority of RC based sensors utilize interdigitated array (IDA) electrodes [7, 9—
23] and more recently thin layers cells [24-26], because of their favorable geometries
for RC. For an IDA electrode in bulk solution an amplification of ~65 times is reported
[7]. An amplification factor of 100 was reported for an IDA electrode in a nanochannel
[23]. The highest amplification factor currently reported is on the order of 10* for a
thin layer cell design [25].

Aside from these solid state sensors, SECM also makes use of the RC effect by means
of a microelectrode that is (x,y,z) positionable with respect to the surface. Thus, one
can for example distinguish between conductive and non-conductive substrates. In
this field RC is known as positive feedback SECM [27].

Our ’best of both worlds’ approach combines the benefits of both techniques, namely
being able to measure multiple species at the same time using electrochemical amplifi-
cation. This is illustrated in figure 4.1. This combination is obtained by applying a CV
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Figure 4.1: When scoring for selectivity and sensitivity, both CV and RC each perform well
in one area, but poor in the other. DCV combines the performance of both techniques into a
single technique that scores well on both categories, sensitivity and selectivity.

waveform on one electrode while applying the same waveform with a potential offset
to the other electrode. Due to this offset we have named this technique differential

cyclic voltammetry.

Another approach similar to DCV is performing CV on one electrode while keeping
the other at a fixed potential. For example, by applying different substrate voltages for
each CV at the tip electrode, one can vary the feedback mode from total feedback to
total shielding or an inbetween state labeled partial feedback [28]. The total shielding
mode is similar to substrate generation/tip collection (SG/TC) [29]. This SG/TC
mode can be used with a fixed tip voltage and varying substrate potential. Because
the tip current is measured while the voltage remains constant, this method elegantly
removes the capacitive interference, leaving only the faradaic current. The numerical
derivative of these voltammograms show a similar shape as is obtained through DCYV,
and the technique also combines the positive aspects of CV and RC, however DCV
offers a few additional features. For example, the voltage difference between the
electrodes is constant in DCV, whereas it is variable for the other technique. This
prevents unwanted currents due to capacitive coupling of the electrodes. In DCV the
height and width of the curve can be tuned through the voltage difference between
tip and substrate, and finally, in DCV the compounds are adressed individually as the
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sweep passes the formal potentials. In the previously mentioned SECM modes the
currents resulting from multiple compounds would be summed.

Previous experiments in our group showed that the shape of the voltammogram
obtained through DCV can be compared to those obtained for differential pulse
voltammetry or square wave voltammetry. However, unlike these techniques the
signal is amplified for DCV [30]. The peak voltage is related to Ey and the peak
value to concentration. In this contribution analytical expressions are introduced for
DCV between two parallel plates, a geometry found in thin layer cells and SECM tips
close to a substrate. These expressions are compared to experimental results obtained
from an SECM system in feedback mode.

4.2 Theory

4.2.1 Analytical expression

To achieve high redox amplification, devices need to have two electrodes with an
inter-electrode spacing in the (sub)micrometer range. If the electrodes are facing each
other, forming a parallel plate geometry, an analytical expression for the DCV peak
shape can be obtained. A schematic of a DCV setup can be seen in figure 4.2.

Assuming that the kinetics (adsorption and electron transfer) at the electrode are fast
enough for the Nernst equation to remain valid during the potential sweep, the Nernst
equation can be rewritten to provide the ratio between the concentration of oxidized

and reduced species at the electrode surface:
O3t /03 = elF=E MR/ @

Here E¢ is the applied potential [V], Y the formal potential of the redox species
[V], R the universal gas constant [J/(mol K)], 7T" the temperature [K], n the number of
electrons involved in the reaction, and F' the faraday constant [C/mol].

If migration is eliminated by adding a background electrolyte and there is no con-
vection, the flux of particles can be attributed solely to diffusion. Fick’s first law of
diffusion in one dimension is described as:

N, — _p, %% 4.5)
dx

Here D; is the diffusion coefficient [m?/s], ddC;i

the concentration gradient [mol/m]

for species 7. Assuming equal diffusion coefficients for the oxidized and the reduced



50 CHAPTER 4

! tip electrode /

Voltage/V

04 O cycling region
0 5 10 15 20

Time/s

Figure 4.2: Schematic of a DCV measurement setup. Triangular waveforms are applied to
the tip and substrate electrodes. Given a redox active species with EY ar 0.3V, cycling will
occur as the electrodes pass this value. This happens once in the forward sweep and once in
the backward sweep, resulting in two current peaks. Figure not to scale.

species (Do = Dy = D) the sum of the concentration of their ions at any point is
equal to the sum of the bulk concentrations. For the tip and substrate electrode this
means:

Clip + CLip = Cllk 4 Gtk — cht “6)
C;?gb Csub Cbulk Cbulk Cbulk (47)

Equation 4.4 can be combined with 4.6 and 4.7 to yield expressions for the concentra-
tion of the reduced species at the electrodes:

Ctzp Cbulk/( (EtiP— foud )/(RT/nF) + 1) (4.8)

b — cbulk /(o (Bsub—EY)/(RT /nF) 1) (4.9)

The tip and substrate concentrations enforce a concentration gradient between the
electrodes. To be able to calculate the flux from these surface concentrations, the
concentration gradient between the electrodes needs to be linear. This can be validated

by looking at the time it takes for this gradient to reach steady state, which is given
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by:

2,2

58 = —= 4.1
tss = 7 (4.10)

For a typical system (z = 1 um, D = 10710 m?/5s) steady state is reached in approx-
imately 10 ms. Assuming an SECM geometry with a large substrate electrode and a
small insulated tip electrode, the math becomes more complicated. However, simula-
tions using finite element modelling have shown that for equal diffusion coefficients
the SECM geometry behaves similar to a thin layer cell (TLC) [31-33]. For a DCV
experiment at a scanrate of < 1 V/s this timescale is fast enough to assume a linear
concentration gradient between the electrodes. Therefore, the concentration gradient
in equation 4.5 can be replaced with surface concentrations derived in equation 4.8
and 4.9 with z the distance between the electrodes.:

C;Eiep o Cﬁgbstr(zte

z

Nye=—-D “4.11)
Additional fluxes from the sides of the electrodes are neglected, which is reasonable
provided the width of the electrodes is much larger than the height. Finally, the current
can be related to the flux leading to:

vi
C P Cﬁgbstrate

I=-nFAD-" (4.12)

z

Here A is the surface area of the tip electrode [m?], other variables are as described
before.

4.2.2 Optimal voltage

Equations 4.8, 4.9 and 4.12 can be used to calculate the shape of the voltammogram for
different values of E¥P — 540 = AE. A small current peak width is desirable for two
reasons: firstly to distinguish as many species as possible within the electrochemical
potential window and secondly to detect species of which the EY is close to the edge
of the potential window. Larger current peak heights are desirable for better signal
to noise ratios and require a large AE. An optimal value for AFE can be found by
dividing the current peak height by the full width at half maximum (FWHM). The
ratio of these values for AF between 50 mV and 250 mV is shown in figure 4.3. The
optimal AF is 0.104 V for a reversible redox couple with n=1.
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Figure 4.3: The maximum peak height divided by FWHM for AE ranging from 50 to 250 mV.
An optimum is found for 0.104 V. Inset shows the shape of the DCV curves for the various

AFE values and the FWHM and peak max locations. Values are calculated for a species with
an E° at 0.2 V and n=1.
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4.3 Materials and methods

Experiments are performed using EIProScan, a commercially available SECM sys-
tem by HEKA. The substrate is a glass chip containing a gold working electrode
(radius 1200 pm) and platinum counter electrode fabricated using conventional
lithography and lift-off processes. Connections to this chip are made using a cus-
tom built electrochemical cell. Voltages are referenced to an Ag/AgCl electrode
(BASi RE-6). The tip is a quartz-platinum microelectrode (r = 3.23 um, Rg = 12.5,
Thomas Recording). The following chemicals were used: Hexaamineruthenium(III)
chloride ([Ru(NHj;)(]Cl;, 98%, Sigma-Aldrich), Potassium Chloride (KC1,>99%
Sigma-Aldrich), and 1,1’-Ferrocenedimethanol (Fc(MeOH),, 98%, Acros Organics).
All solutions were prepared in 18.2 M(2 cm deionized water (Millipore).

4.4 Results and discussion

4.4.1 Voltammogram

In figure 4.4 the voltammogram is shown, recorded in a solution of 0.5 mM Fc(MeOH),
and 1 mM [Ru(NH;)(]Cl; with 0.1 M KCI as supporting electrolyte. These redox
active compounds have been chosen for their well-seperated potentials to clearly
illustrate the DCV model. Using the SECM system, the tip was approached to the
surface and stopped when the current reached three times the bulk value. From the
theoretical model follows that the closer the tip is positioned to the substrate, the
higher the amplification factor and the shorter the time to reach steady state will be.
However, to avoid a potential tip crash, an amplification factor of 3 was deemed high
enough for these experiments. The potential of the tip electrode was swept between
-0.3 V and 0.5 V and the substrate between -0.4 V and 0.4 V (AEF =0.1 V) for 5
cycles at a 10 mV/s scanrate.

Three parameters determine the difference between the two peaks: formal potential,
concentration, and diffusion coefficient. The formal potential determines the location
of the peak on the horizontal axis, while concentration and diffusion coefficient are
linearly related to peak height. The ratio between the peaks heights is approximately
2.5. The species concentrations have a ratio of 2:1 meaning that the diffusion coeffi-
cients should differ by a factor 1.25. In a separate experiment the diffusion coefficient
for Fc(MeOH), and [Ru(NH3)6]3+ in 0.1 M KCI were determined through the steady
state current at a microelectrode with a 10 um diameter. The diffusion coefficient
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was 6.3e-10 m?/s for Fc(MeOH),, and 7.8e-10 m?/s for [Ru(NH;)¢]**. Both are
in good agreement with literature values [10, 24, 34, 35], and with a ratio of 1.24
close to the expected ratio of 1.25. The correlation of the peak current ratio with
the concentrations and diffusion coefficients of the involved species shows a good
agreement between the theoretical model and the experimental results.

An unexpected result is the deviation between the forward and the reverse scan for
the [Ru(NH3)6]2Jr / [Ru(NH3)6]3+c0uple. From literature it is found that the diffusion
coefficients for the [Ru(NH3)6]2+/ [Ru(NH3)6]3+couple are not equal [34]. This
might cause local accumulation or depletion of ions within the channel, which has
been shown previously for SECM in feedback and SG/TC modes [32, 33]. In the
forward scan the formal potential is approached from a reduced state whereas the
reverse scan approaches the formal potential from an oxidized state. This change in
state and corresponding accumulation/depletion could explain the difference between
the forward and reverse scans. This effect is not taken into account for the DCV
model. Furthermore, a decrease over time can be observed for the peak related to
the [Ru(NH3)6]2+ / [Ru(NH3)6]3+couple. Since the Fc(MeOH), related peak does

2.5+4
forward scan
24 e TEVETSE SCAN
1.59
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£ I
=
@)
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0>
0.2 0 0.2 0.4
Voltage/V

Figure 4.4: Measured data for 1 mM [Ru(NH;)s]Cl; and 0.5 mM Fc(MeOH), with 0.1M KCI
as supporting electrolyte. Data from 5 consecutive sweeps with green the forward sweeps and
blue the reverse sweeps. AV = 100 mV, scanrate 10 mV/s, Ylpy = 3, Ag/AgCl reference.
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not show this effect it is likely a local change in concentration of the [Ru(NH3)6]2+ /
[Ru(NH; )6]3+c0uple, either through the depletion mentioned earlier or through poor
stability of the generated [Ru(NH;),1**.

