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Abstract

Nanoelectrochemistry is a fascinating research discipline at the interface be-
tween nanotechnology and electrochemistry. Alongside proceeding technological
advances in micro- and nanofabrication, the miniaturization of classic electro-
chemical setups was enabled during the last two decades. By this means, new
effects were observed, which allowed the development of novel concepts for
nanoelectrochemical sensors.

The presented work investigates the comparably young concept of nanoflu-
idic redox-cycling sensors in regard to their fabrication, application, and theo-
retical description. These sensors have been first introduced by the group of
Serge Lemay in 2007 and usually comprise two parallel electrodes that are in-
corporated underneath and above a nanofluidic channel, while electrodes can
be biased individually. Redox-active molecules can then participate in fast, re-
peated reactions at the electrodes. By this means, a current is formed across
the gap, which is significantly amplified in comparison to conventional electro-
chemical sensors. Therefore, the sensitivity of such devices often exceeds the
sensitivity of classic sensors by orders of magnitude and even enables sensing at
molecular resolution.

Both presented devices are highly-integrated on-chip sensors for the spa-
tiotemporal detection of redox-active molecules. The first chip features an
array of nanofluidic sensors, while individual sensors can be operated in parallel.
The chip is characterized in detail and is used for the spatiotemporal detec-
tion of concentration gradients inside a microfluidic system. The second chip
is developed particularly for high spatial resolutions and can be employed for
electrochemical imaging. By utilizing a crossbar-architecture, the degree of in-
tegration is drastically increased and the overall number of sensors on the chip
as well as the sensor density is significantly improved.

The small size and the high sensitivity of nanofluidic sensors further lead
to a variety of mesoscopic effects that can partly be observed in the sensor’s
current noise. In order to investigate these effects, a comprehensive simulation
framework for the modeling of the sensor’s noise is described, which already
was employed in various studies. The model is based on the description of
the redox-active molecules’ Brownian movement through random walks, which
allows simulations of noise phenomena that cannot be modeled by finite ele-
ments approaches. By this means, experimental data can be closely reproduced
and predicted. Based on these results, new sensor concepts are suggested for
the detection of biological macromolecules in nano- and micro pores and for
the measurement of the average adsorption times of redox-active molecules in
common electrochemical measurement setups.






Kurzfassung

Nanoelektrochemie ist faszinierendes Forschungsfeld im Grenzbereich zwischen
Nanotechnologie und Elektrochemie. Mit den fortschreitenden technischen
Moglichkeiten im Bereich der Mikro- und Nanofabrikation konnten in den let-
zten zwei Jahrzehnten viele klassische elektrochemische Messaufbauten deutlich
miniaturisiert werden. So wurden vollig neue Effekte sichtbar, auf deren Basis
Konzepte fiir nanoelektrochemische Sensoren entwickelt werden konnten.

Die vorliegende Arbeit untersucht hierbei das noch relativ junge Konzept
nanofluidischer redox-cycling Sensoren hinsichtlich ihrer Fabrikation, Anwen-
dung und theoretischen Beschreibung. Diese Sensoren, die erstmalig 2007
durch die Gruppe von Serge Lemay vorgestellt wurden, bestehen meist aus
zwei parallelen Elektroden, die sich innerhalb eines nanofluidischen Kanals dicht
gegeniiberliegen und deren Potentiale individuell eingestellt werden konnen.
Redox-aktive Molekile konnen dann an schnellen, wiederholten Reaktionen mit
den Elektroden teilnehmen und so einen Strom iber den Kanal erzeugen. Im
Vergleich zu konventionellen elektrochemischen Sensoren ist dieser Strom deut-
lich verstarkt, wodurch die Sensitivitat solcher Sensoren oft um GroBenordnungen
hoher liegt und sogar die Detektion mit molekularer Auflosung ermoglicht.