4.4.2 Curve fitting

To compare experimental results with theory, curve fitting was performed using
OriginPro. The approach curve obtained shortly before the DCV experiment was
used to determine r and Rg using an analytical expression for positive feedback
approach curves [36]. An optimal fit was obtained for r and Rg values of 3.23 uym
and 12.5, respectively. For these values, a positive feedback amplification factor of 3
corresponds to a tip to substrate distance (24pproach) Of 1.07 um. The obtained r value
was used in the analytical expression for the DCV peak shape (equation 4.12) along
with the other known parameters, leaving the tip to substrate distance (zg.,) as the
only fitting parameter. The result of this fitting is shown in figure 4.5. E¥ is 0.24 V
versus the Ag/AgCl electrode, F'is 96485 C/mol, T"is 295 K, R is 8.31 J/K mole, r is
3.23 um, and n is 1. Since in figure 4.4, a slope in the measurement can be observed,
a slope of 9.5 pAV~! was added to the model in order to get a proper fit. Using these

=  Measured Current

1 = Measured Approach T Fit
1.2 Fit
0.6 -
z < T
% 0.9 — %
= A o 0.3
O 3
0.6 © -
- 0 p—
T T T | v ! | v | v | ! | !
20 40 0 0.1 0.2 0.3 0.4
Distance/pm Voltage/V
(a) (b)

Figure 4.5: (a) Approach curve fit using r and Rg values of 3.23 um and 12.5 respectively (b)
Fitting the theoretical curve to measured data using tip substrate distance as the only fitting
parameter an optimal fit is obtained for a distance z of 1.2 ym (R? = 0.9985 ). Potentials
referenced versus Ag/AgCl electrode.
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parameters a minimum least squares error was obtained for z is 1.20 um. Thus there
is only a 13% deviation between 2,pproach and zge,,. The most plausible explanation
for such discrepancy is the effect of fluxes from the sides being neglected only in the
DCV model. However, these would have resulted in an underestimation of zg.,. The
fact that zg, is higher than z,,,0qch, indicates that side effects are not significant. An
interesting case has been made recently for temperature control in SECM systems, as
a temperature drift can give rise to a drift in tip-substrate separation of 5-150 nm/min
[37]. Other reasons for the deviation could be sample tilt or electrode fouling, but the
exact origin is unknown. However, the difference between zqpproach and zq4e, of only
13% indicates that the DCV model is valid for positive feedback SECM experiments.
Additionaly we expect the model will also be valid for experiments with thin layer
cells due to similarity in geometry. The benefit of those systems is that the separation
between the electrodes is very well defined, as such it will be a useful tool for the
investigation of reversible redox couples.

4.5 Concluding remarks

The novel technique of DCV, combining conventional CV with RC, shows potential as
a tool for amplified and selective detection of multiple reversible redox couples. The
analytical model derived for this technique is in good agreement with experimental
results. The optimal voltage difference for the trade-off between peak height and
width is 0.1 V for redox couples with n=1. Experiments using this voltage showed
good correlation of the peak ratios with the concentrations and diffusion coefficients
of the species involved.
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Surface attached redox labeled
polyethylene glycol

In this chapter an overview will be given regarding the properties of ferrocene (Fc)
labeled polyethylene glycol (PEG) attached to a gold electrode using cystamine.
The obtained surface density, stability over time, and the effect of the background
electrolyte are investigated. An average surface density of 1.16e-6 mol/m? and 1.22e-
6 mol/m? was obtained for two electrodes (n=6), indicating the molecules are in
a dense brush configuration. A decay in time in the response of the electro active
layer was observed. Finally a correlation is observed between the sodiumperchlorate
concentration of the background electrolyte and the measured formal potential of the
ferrocene. This effect is attributed to ion pairing of the perchlorate and the oxidized
ferrocene. Combining this system with a second closely spaced electrode should
allow redox cycling of PEG-Fc between the two electrodes.!

This chapter was written in close collaboration with Tom Steentjes, MNF group, University of
Twente
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5.1 Introduction

The need for simple, rapid and portable detection schemes for biosensing has led
to the development of micro and nanoscale biosensors. An example is the field
of electrochemical DNA sensing which is used for applications such as pathogen
detection, and the screening for genetic disorders [1-4]. The developments in this
field have even led to a number of commercial applications [4]. Electrochemical DNA
detection relies on the detection of an hybridization event between a surface attached
probe and a target by measuring current changes through an electrode. So far, these
experiments have typically focused one single electrode systems with the redox label
attached to the probe [1, 2], or redox cycling systems with a freely diffusing redox
mediator, as is described in chapter 3, section 3.2.1.2 of this thesis. [5-9]. To our
knowledge no results have been reported on the cycling between two electrodes, of a
surface attached redox labeled DNA probe.

Such a system requires a probe of sufficient length to cross the gap between two
closely spaced electrodes. Assuming an electrode gap of approximately 50 nm, a
spacer is needed to extend the length of a DNA probe. PEG is a good candidate as
a spacer, it is commercially available and at molecular weights of 10000 g/mol or
higher, its size is sufficient to cross the gap. The concept of a redox cycling system
using a surface-attached redox-labeled molecule is illustrated in figure 5.1. The use
of ferrocene labeled PEG has been reported previously by Anne and Demaille, both
in single [10-12] and dual electrode systems [13—16]. For their experiments they
synthesized PEG molecules bearing an N-hydroxysuccinimide (NHS) activated ester
at one end, and a ferrocene molecule at the other end. They did this for molecular
weights of 600, 3400, and 20000 g/mol. The NHS group can be used to attach the
molecule to an electrode surface. For glassy carbon electrodes this was done by
polishing the electrodes in the presence of ammonia, thereby generating amino groups
on the surface. At gold electrodes, modification is performed by using cysteamine,
which is a thiol with an amine group at the end.? Using this system, they investigated
the flexibility of the PEG chains, by means of CV at fast scan rates. For their dual
electrode experiments, the modified PEG molecules were attached either to an AFM
tip or a gold substrate electrode, after which the tip was approached to the surface.
As the tip approaches the surface, an increase in current is observed which can be

2Cysteamine and cystamine are two closely related molecules, cysteamine has a single thiol group
while cystamine is a disulfide with two amine groups. In the experiments reported in this thesis,
cystamine is used.
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Figure 5.1: Illustration of the RC concept using surface attached redox labeled molecules.

The PEG molecule is large enough to reach both of the electrodes with its ferrocene (Fc)
redox label. As a result, the ferrocene can undergo repeated oxidation and reduction reactions,
thereby shuttling electrons between the two electrodes.

attributed to the redox cycling of the molecule layer. This is the first system that
applies redox cycling on surface attached layers without a freely diffusing redox
mediator.

In this chapter the properties of surface linked PEG chains labeled with ferocene will
be explored for the single electrode case. The obtained surface density, stability, and
dependence on the background electrolyte concentration will be explored.

5.2 Theory

Surface grafted polymer chains in a good solvent (e.g. water) and low surface density
occupy a half sphere with a radius comparable to the Flory radius of a coil freely
diffusing in a good solvent [17, 18]. This is also known as the mushroom regime. The
Flory radius can be calculated by

Ry = aN3/® (5.1)

where a [m] is the size of the individual ethylene glycol monomer, which is 0.35
nm for PEG [19], and N the number of monomer units. This equation was used to
determine the Flory radii for various molecular weights, as shown in table 5.1. If the
surface density of the PEG molecules becomes too high, the individual molecules
start to interact and the PEG will go from a mushroom configuration to a brush
configuration where they extend a certain length Lo, > L > Ry from the surface.
This concept is illustrated in figure 5.2 and the maximum density for keeping a
mushroom configuration is listed in table 5.1.
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mushroom brush

Rf

Figure 5.2: The two configurations for PEG based on their surface density. Low density PEG
confines to a mushroom configuration while high density PEG takes on a brush configuration.

Table 5.1: Properties of PEG macromolecules for various molecular weights.

mol. weight [g/mol] N Ry [nm] Ly, [nm]  max. density [mol/m?]

250 6 1.0 2.1 5.3e-7
3400 77 4.7 27 2.4e-8
5000 114 6.0 40 1.5e-8
10000 227 9.1 79 6.4e-9

5.2.1 Calculating surface coverage

Unlike conventional bulk electrochemistry where there is a continuous supply of
new molecules diffusing from the bulk towards the electrode, in the surface attached
situation only a limited amount of molecules is available. After these molecules have
reacted, the current drops back down to a baseline value, as is illustrated in figure
5.3. By integrating the current resulting from the oxidation or reduction reaction over
time, the total amount of charge transferred can be calculated. This resulting charge

value can be used to calculate the surface coverage using equation 5.2

. Cpeak . Cpeak
coverage = A A FA (5.2)

where C)eqr [C] is the charge transferred in either the oxidation or reduction peak, e
the elementary charge 1.6e-19 C, Ay Avogadro’s constant 6.022e-23 1/mol, and A
the area [m?]. This yields a value for the coverage in [mol/m2]. However, in literature

the coverage is often expressed in terms of [mol/cm?].
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Figure 5.3: Two voltammograms are shown, one for a layer of NHS-PEG;s9-Fc and the other
for a layer of cystamine. By integrating the current in the CV resulting from oxidation of the
Fc label (grey area), the surface coverage of the PEG layer can be calculated. The CV from
the cystamine layer provides a baseline which is subtracted before the current is integrated.
Measurement performed in 0.1 M KCl using an Ag/AgCl electrode, scanrate was 2 V/s.

5.3 Materials and methods

The experiments have been performed using either NHS-PEG;sq-Fc or NHS-PEG -
Fc on gold disk electrodes with a diameter of 2 mm (CH instruments). For a detailed
protocol on the synthesis of the PEG molecules see appendix B. Before modification
the electrodes were polished using alumina particles (50 nm diameter, CH instru-
ments), followed by extensive rinsing using ethanol and DI water (Millipore), and
5 minutes of ultrasonic treatment in ethanol and DI water respectively. After the
ultrasonic treatment the electrodes were electrochemically cleaned in 0.5 M H,SO,.
The electrode potential was scanned from -0.61 V to 1.1 V and back for a total of
35 cycles at a scanrate of 100 mV/s, using a mercurous sulphate reference electrode
(BASI) and platinum counter electrode (CH instruments). The initial 30 cycles were
used to let the voltammogram stabilize and the final 5 were used to check whether
the gold oxidation showed the three independent peaks that are an indication of a
clean gold surface [20]. An example of a cleaning curve is shown in appendix A.
After cleaning, the electrodes were put into DI water containing 20 mM cystaminedi-
hydrochloride (FLUKA) to allow the cystamine monolayer to form overnight. The
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PEG chains were subsequently attached to the cystamine layer by putting the elec-
trodes in dichloromethane (for PEG,50-Fc) or water (for PEG;ox-Fc) contain the PEG
chains. Finally, the electrodes were extensively rinsed using DI water, after which
they were ready for use. Electrochemical measurements were performed using a
SP300 bi-potentiostat (Bio-Logic, France). The solutions used were, 1 M NaCLO, in
DI water, and 0.5 M Tetrabutylammonium hexafluorophosphate in dichloromethane.

5.4 Results and discussion

Below are the results of a series of experiments on the stability of PEG,s¢-Fc layers.
For each experiment, 10 CV cycles between -0.7 V and 0.3 V vs a mercurous sulphate
electrode are recorded at a 2 V/s scanrate, followed by 5 minutes of floating at open

circuit potential. This protocol is looped 10 times.
5.4.1 Surface coverage

The surface coverage was calculated for each of the time decay experiments listed
below using the theory explained in section 5.2.1. For each experiment, the 10th CV
of the first loop was used to determine the charge transferred. The average charge
transferred over all experiments was 0.35 4 0.04 uC and 0.37 4 0.13 uC for two
electrodes. This yields a surface coverage of 1.16e-6 mol/m? and 1.22e-6 mol/m?.
The experiments were performed using PEG;s¢-fc of which the maximum density
that allows a mushroom configuration is 5.3e-7 mol/m?. This can either mean the
PEG molecules are in brush configuration, or that the actual surface is larger than that
of a perfectly flat disk electrode, due to surface roughness.

5.4.2 Decay over time

As initial experiments showed a decay over time of the oxidative and reductive
peaks, an attempt was made to determine the cause for this degradation. Two of the
most likely candidates for signal degradation were tested: non-specific desorption,
and instability of the electro-generated Fc* ion. To test the issue of non-specific
desorption two parameters were varied, the solvent type and the use of an ultrasonic
bath. As the PEG;5p-fc molecules are solvable in dichloromethane but not in water
the hypothesis is that the peaks decay faster in dichloromethane than in water. The
ultrasonic bath could potentially remove the non-specifically attached molecules
before the experiment, resulting in less decay over time. For each of these parameter
combinations, the average oxidative peak height of each loop was determined as is
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Figure 5.4: The peak height is determined as the difference between the peak current (circle)
and the baseline current (dashed line). In order to be able to determine the baseline, a linear
fit was made from the current values between -0.5 and -0.4 'V and the current values between
0.15 and 0.2 V. The data shown is from the 1st and 10th loop of one of the electrodes from the
H, 0 with sonication experiment. Potentials referenced versus Hg/HgSO, electrode.

shown in shown in figure 5.4. The results from the experiments are shown in figure
5.5.

While some curves show a decrease in degradation over time, none of the curves reach
steady state within the 45 minutes the experiment took place. The overall variation
between electrodes is larger than the difference between experiments (data not shown).
From this it can be concluded that none of the experiments yield a stable result and
that the signal decay originates from another source, possibly the stability of the Fc*
ion.

In literature there have been claims of its excellent stability [12] as well as recom-
mendations to use other ions as ferrocene quickly degrades [21]. To investigate if
the decay over time was influenced by the redox state, an experiment similar to the
previous one was performed. Again sets of 10 CVs were performed every 5 minutes.
However, in between these CVs the electrode was set to either a reducing voltage of
-0.6 V or an oxidizing voltage of 0.1 V instead of keeping the circuit at open potential.
The resulting decay over time is shown in figure 5.6. There is no significant difference
in the decay over time for both potentials. This indicates that the decay cannot be
attributed to instability of the Fc* ion.



66 CHAPTER 5

100 4

90 1

80 1

%

70 1

—— DCM ;';”’“r"\,
— — — DCM + sonication S o
604 H,0 >
...... H,O + sonication
50 " T T " '
2 4 6 8 10
Loop nr

Figure 5.5: Peak height decay of PEG,sp-fc molecules over time for different solvents and the
application of an ultrasonic treatment for 5 minutes. Each curve represents the average value
of three electrodes.

As the sets of CVs were performed relatively quickly no appreciable change in signal
was observed for each set. However during the 5 minute delay between measurements,
the signal decayed, indicating that cycling itself is not the reason for the decay. Just
having the sensor in solution is already enough to see the decay happening. If the
decay is not the result of the release of non specifically bound molecules, or the
instability of the Fc* ion, what then can it be attributed to? Given the fact that thiol
chemistry is quite stable, the most likely candidate is the degradation of the PEG
molecules themselves. This would mean the loss of signal over time is inherent
to using PEG as a spacer. As a result, this system is not suitable for continuous
measuring for an extended period of time. However, this system would work without
issue for proofs of principle or one-time use sensors that only need a short operating
time, and are disposed afterwards.

5.4.3 Effect of NaClO, concentration

NaClO, was used as the background electrolyte because it had been shown previ-
ously that this combination of background electrolyte and PEG34¢9-fc yields a clear
voltammogram [13-16]. However, because the background electrolyte can have an
influence on the performance (e.g. peak height or location) of an electro active SAM
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Figure 5.6: Peak height decay of PEG;s9-fc molecules over time for two electrodes each at
two different redox states.

[22], the effect of the NaClO, concentration was investigated. Since the oxidized Fc
ion has a positive charge, it was hypothesized that the different concentrations would
have an effect on the screening of the charged Fc ion due to an increase in the Debye
length. For two electrodes, CVs were recorded from PEGjso-fc and PEG;gk-fc in
concentrations between 1 mM and 5 M at a scanrate of 2 V/s. Each CV was scanned
from -0.7 to 0.3 V versus a Hg/HgSO, electrode. As an example, the CVs from
electrode two are presented in figure 5.7. From each CV the location of the oxidative
and reductive peaks were determined in order to calculate the formal potential £

using:

BY — Erea + Eox (5.3)

2
The shift in £ is shown in figure 5.8 for PEGy5¢-fc, and in figure 5.9 for PEG gg-fc.
A logarithmic relation is found between the NaClO, concentration and the observed
EY. Fitting the obtained result, yields a slope of -58 and -56 mV per decade for

PEGj50-fc and -53 mV and -54 mV for PEGgk-fc.

This result can be explained if there is an interaction between the NaClO, and the Fc.
For other monolayers a similar dependence has been observed [23-27], which was
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Figure 5.7: The effect of the background electrolyte on the CV of PEG,sp-fc at different
concentrations. (1 mM, 10 mM ,100 mM ,1 M, 5M NaClO,). Upon decreasing concentration,
the formal potential shifts towards a higher value. Scanrate 2 V/s. Potentials referenced
versus Hg/HgSO, electrode.

attributed to ion pairing. As the ferrocenes in the PEG layer are oxidized, the poorly
solvated perchlorate ion prefers to bind to the ferrocenium ion. The ferrocenium ion

pairs with the dissolved perchlorate ion according to the following stoichiometry:

Fet + ClOy = (FcClOy)ip (5.4)

As a result, according to the Nernst equation this means a dependence of EY on
the NaClO, concentration of -59 mV per decade should be expected [26]. With
an average response of -55 mV per decade the PEG chain response is close to this
theoretical value.

Besides this shift in EY, two additional effects can be observed if the background
electrolyte concentration is decreased. The peak height decreases and the peak
separation increases. This type of behavior is typically attributed to either ohmic drop
in the solution or a decrease in electrode kinetics. Experiments using ohmic drop
compensation showed a similar behavior which indicates the kinetics are influenced
by the change in background electrolyte concentration. The change in kinetics is either
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Figure 5.8: Effect of NaClO, concentration on the observed formal potential of PEG;sp-fc.
Left and right figure contain data from experiments at two electrodes with concentrations
measured from low to high. Potentials referenced versus Hg/HgSO, electrode.
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Figure 5.9: Effect of NaClO, concentration on the observed formal potential of PEG jg-fc.
Left and right figure contain data from experiments at two electrodes with concentrations
measured from low to high. Potentials referenced versus Hg/HgSO, electrode.
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the result of the ion pairing effect or it is the result of a change in charge screening.
Experiments are ongoing to determine the rate constants using CV at various scanrates,
in order to define the change in kinetics more quantitatively. Moreover, it would be
interesting to perform a similar experiment using a different background electrolyte
in order to separate the ion pairing effect from screening effect.

5.5 Concluding remarks

Although the NHS-PEG-fc system shows a decay over time, initially a strong signal
can be observed of which the decay is less than 40% over a period of 50 minutes. Pro-
vided the measurement is performed shortly after introduction to an electrochemical
cell, combining this system with a second closely spaced electrode, redox cycling of
the attached ferrocene should be possible. The fabrication of such a closely spaced
electrode is discussed in chapter 7.

Besides its use in sensor type applications this system is also useful for fundamental
electrochemical studies of the PEGx-fc molecule. The change in peak separation as a
result of a decrease in background electrolyte concentration should be investigated
further to check whether it results from ion pairing. Initially an experiment with a
different background electrolyte should be conducted followed by experiments on
other chain lengths.
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Titaniumoxide as protection layer
for on-chip gold electrodes

In this chapter, we propose the use of a thin titanium dioxide film as protection
layer for gold electrodes. Despite the large number of cleaning methods for gold
surfaces, it remains a challenge to prevent contamination of or damage to the surface
caused by cleaning. In this contribution we suggest an alternative to the cleaning of
electrochemical sensors. A titanium dioxide sacrificial layer is applied which can be
removed before use to expose the clean gold structure underneath. This method can
be beneficial for sensors which rely on clean surfaces for their surface chemistry, for
example, thiol chemistry at gold electrodes. Electrode performance is tested through
CV in a ferrocenedimethanol solution. After removal of the titanium dioxide layer, a
clear voltammogram is obtained with a peak separation of 67 mV, indicating a clean
surface. This means that the removal of a sacrificial layer is a good alternative to
conventional electrochemical cleaning methods, while also protecting the electrodes
during wafer handling.
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6.1 Introduction

For electrochemical reactions at gold electrodes, especially surface chemistry, a clean
surface is of vital importance [1]. This is a challenge in everyday lab environments
where (organic) contaminants will quickly deposit onto any surface [2, 3]. To over-
come this problem, a wide variety of cleaning techniques have been developed such
as: polishing, submersion in cleaning solution, uv-irradiation, or electrochemical
cleaning [1, 2, 4-6].

Despite this wide variety of cleaning techniques it continues to remain a challenge
to remove contaminants while at the same time keeping the gold surface intact [6]
and/or free from the chemicals used during the cleaning process [5]. If the electrode
is not directly accessible, for example in microfluidic devices, techniques such as
polishing or irradiation cannot be used. However, as an alternative to cleaning, it is
also possible to protect the sample by shielding it against contaminants by means of a
protective layer. For example, the active area in template stripped surfaces is shielded
by the wafer it is deposited onto [3]. This way it is only exposed to air the moment
it is used, keeping it free from any contaminants provided the original substrate was
clean. It is also possible to use a molecular monolayer as a protection layer that can
be electrochemically desorped from a surface [7]. However, the best way to protect a
surface is to add a protective layer to the gold in the same high vacuum environment
that was used to deposit the gold.

This means that the protective layer should be a material that can be sputtered or
evaporated together with gold, and an etchant must be available that selectively etches
this material. In this contribution titanium was chosen because it readily oxidizes
and forms a chemically stable titaniumdioxide layer which can be further enhanced
through oxygen plasma, anodic oxidation, or annealing [8, 9]. The chemical resistance
of TiO, thin films has been extensively reviewed in a thesis by B.S. Richards [10].
Typically the TiO, layer is resistant to any of the typical cleanroom solvents, acids
or bases with the exception of concentrated H,SO, or HF. The etch rates vary based
on the crystal phase of the TiO, layer, which is related to the annealing temperature.
Since gold does not etch in HF or H,SO, it is possible to selectively etch the protecting
layer. Besides offering protection against contamination during electrode fabrication
or storage, the gold surface is also protected against scratching or roughening of the
surface during wafer handling. It should be noted that this method can only be used
once for each sensor. However, if not used as a disposable it is possible to use the

previously mentioned procedures for electrode cleaning.