Die zwei hier vorgestellten Aufbauten sind hochintegrierte on-chip Losungen
fiur die zeit- und ortsaufgeloste Detektion von redox-aktiven Molekiilen. Auf
dem ersten Chip befindet sich ein enges Gitter aus nanofluidischen Sensoren,
die parallel ausgelesen werden konnen. Der Chip wird detailliert charakterisiert
fur die zeit- und ortsaufgeloste Detektion von Molekiilen in einem mikrofluidis-
chen System verwendet. Der zweite Chip ist speziell fiir hohe Ortsauflosungen
konzipiert worden und kann zur elektrochemischen Bildgebung genutzt werden.
Unter Verwendung einer Crossbar-Struktur kann weiter der Grad der Integration
drastisch verbessert und sowohl die Anzahl der einzelnen Sensoren pro Chip als
auch die Dichte der Sensoren deutlich erh6ht werden.

Die geringe GroBe und die hohe Sensitivitat nanofluidischer Sensoren fiihren
zu einer Vielzahl mesoskopischer Prozesse, die sich zu einem groBen Teil im
Stromrauschen der Sensoren widerspiegeln. Um diese Effekte zu untersuchen,
wird hier eine umfangreiche Softwareumgebung zur Modellierung von Rausch-
phanomenen beschrieben, die bereits in verschiedenen Studien Anwendung finden
konnte. Das Model basiert auf der Darstellung der Brownschen Bewegung
aller redox-aktiven Molekiile eines Systems durch Random-Walks und kann im
Gegensatz zu Finite-Elemente Simulationen so das Rauschverhalten der Sen-
soren simulieren. Experimentelle Daten konnen gut reproduziert und vorherge-
sagt werden. Auf Basis dieser Ergebnisse werden zwei neue Sensorkonzepte
vorgeschlagen, eines zur Detektion von biologischen Makromolekiilen in Nano-
und Mikroporen und eines zur direkten Messung der mittleren Adsorptions-
dauer von redox-aktiven Molekiilen mit Hilfe gangiger elektrochemicher Mes-
saufbauten.
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Chapter 1

Introduction

The discipline of nanoelectrochemistry is a fascinating field of research. Driven
by questions of fundamental research as well as by upcoming applications,
a growing international community has brought forward nanoelectrochemistry
since the late eighties. Due to rapid scientific and technological progress that
was enabled by parallel advances in micro-fabrication and -actuation, nano-
electrochemical approaches are today used in a variety of different applications

including sensors, energy storages, fuel cells and many others.

The term nanoelectrochemistry, which can be understood as a fusion of
the terms nanotechnology and electrochemistry, already underlines the inter-
disciplinary nature of this discipline. In the context of today's major fields of
research, it can be best classified as the interface between nanotechnology and
electrochemistry. By common definitions, nanotechnology refers to the science
of structures that feature sizes below few hundreds of nanometers. While it is
not limited to certain types of effects that are for instance electrical, chemical,
or biological, it rather focuses on all novel properties that arise with proceeding
miniaturization. Even though the term itself was coined later, this definition is
based on Richard Feynman's visionary speech " There's plenty of room on the
bottom” in 1959 [1], in which he suggests a variety of applications for nan-
otechnology and which is often noticed to be the foundation of nanotechnology.
Indeed, many of his visions became reality today and, unlike many other fields of
research, nanotechnology had an enormous impact on today’s life: the rise of the
internet, computers, and mobile communication devices significantly changed
daily life all over the world. Electrochemistry, on the other hand, has a long

history dating back to Luigi Galvani and Alessandro Volta and originated many
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technologies that are well established today. Applications include batteries, fuel
cells and sensors, while particularly batteries are ubiquitous nowadays. Generally
speaking, it aims for a general description of all processes that link chemical
reactions to electrical currents and has been an active field of research for more
than two hundred years.

What benefits arise from the combination of nano-scaled structures and
electrochemical methods? While diffusion hardly plays a role in our perception
of the macroscopic world, it well does on the micro- and nano-scale. Since the
average diffusive displacement of a particle is proportional to the square root
of the time that passed since its release, diffusive movement on the nano-scale
is rapid in comparison to other transport phenomena like convection. Hence,
relative mass transport towards or inside a sensor can be significantly increased
with increasing miniaturization. Furthermore, the small number of molecules
that is involved in electrode processes at nanoelectrodes may lead to mesoscopic
effects that allow new insights into molecular processes. These effects lead to a
wide number of novel applications that cannot be implemented through methods
of classical electrochemistry.