TITANIUMOXIDE AS PROTECTION LAYER FOR ON-CHIP GOLD ELECTRODES 75

6.2 Materials and methods

Electrodes were fabricated by evaporating a sandwich of 15 nm Ti, 110 nm Au, and
15 nm Ti onto a sillicon wafer with a 6 pum oxide layer on top. After evaporation a
patterning step using Ion beam Etching (IBE) was performed, which was followed
by an oxygen plasma to remove the patterning resist and to oxidize the titanium
layer. The following chemicals were used: 1,1’-Ferrocenedimethanol (Fc(MeOH),,
98%, Acros Organics), Sulfuric acid (H,S,, 95%-98%, Sigma Aldrich), Sodium
Perchlorate (NaClO,, 98% extra pure, Acros Organics). All solutions were prepared
in 18.2 M(2 cm deionized water (Millipore). Electrochemical measurements were
carried out using a SP300 bi-potentiostat (Bio-Logic, France).

6.3 Results and discussion

X-ray photoelectron spectroscopy (XPS) measurements on the fabricated samples
confirmed that the titanium surface had been fully oxidized, with a Ti2p3 peak at
458 eV corresponding to TiO,, as can been seen in figure 6.1. At least the first 5
nm of the 15nm Ti layer had been fully oxidized, providing a chemically resistant
layer. Samples with this layer were put into a solution of concentrated sulfuric acid
heated to 105 °C to etch away the Ti/TiO, layer. Samples were removed once the
brown color of the titaniumoxide turned to gold, indicating complete removal of the
protective layer. Due to the gradual change in color it is difficult to define an exact
etch time, which was generally between 4 to 5 minutes. This etch time corresponds to
an etch rate of 3 to 3.75 nm/min, which is of the same order as a previously reported
etch rate of 1.7 nm/min at 120 °C [11]. The temperature of the etching solution is a
critical parameter. At room temperature no color changes were observed for a period
of over 24 hours, corresponding to an etch rate of less than 0.01 nm/min.

Before and after the etching step, a CV was recorded in a 1 mM 1,1’ -ferrocenedimethanol
solution with a background electrolyte of 1 M Sodium Perchlorate, using a Mer-
cury/Mercurous Sulphate reference electrode and a platinum counter electrode. The
voltage was scanned between 0.3 V and -0.7 V at a scanrate of 2 V/s. Figure 6.2
shows the CVs before and after etching. Before etching the electrode is fully shielded
from the ferrocenedimethanol and only a small current contribution can be observed
at more reducing potentials. This is likely due to electrochemical reduction of the
TiO, layer. The shielding against the ferrocenedimethanol reaction confirms that
TiO, layer completely covers the electrode.
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Figure 6.1: XPS element spectrum for titanium. The Ti2p3 peak at 458 eV indicates the Ti
has been fully oxidized to TiO,.

After etching a typical ferrocenedimethanol CV is obtained with a formal potential at
-0.19 V and a peak separation of 67 mV. The peak separation close to the theoretical
59 mV for reactions with one electron transfer, is an indication that a clean surface
has been obtained.

6.4 Conclusion

Gold electrodes for electrochemical sensing can be shielded from contaminations
through a sacrificial protection layer. With the ability to selectively remove this
protection layer without damaging the gold it is possible to keep electrodes stored
until needed without risk of contamination. The current application of a TiO, layer
is resistant to most chemical etchants making the protection layer compatible with
additional cleanroom processing for more advanced structures.
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Figure 6.2: Cyclic voltammogram of 1 mM ferrocenedimethanol at a gold electrode with

or without TiO, protection layer. 6 cycles recorded at a scanrate 2 V/s using a Hg/HgSO,
reference electrode.
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Solid state nanogaps for
electrochemical detection
fabricated using edge lithography

Nanogap electrodes have uses in fields such as chemical sensing, molecular transport,
plasmonics, and DNA sequencing. In this chapter a new fabrication strategy for
nanospaced electrodes is reported. Using this fabrication strategy, electrodes have
been successfully created featuring gap sizes of 100, 50, and 30 nm. Using electrodes
with 50 nm spacing, the electrochemical behavior is evaluated by means of CV in
combination with RC. The obtained voltammogram corresponds to finite element
simulations and the shape of the voltammogram indicates an almost nernstian quasi-
reversible CV is obtained for a reversible redox couple, which means the devices are
suited for electrochemical detection. Due to the high yield of fabrication, it should be
possible to scale the gap size down to values below 30 nm.
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7.1 Introduction

Nanogap electrodes have over the years attracted interest from fields such as chemical
sensing [1, 2], single molecule electron transport, molecular electronics [3, 4], plas-
monics [5-7], and DNA sequencing [8]. These nanogap electrodes are essentially two
electrodes spaced < 100 nm apart. However, depending on the desired application
the specific geometry varies widely. For example, in single molecule applications a
very small electrode area is desired in order to make sure only a single molecule is
able to bridge the gap between the two electrodes. This results in designs featuring a
sharp tip or small band at the nanogap location. In contrast, for the other applications
a larger facing surface area is favorable due to its increase in signal. This results in
designs where at least one of the dimensions is in the micron or larger range, while
keeping the spacing between the electrodes in the nanometer range.

For electrochemical applications small electrode spacings are desirable if RC is used.
RC is based on cycling a reversible redox couple between two closely spaced elec-
trodes, where one electrode is held at an oxidizing potential and another at a reducing
potential. The advantage of this technique is that each molecule can contribute to the
measured current multiple times, thus effectively creating (electro)chemical signal
amplification. This amplification increases with decreasing electrode spacing. A
commonly used design for RC applications is that of an interdigitated array electrode.
The first use of interdigitated electrodes (IDE’s) for redox cycling was reported in
1985 [9]. This first design only had a twin electrode setup, but this was followed
by designs with multiple “fingers”[10, 11]. In recent years these devices have gone
from micro down to nanoscale spacings [12-16]. Other nanoscale geometries are
nanofluidic thin layer cells [17-22], nanocavities [23, 24], or a single nanogap [25].

Typically these nanoscale devices are fabricated using either focused ion beam (FIB)
[24, 26-30], or e-beam lithography (EBL) [15-17, 31]. These fabrication methods
allow gaps as small as 3 nm [27]. Even though the obtained spacing results are very
impressive, the fabrication of these devices is expensive and of low throughput as
each device needs to be written individually.

As aresult, alternatives have been developed to achieve similar spacings using conven-
tional UV lithography. The basic concepts of these alternatives are shown in figure 7.1.
An example of such alternative is that of shadow evaporation [8, 32]. By evaporating
the metal layer for the second electrode at an angle, a part of the surface is shadowed
by the first electrode, thereby creating a gap between the electrodes. This technique
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Figure 7.1: Four different fabrications strategies for nanogaps that do not directly rely on
FIB or e-beam techniques.

has been used to create gap spacings as small as 9 nm [8]. Another technique featuring
even smaller electrode spacings uses molecular resists to achieve spacings below 4
nm [25, 33]. After the first electrode pattern is defined, thiol chemistry is used to
create a dense molecular resist on the surface. The second electrode pattern is then
applied with a small overlap onto the first electrode. The molecule layer prevents
contact between the two electrodes. In a final step the molecule layer is stripped
electrochemically in order to expose the gap. It is also possible to fabricate gaps
by making use of underetching [34]. Initially the first metal layer is etched using a
patterned resist and this results in a slight underetch. A second metal layer is applied
and the resist shadows the underetched area. The resist is then lift-off, exposing the
gap underneath. Using this technique a spacing of 100 nm has been obtained. Finally,
it is also possible to define nanospaced gaps using nanoimprint lithography [13]. This
technique is not completely free from EBL as it is required for the fabrication of the
stamp. However, once the stamp is fabricated, it can be re-used on multiple wafers.
Using this technique a spacing of 100 nm was obtained.

In this contribution a technique similar to that of shadow evaporation and underetching
is presented. However, unlike the previously mentioned methods, our method requires
only a single metal deposition step to define both of the electrodes. Moreover, by
tuning parts of the fabrication process, the inter electrode spacing can be precisely
defined.
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Figure 7.2: Summary of the fabrication proces in side and top view. (a) Fabrication is
started on a sandwich of silicon (Si), silicondioxide (Si0O2) and silicon rich nitride (SiRN).
(b) By subsequent reactive ion etching (RIE) and buffered hydrogenfluoride (BHF) etching,
an overhanging ridge is created (c) Metal is deposited and patterned on the wafer and at
the ridge, there is no connection between the two gold structures. (d) to passivate gold lead
wiring, a Parylene layer is applied and selectively opened to expose the gap electrodes.

7.2 Fabrication process

The fabrication process is illustrated in figure 7.2. By creating an overhanging ridge
in the insulating substrate, the subsequently deposited metal layer is broken on the
edge of the ridge. Using this technique a 50 nm spacing between the two electrodes is
obtained.

7.2.1 Edge creation

Fabrication is started using a silicon <100> wafer onto which a 8 um SiO, layer is
grown using thermal oxidation. This oxide layer is covered by a 100 nm layer of
silicon rich nitride (SiRN) using low pressure chemical vapour deposition (LPCVD).
SiRN is chosen for its low stress properties, reducing the chance of bending of the
overhanging ridge. Ellipsometry is used to confirm the thickness of the SiRN layer
by means of a dummy wafer without the SiO, layer. Subsequently a 1.7 pm thick
photoresist is applied and patterned to expose the area where the SiRN layer will be
removed. The SiRN is removed using reactive ion etching (RIE). As this process is
not selective for SiRN with respect to SiO,, the etch process is monitored using an
interferometer and stopped at the moment the SiRN layer is removed. To validate that



SOLID STATE NANOGAPS 83

Ti/Auy|

SiRN

Dgap | || DRIE
Dmetal DBHF
SiO9

Figure 7.3: By choosing the appropriate RIE and BHF etch depths and metal deposition
height, the gap depth can be precisely controlled. The gap depth is the smallest distance
between the two gold electrodes and it is defined as the total etch depth minus the height of
the metal deposition.

the SiRN layer has been removed at the exposed areas, the conductance of the dummy
wafer is measured using a probe station. If the SiRN layer is removed, bare silicon is
exposed and the surface should conduct. Once the silicon is exposed, the etch depth
is measured using a surface profiler to determine the amount of over etching into the
SiO, layer. Following the RIE etch, the wafers are put into buffered hydrogen fluoride
(BHF) in order to etch the exposed SiO, layer. Due to the isotropic nature of the
etching process, underetching occurs below the nitride layer. The total etch depth of
both the RIE overetch and the BHF etch is a critical parameter in defining the spacing
between the two electrodes. Because the metal evaporation process also covers the
side of the overhanging ridge, the obtained minimal spacing is the total etch depth
minus the height of the metal deposition as is illustrated in figure 7.3. Therefore, if the
desired metal height and RIE overetch are known, the required BHF etch depth can
be calculated. From this required depth an etch time can be calculated. For example,
given a desired gap of 50 nm, a 15/110 nm layer of Ti/Au, and an RIE overetch
of 5 nm, a BHF etch depth of 170 nm is desired. As BHF etches at approximately
75 nm/min at 19°C, the wafers are etched for 2 minutes and 15 seconds to obtain
the desired depth. The photoresist is then removed using an oxygen plasma and the
surface profiler is used to confirm if the desired etch depth has been reached. In the
next step the electrodes are defined.

7.2.2 Electrodes

A sandwich layer of 15/110/15 nm of Ti/Au/Ti respectively is evaporated onto the
wafers. If the etch depth as determined from the surface profiler measurement deviates
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slightly from the desired value, this can be corrected for by changing the amount of
deposited gold. Due the the underetch into the SiO,, the gold contact is broken at the
edge. To define the electrode pattern in the metal layers, a 1.7 um thick photoresist is
applied. Excess metal is then removed from the wafer using subsequent etching in 1%
HE, gold etchant, and 1% HF in order to remove the Ti/Au/Ti layers respectively. This
results in two closely spaced electrodes of 47 um length and 2.5 um width. However,
care must be taken not to overetch each layer as this will decrease the width of the
electrodes. A critical step is the alignment of the electrode pattern onto the edge
of the ridge, as each electrode pattern is only 2.5 pm wide and some losses result
from overetching. If the alignment is off by more than 2 - 2.5 um, the edge is not
patterned and only a single electrode remains. After the electrodes are fabricated,
the resist is removed in 99% HNO; and the wafers are ready for packaging. As an
alternative to wet etching the metal, it also possible to define the electrode pattern
using reactive ion beam etching (RIBE), this eliminates the underetching of gold at
the cost of re-deposition of metals at the sides of the electrodes. This re-deposition
can cause the two electrodes to become shorted.

7.2.3 Packaging

To shield the leads running to the electrode pair from solution during electrochemical
measurements, a 1 um layer Parylene C is applied using a Parylene coater. This coating
is removed locally at the nanogap and at the electrode contact pads by application of a
photoresist layer and RIE etching. After etching the resist is removed and the wafers
are diced into individual 1 by 2 cm chips. Shortly before use the top Ti layer can be
removed using 1% HF to expose the clean gold underneath.

7.3 Materials and methods

To test the electrochemical functioning of the fabricated electrodes, CV and RC
measurements are performed. For each electrode a CV is recorded between O V and 0.5
V vs an Ag/AgCl electrode at 50 mV/s with the other electrode either floating, at 0 V, or
at 0.5 V vs Ag/AgCl. Electrochemical measurements were performed using a SP300
bi-potentiostat (Bio-Logic, France). Connections to the chips are made using a custom
built electrochemical cell. Reference: Ag/AgCl electrode (BASi RE-6), Counter:
2 mm Pt disk (CH Instruments). The following chemicals were used: Potassium
Chloride (KC1,>99% Sigma-Aldrich), and 1,1’-Ferrocenedimethanol (Fc(MeOH),,
98%, Acros Organics). Solutions were prepared in 18.2 M{2cm deionized water
(Millipore).
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Figure 7.4: SEM images of the realized structure at various zoom levels. (a) Overview of the
device showing the exposed area with the two electrodes in the center. Beneath the Parylene
coating the electrode leads can be observed. (b/c) Two close-ups of the gap area indicating
the uniformity of the gap over a large distance. (d) In this image the underetch into the SiO,
can be observed. It also shows that that the metals are deposited onto the side of the nitride
ridge.

7.4 Results and discussion

7.4.1 Fabrication

Devices have been fabricated with 100 and 50 nm gap spacing. Each spacing had a
96% yield with more than 25 devices tested for each gap size. In figure 7.4, SEM
images are shown from a device with a 50 nm gap. At lower zoom levels the devices
seem smooth over the complete 47 um electrode length. However, at higher zoom
levels some roughness can be observed, both at the outer edge of the electrode and the
gap itself. This is attributed to resist residues sticking to the edge of the mask features.
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Figure 7.5: Microscope image of one of the realized devices. Electrode length is 47 um. Top
electrode 1.7 um wide and bottom electrode 0.6 um wide.

If a mask is re-used multiple times without cleaning in between uses, this effect is
increased. This effect might increase the risk of electrically shorted electrodes, as the
gap is less well defined. However this was not observed during fabrication.

Underetching into the metal layers beneath the photoresist had a clear impact on the
yield of the fabricated devices. In figure 7.5 the device is shown that was used for
electrochemical testing, of which the results are described in the following section.
While the electrode width defined in the mask is 5 pm wide, after etching only 2.3
um remains. The top electrode is 1.7 um wide and the bottom electrode is 0.6 um
wide. This overetch also influences the connections towards the electrode. As can
been seen in the figure the connections towards the electrodes are almost broken due
to the overetch. Typically failed devices were either missing one of the electrodes or
had the connections towards the electrode broken. However, for the nanogaps itself
none of the devices showed a short circuit.

7.4.2 Electrochemistry

To test the electrochemical functioning, a batch of 50 nm spaced electrodes was used
in three different electrochemical modes. First a CV was performed at one electrode
while the other was left floating, followed by a measurement with the other electrode
at 0V, and lastly a CV was recorded while the other electrode was set to 0.5 V. After
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Figure 7.6: (a) Comparison between the experimental voltammogram obtained for the top
electrode and a simulation using finite element modeling. (b) Evaluation of the shape of the
top electrodes’ forward CV. The different between Es3 4 and E 4 is 59 mV at a scanrate of 50
mV/s, only slightly higher than the 56.4 mV expected for an ideal system [35]. Measurement
performed in 0.1M KCI and 1 mM Ferrocenedimethanol in DI water. Potentials referenced
versus Ag/AgCl electrode.

the three CVs were performed the electrode connections were switched and the same
set was repeated. The measurements were performed in 1 mM ferrocenedimethanol
with 0.1 M KCI as background electrolyte using an Ag/AgCl reference electrode.
First the shape of a single electrode CV is evaluated. The results are shown in figure
7.6.

The electrodes most closely resemble band microelectrodes. However, as there are
no analytical expressions available for the current at a band microelectrode CV, the
experimental results can only be compared with simulations. This is shown in figure
7.6.a. The current for the top electrode is plotted together with the current simulated
using finite element modeling in Comsol Multiphysics. The shape of the curves
matches closely with only a 10% difference in limiting currents. This difference
is most likely the result of the model assuming a completely flat 1.7 by 47 ym
electrode whereas in reality the electrode is 110 nm high. This means the electrode
sidewalls account for an additional 13% in surface area which is neglected in the
model. Besides the simulations, additional information can be retrieved from the
shape of the experimental voltammogram. For a microelectrode CV the voltage
difference between E3/4 and Ey /4 should be 56.4 mV, where E3/4 and E /4 are the
voltages at which the current is 3/4 and 1/4 of the limiting current respectively [35].
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Figure 7.7: CV in combination with RC results. (a) CV results from the bottom electrode at
three top electrode potentials. (b) CV results from the top electrode at three bottom electrode
potentials. Measurement performed at a scanrate of 50 mV/s, using an Ag/AgCl reference
electrode. Measurement performed in 0.IM KCI and 1 mM Ferrocenedimethanol in DI water.

In the voltammogram for the top electrode this difference is 59.5 mV as is shown
in figure 7.6.b. This only slight deviation from theory indicates an almost nernstian
quasi-reversible CV is obtained.

The results for the different electrode potentials are shown in figure 7.7. The bottom
electrode which is shown in figure 7.7.a obtains lower currents than the top electrode
shown in figure 7.7.b. For the single electrode measurement (where the other electrode
is left floating) the bottom electrode reaches a steady state value of 1.9 nA whereas
the top electrode reaches 2.4 nA. This can be explained by looking at the size of the
electrodes. The top electrode is 1.7 um wide while the bottom electrode is only 0.6
um wide. The scaling of the current with respect to the electrode area is not linear
due to the microband shape of the electrodes.

If the other electrode is set to O V the current is increased to a value of 3.55 nA and 4.4
nA for bottom and top electrode respectively, which is a factor 1.8 increase in current
for both electrodes due to the effect of RC. If the other electrode is set to 0.5 V, the
electrodes start to compete for the same reaction and the current drops to 0.88 nA and
1.77 nA for bottom and top electrode respectively. For the bottom electrode only 45%
of the original current remains while for the top electrode 72% is left. This is the result
of the larger size of the top electrode and because the top electrode is “shadowing”
the bottom electrode. At 0 V an increase in reduction current can be observed. The
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current from both electrodes increases by a factor 27 from -0.1 nA to -2.7 nA as a
result of the local increase in the oxidized ferrocenedimethanol concentration due to
the the other electrode.

7.5 Concluding remarks

Using edge lithography as described in this chapter, electrodes with spacings down to
50 nm can be successfully fabricated without EBL or FIB. The electrodes fabricated in
this way show electrochemical behavior that matches with theory. The electrochemical
experiments show that these devices can be used for RC of a freely diffusing redox
mediator. The obtained amplification is maximally a factor 1.8 for freely diffusing
species. However, it is our intention to use these devices for redox cycling of surface
attached molecules, which should result in higher amplification values. The yield
of the fabricated devices is high (96%), indicating the lower limit of the fabrication
technique has not been reached. It should be possible to scale the gap size down to
values below 30 nm. At these size ranges the fabricated devices are suitable for the
investigation of electron transport in molecular systems.
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On chip redox cycling of surface
attached molecules

This chapter contains the results obtained by combining surface attached molecules
with solid state nanospaced electrodes. Two electrode configurations were used. One,
the planar nanogap device reported in chapter 7 and two, a nanofluidic thin layer cell
fabricated in the group of Lemay. The planar device only shows a hint of RC but is
at least guaranteed to be free from freely diffusing molecules in the liquid. The thin
layer cell on the other hand shows clear RC behavior, however a control experiment
using PEG chains that are too short to cross the gap also shows a RC current. This
indicates there are still freely diffusing molecules present in the device. At this time it
is not possible to determine which part of the current is contributed by the surface
attached molecules and which part is due to freely diffusing molecules. This indicates
that the best approach is to optimize the planar electrode design in order to achieve a
better signal to offset ratio.!

"Parallel plate results were obtained in close collaboration with the Nanoionics group. Thanks
especially to Shuo Kang for her assistance in data collection and Serge Lemay for discussions.
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8.1 Introduction

In chapter 5 and 7, surface modification and electrode fabrication were discussed. In
this chapter this work is continued by combining the fabricated electrodes with the
surface attached molecules in order to measure the RC based current resulting from
these attached molecules.

The aim of this project is to use this redox cycling of surface attached molecules as a
transducing element in an electrochemical sensor. For example, by adding a small
fragment of single stranded DNA to the PEG chains, the measured current can be
influenced by a hybridization event between the DNA that is connected to the PEG
chain and a freely diffusing complementary DNA strand. This effectively creates
a DNA sensor for the freely diffusing DNA and it has been shown to function at a
single electrode for a configuration where the redox label is attached to the surface
[1-4] as well as a dual electrode system with a freely diffusing redox mediator [5-9].

RC of surface attached molecules has previously been achieved by Demaille et al.
using an AFM with an electroactive tip that was approached to a surface [10-13].
Their experiments typically involved either the tip or the substrate to be modified
with PEG3409-fc. However, a more elaborate experiment also involved the addition of
surface attached proteins between the electrode and the PEG3y4go-fc chains [11]. Their
goal is that of single protein imaging using this system.