In my dissertation, | focus on the development and characterization of na-
noelectrochemical sensors that resolve chemical concentration gradients at a
high spatiotemporal resolution. | further investigate the fundamental working
principles of nano-scaled redox-cycling sensors by means of computational and
theoretical physics. Two new approaches to spectroscopic sensing are intro-
duced and described in detail.

The upcoming chapters of this work are arranged as follows:

e Chapter 2: The second chapter provides an overview on the fundamen-
tal concepts of nanoelectrochemistry. It describes diffusive processes and
electrochemical reactions at electrode-electrolyte interfaces on an intro-

ductory level.

e Chapter 3: The third chapter addresses the current state of research
in on-chip implementations of nanoelectrochemical sensors. It provides a
wide overview on different approaches and critically elucidates advantages

and drawbacks of various methods.

e Chapter 4: The fourth chapter describes the development and charac-

terization of a nanofluidic redox-cycling sensor that is solely fabricated



through methods of optical lithography. It is further characterized in-

depth in a microfluidic environment.

Chapter 5: The fifth chapter introduces a sensor that is optimized for
electrochemical imaging at a significantly improved spatial resolution in
regard to the previously described sensor. Its fabrication as well as different

modes of operation are demonstrated.

Chapter 6: The sixth chapter presents a simulation framework for the
modeling of noise characteristics of nanoelectrochemical devices. Based
on a random walk approach, design-dependent noise features are discussed
in detail and new sensing concepts are suggested. The efficiency of the

simulation concept is further verified by comparison to experimental data.

Chapter 7: The last chapter describes an advanced version of the for-
merly introduced simulation framework. Based on an additionally imple-
mented adsorption model, adsorption-dependent noise characteristics of
electrochemical sensors are described. By this means, a novel approach for
the determination of average adsorption- and desorption-times of individ-
ual molecules is developed. Upper limits for average adsorption times of
ferrocene dimethanol molecules are found through a comparison between

experimental and simulated data.
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2.1 Preamble

The research field of nanoelectrochemistry focuses on new effects that may occur
when electrochemical setups are miniaturized to the nano scale. Hence, it aims
for elucidating the nature of chemical reactions involving electrical currents at
nanoelectrodes or electrodes placed into a nano-scaled arrangement. Observed
effects are then mostly governed by three factors that are discussed in the
following: The thermal motion of analyte in an aqueous or gaseous fluid, the
electrode electrolyte interface, and the nature of the electron transfer at the

electrode.

2.2 Brownian movement and diffusion

While thermal motion can be observed as a relatively slow effect on the macro
scale, it is increasingly important on smaller scales due to the non-linear relation
between the average displacement of a molecule and the time since its release.
For example, a molecule requires about a second to travel 5 mm along one
dimension in air, while it requires about a day to travel 1 m [2]. Hence, thermal
motion is one of the key influences in nano-scaled electrochemical sensors.
The thermal energy that is stored in a fluid at temperatures above zero
Kelvin is distributed over all molecules within the fluid according to Boltzmann's
equation [3]. During collisions with other molecules, molecules continuously
change their direction, hence, performing a random movement that does not
feature any distinguished direction. However, even though the average spatial
displacement of a molecule over time remains zero, its mean square displacement
increases with time. We now follow a derivation, which is adapted from [2].
The effect can be mathematically treated starting from Fick’s equation, which
describes the measurable net mass transport along a concentration gradient. It

relates the flux j to the concentration c as follows:

f: —Dﬁc(m,y, z). (2.1)

Hereby, D defines the diffusion constant, which represents a measure for
speed of a molecule’s Brownian movement and which is given in units of m?/s.
Since mass cannot be destroyed or generated in this system, this formula can

now be combined with the continuity equation:



2.3. ELECTRODE-ELECTROLYTE INTERFACES 7

gi = —divj. (2.2)
This provides the general form of the diffusion equation,

dc
— = DAc. 2.3
T c (2.3)