The important difference between our experimental setup and that of Demaille et al.
is that they use a scanning probe system whereas for this project, the measurements
are performed in a solid state device. The benefit of a scanning probe system is the
ability to approach to the surface until a signal occurs, and there is no lower limit
in the spacing that can be obtained. However, the downside of this approach is that
the separation between tip and substrate is never exactly known because the force
curves and the electrochemical current do not show any discrete steps upon contact
with the surface because of the flexibility of the layer of attached molecules. This
problem is solved by performing the measurements with a solid state sensor. For a
solid state sensor, the geometry is defined through careful cleanroom processing and
can be confirmed by techniques such as high resolution scanning electron microscopy
(HR-SEM), as was shown in chapter 7.

For both scanning probe systems and solid state devices, the goal is to place two
electrodes in close proximity to each other. In this chapter results will be shown for
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Figure 8.1: Three three different geometries discussed in the introduction. (a) The probe

based system. (b) The thin layer cell. (c¢) The planar device.

two solid state devices that accomplish this goal. The nanogap electrode, as described
in chapter 7, and a nanofluidic thin layer cell device previously reported by the group
of Lemay [14-19]. An overview of the different geometries is shown in figure 8.1.

8.2 Planar electrodes

8.2.1 Materials and methods

The experiments have been performed using NHS-PEG  gx-fc. For a detailed protocol
on the synthesis of the PEG molecules see appendix B. Electrochemical measurements
were performed using either a SP300 bi-potentiostat (Bio-Logic, France) or a model
700E bi-potentiostat (CH instruments, USA).

Electrodes fabricated as described in chapter 7 were cleaned for 30 seconds in pi-
ranha solution. Subsequently there were rinsed and put into DI water containing 20
mM cystaminedihydrochloride (FLUKA) to allow the cystamine monolayer to form
overnight. The NHS-PEG g-fc chains are subsequently attached to the cystamine
layer by putting the electrodes overnight in water containing the PEG chains. Finally,
the electrodes were extensively rinsed using DI water to remove the unbound PEG
chains, after which they were ready for use. Measurements were recorded in a solution
of 1 M NaClO, (Sigma).

8.2.2 Discrete DCV

The first experimental results are from a protocol that is a mix of the DCV and
conventional RC techniques. This protocol is most aptly described as the application
of the DCV waveform at discrete voltage intervals. Therefore, this technique will be
referred to as discrete DCV. An example of the applied potential steps is shown in
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Figure 8.2: Discrete DCV experimental results at a 7 nm gap chip. (a) Applied voltages
for both nanogap electrodes. (b) Recorded current for these electrodes. (c) Current step at
electrode 1 resulting from the applied potential on electrode 2. (d) Current step at electrode
1 versus the voltage difference between the applied step and the open circuit potential at
electrode 2. Red dots correspond to steps 3 and 7, for details see text. Potentials referenced
versus Hg/HgSO, electrode.

figure 8.2.a and the resulting current is shown in figure 8.2.b. Measurements were
performed on devices with a spacing of 7 nm.

Initially one of the two electrodes is set to a constant potential for one minute. After
this minute the second electrode is stepped from open circuit potential to a potential
biased 0.2 V above the other electrode’s potential and both electrodes are kept at their
potentials for another minute. After these two minutes, the first electrode is stepped to
the next voltage while the second electrode is left floating again. This is repeated for
a series of voltages ranging from below to above the formal potential of the ferrocene
label. The idea behind the application of this technique is that for the first minute the
faradaic current on the first electrode gets a chance to stabilize, as well as eliminating
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the initial charging current. If after the first minute the second potential is applied to
a value above the formal potential while the first electrode is still below the formal
potential, RC will occur. This RC effect should result in a step in the current response
the moment the second electrode is set to its potential. For potential values where both
electrode are either above or below the formal potential, this current step should not
occur. Given the voltages applied as shown in figure 8.2 this means that a maximum
current step should be obtained for steps 3 and 7. As can be seen in figure 8.2.c this
does not occur and a maximum current is found for step 5. This can be explained
by plotting the voltage step from open circuit to applied potential for the second
electrode versus the measured current step. This result is shown in figure 8.2.d. As
can be seen in the figure an almost linear relation exists between the potential step
on the second electrode and the observed current step on the first electrode. This
is the result of a capacitive coupling between the two electrodes. This capacitive
coupling does not necessarily have to be an issue as it should still be possible for the
RC current to provide an offset to this capacitive current. In other words, as long as
the current steps recorded at potential step 3 and 7 are above the linear trend, it would
already prove the presence of the redox cycling effect. Currently this is not the case
for the 7 nm spaced devices. Measurements at 50 nm spaced electrodes show a similar
behavior (data not shown). To make sure that the lack of signal is not due to a failure
in electrode modification, CVs are performed at an on-chip gold macroelectrode. Due
to the strong capacitive currents, the CVs for the nanogap electrodes do not show the
peaks related to the presence of PEGgk-fc. However, the macroelectrode did show
the CV that is typical for the presence of PEGo-fc, as is shown in figure 8.3. Given
that the larger electrode is made up of the same material as the nanogap electrodes as
well as having been subject to the same modification protocol, it is safe to assume the
molecules are also present on the nanogap electrodes.

Given that the molecules are attached to the surface, the reason for not observing a
RC based signal is that it is obscured by the capacitive offset. This can be solved by
amplifying the RC current through a decrease in electrode spacing, or decreasing the
capacitive offset. As these devices have a 7 nm spacing and a relatively low yield,
achieving an even lower electrode spacing is not an option. Therefore, the solution
must be found in reducing the capacitive offset, either through engineering even more
insulated devices or through a different measurement protocol. For this reason a
second set of experiments was performed using the technique of amplified CV.
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Figure 8.3: CV of a macroelectrode on the same sample showing the peaks that correspond
to the presence of PEG g-fc, an indication that surface modification was successful. Potential
referenced versus a Mercurous/Mercuroussulphate reference electrode, potential was scanned
at a scanrate of 2 V/s. Peak separation is 49 mV. Potentials referenced versus Hg/HgSO,
electrode.

8.2.3 Amplified CV

Amplified CV as described in chapter 2 was performed at a device with a 50 nm
electrode spacing. In this experiment the potential was scanned at one of the electrodes
from O V to 0.5 V at a scanrate of 1 mV/s while the other electrode was kept at a
potential of 0 V. The voltammogram of the first electrode was also recorded while the
other electrode was left floating, resulting in a single electrode voltammogram. The
results are shown in figure 8.4. In the voltammogram a small plateau can be observed
around 0.4 V for both the positive and negative RC currents, in the single electrode
voltammogram this plateau is absent.

The increase in current is the result from the second electrode being set to 0 V. A
leakage current as a result of a short circuit can be eliminated as a cause for this
effect because it would have resulted in a linear increase of the current as the potential
difference between the two electrodes increases, and this cannot be observed in the
voltammogram. This means that the most likely candidate for the current increase
is RC. However, the potential at which this occurs is relatively high, as the formal
potential for PEG o-fc is approximately 0.2 V versus Ag/AgCl, which should result
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Figure 8.4: Amplified CV data for PEGg-fc at an electrode pair with a 50nm spacing. In the
amplified CV a plateau can be observed at 0.4 'V that is not present for the single electrode
voltammogram. Scanrate 1 mV/s, potentials referenced versus an Ag/AgCl electrode.

in a plateau value at 0.3 V. This 0.1 V shift in formal potential can be explained if there
are poor electron transfer kinetics at the electrode surface. However, as the surface
modification succeeded and the standard modification protocol was followed, there
is no indication why for this experiment the electrode surface showed a decreased
electron transfer.

The increase in current itself is relatively small compared to the single electrode case.
This can be explained by the geometry of the electrode. As each electrode is 2.5 pm
wide, only a small fraction of the electrodes is contributing to RC. In order to see if
the signal would improve by having a larger fraction of the surface contributing to
RC, additional experiments were performed in a nanofluidic thin layer cell.

8.3 Thin layer cell

8.3.1 Materials and methods

The experiments have been performed using NHS-PEGs400-fc, NHS-PEG  gk-fc, and
NHS-PEG  gk-fc where the NHS group has been blocked by ethanolamine. Electro-
chemical measurements were performed using either a model 700E bi-potentiostat
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(CH instruments, USA) or a custom built setup based on two 6430 Sub-Femtoamp
Remote SourceMeters (Keithley, USA).

Before use, the chromium sacrificial layer was removed using chromium etchant to
expose a 70 nm high nanochannel. By recording the current flow between the top
and bottom electrode, the removal of the chromium layer could be monitored. After
the electrode was successfully opened, the chromium etchant was replaced by a 0.5
M H2S04 solution. In this solution the devices were cleaned electrochemically by
scanning the potential between 1.2 V and -0.15 V versus Ag/AgCl at a scanrate of
50 mV/s. After the electrochemical cleaning the devices were flushed with DI water
followed by flushing with 20 mM cystaminedihydrochloride (FLUKA), to allow the
cystamine monolayer to form overnight. In the morning the devices were flushed with
DI water followed by the introduction of the NHS-PEGo-fc containing solution.
This was left for 3 hours to let the molecules attach to the surface. After 3 hours the
device was flushed several times with 1M NaClO, solution. In this same solution the
measurements were performed.

8.3.2 Attached molecules

Results from the first experiment are shown in figure 8.5. In this experiment the
standard modification protocol was followed, allowing the NHS-PEGgk-fc chains
to attach to the surface. To confirm that the solution of freely diffusing molecules
had been flushed out of the channel, a single electrode CV was recorded at the top
electrode. For freely diffusing molecules at this electrode a microelectrode type CV
shape would be expected. However, for attached molecules we would expect to see
two peaks. Given that two peaks can be observed in the experimental voltammogram
of figure 2.6.b and there is no indication of a microelectrode type shape, it can be
concluded that surface attached molecules were dominating the reaction and that the
solution has been flushed enough. A peak separation of 0 V is obtained at a formal
potential of 0.21 V versus Ag/AgCl.

To evaluate the RC behavior, amplified CVs were recorded at 1 mV/s. This relatively
low value for the scanrate was chosen to eliminate capacitive currents as much as
possible, as these obscured the cycling signal for higher scanrates. The result is shown
in figure 2.6.a. A steady state current of approximately 80 pA was obtained with a
halfwave potential of 0.19 V.

Combining the single electrode and cycling results, an apparent diffusion coefficient
can be calculated. The peaks in the single electrode voltammogram show a charge



ON CHIP REDOX CYCLING OF SURFACE ATTACHED MOLECULES 101

30
Top = = =Bottom
100 20
10
g :
g i
E o :
© s SET)
NS \
\!
50 '\‘_\:.,,‘.. 220
TN ..‘...MD
-100 -30
0 0.2 0.4 0 0.2 0.4
Voltage/V Voltage/V
(a) (b)

Figure 8.5: Results from the experiment where molecules were allowed to attach to the
surface. (a) Amplified CV recorded at 1 mV/s, showing a steady state of approximately 80 pA.
(b) Single electrode CV recorded at the top electrode at 50 mV/s showing the typical peaks
resulting from surface attached molecules. Potentials referenced versus Ag/AgCl electrode.

transfer of 11e-12 C. As described in chapter 5, given an elementary charge of 1.6e-19
C the total number of molecules present is calculated to be 6.7¢7. The area of the
top electrode is 60 um? of which 30 um? is overlapping with the bottom electrode.
Assuming that the molecules are able to cross the gap between the electrodes, the
molecules at the overlapping portion of the bottom electrode are able to react as well.
This means that the total active surface area for the molecules is 60 um? for the top
electrode and 30 um? for the bottom electrode. Dividing the number of molecules
by the total surface area yields a density of 5.1e17 molecules/m?. However, only the
molecules present in the overlapping area of the electrodes are able to contribute to
the RC current. Given that the overlapping area is 30 um? and molecules from both
the the top and bottom electrode can contribute a total of 4.6e7 molecules is available
for RC. The RC current is described by the following equation [17]

NeD
== @8.1)
z
which can be re-written to obtain the diffusion coefficient
122
== 8.2
Ne 8.2)

with I the steady state current (80 pA), e the elementary charge, N the number of
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molecules, D the diffusion coefficient, and z the distance between the electrodes (70
nm). This yields a value for the diffusion coefficient of 5.3e-14 m?/s. The diffusion
coefficient of a single PEG unit is 7e-10 m?/s and according to the Rouse model
this should be divided by the number of units in the chain to obtain the effective
diffusion coefficient of a PEG chain [13, 20]. PEG ¢k has 227 units so its expected
diffusion coefficient is 3e-12 m?/s. This is two orders of magnitude higher than what
was obtained experimentally. This is because in practice the molecules are attached
to the surface whereas in theory the molecules are assumed to be freely diffusing.
However this means that compared to a typical freely diffusing molecule such as
ferrocenedimethanol that has a diffusion coefficient of 6.3e-10 m?/s, the diffusivity of
the attached PEG ok chains is 4 orders of magnitude lower. This can be considered as
a drawback when comparing attached RC sytems to free diffusion based RC systems.
However, by decreasing the inter electrode spacing this diffusivity can be increased,
as the molecules do not need to stretch as much to reach the other electrode.

8.3.3 Control 1: blocked linker

The first control experiment was performed using the same experimental conditions as
the previous experiment, only this time the NHS linker was blocked by ethanolamine.
The results of this experiment are shown in figure 8.6. The aim of this experiment
is to provide a control for the attached molecules experiment. Because the linker is
blocked the molecules should not attach to the electrode and be flushed out, ideally
resulting in flat baseline CVs.

However, for the cycling experiment a steady state current of approximately 60 pA
was obtained with a halfwave potential of 0.19 V. The single electrode voltammogram
showed a peak separation of 54 mV and a formal potential of 0.21 V versus Ag/AgCl.

The peaks in the single electrode voltammogram show a charge transfer of 17e-12
C, which means the total number of molecules present is 1.06e8. The total number
of molecules available for redox cycling is 7.1e7. Given a steady state current
of 60 pA this yields a value for the diffusion coefficient of 2.6e-14 m?/s. This is
approximately half the value of the diffusion coefficient obtained in the attached
molecules experiment.

8.3.4 Control 2: short molecule

The second control experiment was performed using NHS-PEGs4q0-fc instead of
NHS-PEGgk-fc. These chains are much shorter than in the original experiment
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Figure 8.6: Results from the experiment where the NHS linker was blocked and the molecules
should not have been able to attached to the surface. (a) Amplified CV recorded at 1 mV/s,
showing a steady state of approximately 60 pA. (b) Single electrode CV recorded at the top
electrode at 50 mV/s showing the typical peaks resulting from surface attached molecules.
Potentials referenced versus Ag/AgCl electrode.

(27 versus 79 nm) and as a result, should not be able to cross the gap between the
eletrodes. Even half the spacing between the electrodes is already larger than the
molecule length which means electron exchange between molecules at the top and at
the bottom should also be ruled out. For this experiment it would mean that the single
electrode CV should show attached molecule behavior but the amplified CV should
not show any RC.

Results of this experiment are shown in figure 8.7. An RC current of approximately
35 pA is obtained with a half wave potential of 0.16 V. In the single electrode CV the
peaks are not as clearly visible as in the previous experiments. As a result, it is not
possible to define the peak separation and formal potential.

8.3.5 Discussion

Both control experiments should not have resulted in a RC current, and as a result
no definitive conclusions can be drawn regarding the cycling of surface attached
molecules. However, the results do show potential and some interesting effects
that require discussion. For one it means that it is possible to introduce these large
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Figure 8.7: Results from the experiment where PEG 3499 was used instead of PEG . These
short PEG chains should not be able to cross the gap between the electrodes. (a) Amplified
CV recorded at 1 mV/s, showing a steady state of approximately 35 pA. (b) Single electrode
CV recorded at the top electrode 10 mV/s. In this experiments the peaks from surface attached
molecules were not as clearly visible compared to the previous experiments. Potentials
referenced versus Ag/AgCl electrode.

molecules into a nanochannel. This is a result by itself as it means that the molecules
do not aggregate and clog the nanochannel entrance.

The presence of a cycling current and an attached single electrode CV in the blocked
linker experiment can be explained by non specific adsorption of molecules at the
electrode. Similar behavior was also observed at macroelectrodes in bulk solution.
The cystamine layer does not prevent ’sticking’ of molecules at the electrodes, which
means that molecules will always be present at the surface, whether the NHS group
is blocked or not. For this reason an experiment with a shorter chain length was
performed.

The cycling current observed in the PEG34go-fc experiment indicates that there are still
residual freely diffusing molecules in the nanochannel because the PEG molecules are
too short to cross the gap. These free molecules either directly cycle electrons between
the top and bottom electrode or they provide an intermediate transport between the
molecule layers at the top and bottom electrode. Schematically this is shown in figure
8.8. What percentage of the obtained current is contributed by the attached molecules
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Figure 8.8: From the PEG;499-fc control experiment it seems that diffusive molecules are
still contributing to the observed cycling curent. At this time it is unkown in what ratio the

diffusing and attached molecules are contributing to the electron transport.

cannot be determined. The single electrode CV showed less distinct peaks than the
previous experiments. An explanation for this result is a decrease in the effective
electrode area which is the result of the molecules from the other electrode no longer
being able to contribute to the surface attached CV. The loss of the second electrode
decreases the effective area by a factor 2/3 and as a result the peak height decreases.

Additional experiments are required to determine the contribution of the attached
molecules to the obtained cycling current. By decreasing the background concen-
tration, the PEG3400-fc should not show a cycling current. Apparently the current
approach of flushing the reservoir above the nanochannel and letting the molecules
within the nanochannel diffuse out is not enough. The introduction of flow into the
nanochannel would give an additional means of mass transport. However, introducing
flow into the nanochannel requires a microfluidic setup with syringes connected via
tubing to a PDMS based chip above the nanochannel. All of the additional tubing and
PDMS could serve als potential temporary ’sticking’ points for the PEG molecules
which could potentially be flushed into the nanochannel when the channel is meant
to be emptied. Additionally the introduction of a flow into the nanochannel also
introduces shear forces onto the attached molecules. Currently it is unknown what
the influence of flow is on the attached molecules. If the shear force is too high they
could be torn off the electrodes.

8.4 Conclusions

The initial results are positive as both device configurations have shown RC currents.
However, these are preliminary results which require further study to determine
the reproducibility of the different experiments. For the thin layer cell it remains
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challenging to determine the exact cause for the observed RC current, because the
control experiments continue to show a cycling current. This is not a problem for the
planar devices as these can be put into a fresh measurement solution that is guaranteed
to be free of freely diffusing PEG molecules.

The amplified CV experiment shows an initial hint of surface attached species. How-
ever, the signal is still quite weak. This is likely due to the unfavorable effective to
ineffective surface ratio. Therefore, the most logical approach is to improve the geom-
etry of the planar electrodes. New devices will need to be developed that improve the

surface ratio in order to increase the signal to background ratio.

The solution is to create a nanoscale IDE where the fingers as well as the inter-
electrode spacing are in the order of tens of nm. To achieve this goal, EBL can be
used to define the pattern. Another project within our group has recently shown
the fabrication of nanoband electrodes for surface enhanced raman spectroscopy
measurements using EBL [21]. These nanoband electrodes have a width in the order
of 50 nm with a spacing in the range of 20 nm. Such a geometry would be very
beneficial for an improved RC result, while still keeping the benefit of being able to
properly clean the electrode surface as it can be in direct contact to be bulk.
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Summary and outlook

This chapter contains a summary of the results obtained during this PhD project
followed by an outlook into new experimental designs and a discussion on the expected
use of solid state sensors modified with electroactive molecules.
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9.1 Summary

Electrochemistry has been performed for over 200 years and the concept of redox
cycling (RC) at twin electrode systems is almost 50 years old. RC has since then
developed into a technique with applications in various fields of research. However,
these developments are far from finished. Chapter 3 contains an overview regarding
the various applications of RC. In the area of biosensing, clinically relevant concentra-
tions can already be measured. However, the stability over time of these devices still
prevents them from being applied in a clinical setting. If these devices are to transition
from proof of concepts to real world applications, additional optimization is needed.
Other expected developments are improved nanofabrication designs featuring even
smaller inter-electrode separations, an example of this is reported in chapter 7, and
the development of new measurement techniques such as the technique of differential
cyclic voltammetry (DCV) reported in chapter 4.

In chapter 4 a new analytical technique called DCV is evaluated for a thin layer cell
geometry. DCYV is the result of a combination of two existing electrochemical tech-
niques, cyclic voltammetry (CV) and RC, in order to obtain amplified and selective
detection of redox active species. Analytical expressions for the DCV voltammo-
gram are derived and an optimal potential offset is calculated. The optimal voltage
difference for the trade-off between peak height and width is 0.1 V for redox couples
with n=1. Experimental voltammograms show good agreement with the analytical ex-
pressions. The voltammogram for ferrocenedimethanol has been fitted (R? = 0.9985)
using only the distance between the electrodes as fitting parameter. Therefore, this
technique shows promise as a tool for amplified and selective detection of redox active

species.

In chapter 5 the modification of electrodes with ferrocene labeled PEG is shown.
Although a decay over time is observed, this is less than 40% over a period of
50 minutes, which is suitable for this project. An interesting effect was observed
when changing the background electrolyte concentration. The observed formal
potential was found to be linearly related to the logarithm of the background electrolyte
concentration. This effect could be attributed to an ion pairing effect between the

NaClO, background electrolyte and the ferrocene label.

During the fabrication of electrodes designed for RC of surface attached molecules, an
oxidized layer of titanium was found to block the electrochemical response of freely
diffusing ferrocenedimethanol molecules. This was further investigated as a possible
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protection layer for gold electrodes, providing an alternative to gold cleaning which
typically needs to be performed prior to electrochemical experiments. This is reported
in chapter 6. Electrode performance was tested through CV in a ferrocenedimethanol
solution. After removal of the titanium dioxide layer, a clear voltammogram is
obtained with a peak separation of 67 mV, indicating a clean surface. This means that
the removal of a sacrificial layer is a good alternative to conventional electrochemical
cleaning methods, while also protecting the electrodes during wafer handling.

In order to cycle PEG;gx-Fc molecules between two electrodes, a spacing of less
than 79 nm is required. The fabrication of an electrode pair with these dimensions is
reported in chapter 7. Using edge lithography as described in this chapter, electrodes
with spacings down to 50 nm can be successfully fabricated without e-beam lithog-
raphy (EBL) or focused ion beam (FIB) etching. The electrodes fabricated in this
way show electrochemical behavior that matches with theory. The electrochemical
experiments show that these devices can be used for RC of a freely diffusing redox
mediator. The obtained amplification is maximally a factor 1.8 for freely diffusing
species. The yield of the fabricated devices is high (96%), indicating the lower limit
of the fabrication technique has not been reached. It should be possible to scale the
gap size down to values below 30 nm. At these size ranges the fabricated devices are
suitable for the investigation of electron transport in molecular systems.

These electrodes were subsequently modified with PEG-fc molecules and this is
reported in chapter 8. Two electrode configurations were used. One, the planar
nanogap device reported in chapter 7 and two, a nanofluidic thin layer cell fabricated
in the group of Lemay. The initial results are positive as both device configurations
have shown RC currents. However, these are preliminary results which require further
study to determine the reproducibility of the different experiments. For the thin layer
cell it remains challenging to determine the exact cause of the observed RC current,
because the negative control experiments continue to show a cycling current. This
is not a problem for the planar devices as these can be put into a fresh measurement
solution that is guaranteed to be free of freely diffusing PEG molecules. The amplified
CV experiment shows an initial hint of surface attached species. However, the signal
is still quite weak. This is likely due to the unfavorable effective to ineffective surface
ratio. New devices will need to be developed that improve the surface ratio in order to
increase the signal to background ratio.
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9.2 Outlook

9.2.1 E-beam fabricated interdigitated electrodes

One solution is to create a nanoscale interdigitated electrode (IDE) where both the
finger-width and the inter-electrode spacing are in the order of tens of nm. To achieve
this goal, EBL can be used to define the pattern. Another project within our group has
recently shown the fabrication of nanoband electrodes for surface enhanced raman
spectroscopy measurements using e-beam lithography. These nanoband electrodes
have a width in the order of 50 nm with a spacing in the range of 20 nm [1]. Such
a geometry would be very beneficial for an improved RC result while still keeping
the benefit of being able to properly clean the electrode surface as the electrode is in
direct contact to be bulk.

9.2.2 Reducing gap spacing by electrodeposition

Preliminary work that has not been included in this thesis has focused on using
electrodeposition as an alternative to conventional cleanroom processing, for the
creation of nanospaced electrodes. By putting gold electrodes into a gold sulphite
bath and applying current pulses, gold is electrodeposited onto the existing structure.
An interdigitated structure with a 2.7 um gap between its fingers was subject to
electrodeposition until a gap of 0.44 uym was obtained, after which local defects
caused a short circuit in the connections. These local defects were the result of the
lift off process used to fabricate the electrodes. Fabricating electrodes with other
techniques such as wet etching should remove these defects and gap widths of 100
nm or less should be attainable.

9.2.3 Influence of PEG chain length on mass transport

Besides its use in RC systems, the PEG molecules of various chain lengths can also
be of use for the determination of electron transfer and mass transport mechanisms at
a single electrode. At low scanrates, all chains show the characteristics of an adsorbed
electroactive layer. However, upon increasing the scanrate, the longer chains such
as PEG ok should start to show diffusive properties as well, e.g., an increase in peak
separation. Investigations into the specific mass transport mechanisms for PEGy-Fc
layers at various chain lengths have not been reported in literature.
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9.2.4 The future of dual-electrode surface-attached-molecule systems

To define which geometry or experimental setup is most functional, it is important
to look at the desired application. If the aim is to fabricate a bio-sensor that is to
be integrated into a commercial system, then dual electrode systems with surface
attached molecules are not the best approach. Single electrode e-DNA systems are
already commercially available [2], and it remains questionable whether dual electrode
systems would be able to outperform its single electrode competitors. The RC effect
is able to provide electrochemical amplification which is missing in single electrode
systems. However, this is compensated in part by the lower diffusion coefficients of the
large molecules that are required for shuttling between two electrodes. A promising
compromise is the combination of surface attached molecules with freely diffusing
redox-active molecules. In this concept the surface attached molecules provide the
biosensing element while the freely diffusing molecules are able to undergo rapid RC.
This is described in chapter 3, section 3.2.1.2 of this thesis [3-7].

If the aim is to perform fundamental studies on the properties of surface attached
electroactive layers then dual electrode chip based systems are very suitable. Currently
these types of studies are performed at electrochemical AFM systems where an AFM
tip can be approached to the surface. A solid state system would be able to provide
additional benefits that these systems are lacking. Due to their geometry, solid state
based sensors are less fragile than AFM tips and it is relatively easy to multiplex the
sensor readout which would allow simultaneous experiments at multiple electrode
pairs. Moreover, the inter-electrode separation is constant which should provide an
improved reproducibility of experiments. On the other hand, the ability to modify
the distance between tip and substrate can also be considered an advantage of AFM
systems, as this will allow the investigation of cycling behavior at various electrode
spacings within a single experiment. As both systems have their own advantages, it is
to be expected that these systems will exist in parallel for the investigation of surface
attached electroactive layers.
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Electrode cleaning protocol

This appendix contains the protocol for the cleaning of gold disk electrodes.

A.1 Polishing

1. Start by polishing the electrodes for 5 minutes on a polishing cloth containing a
slurry of 50 nm aluminum oxide particles. Polish in a figure eight pattern as
shown in figure A.1.

Figure A.1: Polishing in a figure eight pattern results in an even polish of the entire electrode
surface.

2. After polishing is finished, rinse the electrodes using Milli-Q water followed
by ethanol to remove most of the particles.

3. Place the electrode in a beaker filled with ethanol. Make sure the electrode is
not touching the bottom.

4. Put the beaker in a ultrasonic bath for 5 minutes.

5. Rinse the electrode with Milli-Q water and put the electrode in a beaker filled
with Milli-Q water.

6. Put the beaker in an ultrasonic bath for 5 minutes.

7. Store in Milli-Q water until electrochemical cleaning is started.
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A.2 Electrochemical cleaning

1.

Prepare an electrochemical cell containing a solution of 0.5 M H,SO,, a mer-
curous/mercuroussulphate reference electrode (MSRE), and a Pt counter elec-

trode.

Bubble the solution with nitrogen for > 10 minutes to remove oxygen from

solution.

Overlay the solution during measurements with a stream of nitrogen to prevent

oxygen from diffusing back into the solution.

. To clean the electrode, perform cyclic voltammetry at a scanrate of 100 mV/s

between 0.65 and 1.1 V versus MSRE for a total of 30 cycles. The electrode
is considered to be clean when a stable voltammogram is obtained, which is
typically within 30 cycles.

. To confirm that the voltammogram is stabilized and the typical properties of

a clean voltammogram are obtained, record another 5 CVs using the same
settings. An example of a clean gold voltammogram is shown in figure A.2.
The voltammogram should be flat except for three individual gold oxidation
peaks and a single gold reduction peak.
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Figure A.2: Example of a typical CV for a clean gold disk electrode



Protocol for PEG-Fc synthesis

In order to synthesize the NHS-PEGy-Fc molecule that is used during surface attached
measurements, the following protocol was used. PEG jor-(NHS); was purchased from
Nanocs, all others chemicals were purchased from Sigma-Aldrich.

B.1 2-Ferroceneethylamine

2-Ferrocenethylamine was synthesized by reduction of ferrocenylacetonitrile by
LiAlH, as described in literature [1], with some modifications. 0.25 g (6.5 mmol)
LiAlH, and 0.6 g (4.5 mmol) AICl; were carefully added to 10 mL dry THF while
stirring in an ice bath. 0.5 g (2.25 mmol) ferrocene acetonitrile was dissolved in 5
mL dry THF and subsequently added to the cooled mixture and refluxed overnight
under an argon atmosphere. After cooling, water was added drop wise to decompose
the excess LiAlH,. 0.25 mL of concentrated NaOH was added to destroy the formed
AICl,/2-ferroceneethylamine complex. The aqueous phase was thrice extracted with
diethylether. The combined organic phases were dried with MgSO, and filtered and
the solvent was removed with rotary evaporation. The product was purified by column
chromatography with dichloromethane as eluent. After drying in vacuo a brown solid
was obtained (0.13 g; 26%). 1H NMR (300 MHz, CDCI3): d(ppm) = 4.2 (m, 9H, Fc),
2.82 (t, 2H, CH2-Fc), 2.48 (t, 2H, CH2-N).

B.2 PEG;5)-(NHS);

The activated ester of the PEGys¢ diacid was prepared according to the procedure
described in [2]. 0.44 g (3.8 mmol) N-hydroxysuccinimide (NHS) and 0.78 g (3.8
mmol) dicyclohexylcarbodiimide (DCC) were added to a stirred solution of 0.4 g (1.6
mmol) poly(ethylene glycol) bis(carboxymethyl) ether in 30 mL 1,4-dioxane. After
stirring over night at room temperature under an argon atmosphere, the mixture was
filtered to remove the 1,3-dicyclohexylurea precipitate. The solvent was removed
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with rotary evaporation and the residue was further dried under vacuum. 1H NMR
(300 MHz, CDCI13): §(ppm) = 4.56 (s, 4H, CH2C=0 ), 366 (s, 12H, C2H4-0), 2.81
(s, 8H, NHS).

B.3 NHS-PEG250 -Fc

0.04 g (0.17 mmol) 2-Ferrocene-ethylamine and 0.06 g (0.13 mmol) PEG;5¢-(NHS),
were dissolved in 3 mL chloroform and 30 pL triethylamine and stirred over night
at room temperature under an argon atmosphere. The solvents were removed with
rotary evaporation and the product was purified by column chromatography with

dichloromethane as eluent. After the first fraction was removed, the eluent was
changed to DCM/EtOH (95:5).

B.4 NHS-PEGlOk-FC

6.9 mg (0.03 mmol) 2-Ferrocene-ethylamine and 0.25 g (0.024 mmol) PEGox-(NHS),
were dissolved in 1 mL chloroform and 2 pL triethylamine and stirred over night
at room temperature under an argon atmosphere. The solvents were removed with

rotary evaporation and the product was purified by size exclusion chromatography
(Biobeads SX-1) with DCM as eluent.
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Frequently used abbreviations

AFM  Atomic Force Microscopy

ACV  Amplified Cyclic Voltammetry
CvV Cyclic Voltammetry

DCV  Differential Cyclic Voltammetry
EBL Electron Beam Lithography

FIB Focused Ion Beam

IDE Interdigitated Electrode

PEG Polyethyleneglycol

RC Redox Cycling

RIBE  Reactive Ion Beam Etching

RIE Reactive Ion Etching

SECM  Scanning Electrochemical Microscopy
STM Scanning Tunneling Microscopy
TLC Thin Layer Cell
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Samenvatting

‘redox cycling’ aan electrodes op nanometer afstand

in de richting van elektrochemisch versterkte biomoleculaire detectie

Molecuul synthese is gemakkelijker uit te voeren op klein formaat terwijl elektrode
fabricage makkelijker is op groot formaat. In dit project is gezocht naar een compromis
tussen deze twee aspecten om een ontwerp met twee elektroden te realiseren, waarbij
redox actieve moleculen vast zitten aan het elektrode oppervlak. Deze moleculen
ondergaan ‘redox cycling’ tussen deze twee elektroden. Het onderzoek is gericht op
nieuwe toepassingen van dit ‘redox cycling’ effect, fabricage van elektroden met een
onderlinge afstand in de nanometers, en het elektrochemische gedrag van aan een
oppervlak vastgezet polyethyleenglycol (PEG) molecuul met ferroceen als redoxactief
label. De opgedane kennis over deze verschillende onderwerpen is gecombineerd
in experimenten waar de PEG moleculen 'redox cycling’ ondergaan tussen twee
elektroden met een afstand kleiner dan 100 nanometer. Deze opstelling kan worden
gebruikt als een transducerend element van een elektrochemische sensor indien de
vastzittende moleculen zodaning worden gemodificeerd dat ze kunnen reageren op
andere chemicalién.
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