In the one-dimensional case, this equation can be solved through the fol-

lowing general solution,

c(t,z) = \/Z%exp (—f;t) , (2.4)

where A represents a constant. If one now calculates the root mean square

displacement of the molecules as a function of time, one obtains:

dz® = 2Ddt (2.5)

for the one-dimensional case. For the three-dimensional case, one can ana-
logically calculate the root mean square displacement from the three-dimensional

general solution of 2.3:

d7? = 6Ddt. (2.6)

2.3 Electrode-electrolyte interfaces

Electrode-electrolyte interfaces play a crucial role in electrochemistry. Their
nature may determine the electric fields at the interface and impact the chemical
reactions significantly. Since the electrodes are usually good conductors, excess
charges are located on their surfaces while all electric fields inside the conductor
cancel out [4]. Therefore, one can limit the analysis to processes inside the
electrolyte. In the following, the most common three models for the electric

field are introduced.

2.3.1 Helmholtz-double-layer model

Helmholtz approximated the electrolyte to be an ideal conductor. All excess
charges are then located at the interface, thus forming a parallel-plate like

capacitor featuring a plate-to-plate distance that equals half of the free ion's
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a) b) A
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Figure 2.1: Helmholtz double layer: a) Schematic illustration of the inter-
face. Differently colored spheres indicate positively and negatively charged
ions. b) Schematic drawing of the potential at the interface.

radius a. Accordingly, the electric field is limited to the space in between the

electrode at x = 0 and the ion’s center x = a/2, and is given by

1 2A¢
g =
€0€Er a

E =

(2.7)

With o representing the surface charge of the electrode, €ge, is the absolute
permittivity of the electrolyte, and U = A¢ the applied voltage between the
solution and the electrode. An illustration of the interface and a sketch of the
resulting potential ¢ can be found in Figure 2.1. The interface capacity density
C}, is then given by

_ 00 _ 2
U a

[4]. Even though values obtained through this formula often match the

Ch (2.8)

order of magnitude of experimentally observed values, it does not consider any
influence of ion concentration, voltage, and thermal motion, which all can be

found in real systems.

2.3.2 Gouy-Chapman model

In the early 20"

century, Gouy and Chapman independently developed a com-
peting model based on statistical physics approach in France and England. They
assumed the ions in solution to feature point-like dimensions and to represent

a canonical ensemble of freely diffusing molecules in the electric field of the
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biased electrode. This includes that the number of free ions in solution remains
constant and no adsorption takes place at the electrode surface. The system
further has a defined temperature and its volume remains constant. Hence,
Maxwell-Boltzmann statistics can be applied to calculate the ions positions in
solution and to derive the potential distribution nearby the electrode.

In the following, we will pursue an adaptation from Bard's derivation and
explanation of the electrostatic potential profile inside the diffusive layer [4].
Accordingly, the diffusive layer can be subdivided into infinitesimally thin laminae
that are arranged in parallel to the electrode surface. The concentration of
the ion ¢ inside the of each lamina can then be written as a function of the
corresponding electrolyte potential ¢ measured with regard to the potential of

the bulk solution,

ci = exp <—Z];ZO;)> , (2.9)

where ¢ represents the bulk concentration of the ion i, z; the ions signed
charge in the number of elementary charges ey, kg the Boltzmann constant,

and 7' the absolte Temperature. The overall charge density p is then given by

p=S"Lziegexp (— ZZ‘;‘?) , (2.10)

i
with 7 including all ion species that are present in solution. This result can

now be combined with Poission’s equation

¢ p
— == 2.11
dax? € (2.11)
Then, we obtain the Poission-Boltzmann equation:
d2¢ €0 0 Zi60¢
_— = —— 02 — . 2.12
da? € Khiie 4 < kT ) (2.12)

This equation can be solved for the simple case of two contrarily charged
ions. The potential profile of the diffusive layer as a function of the electrode
potential ¢q is then given by the following equation

zeo@
tanh g7 e

W =€ y (213)
b

where
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Figure 2.2: Gouy-Chapman layer: a) Schematic illustration of the interface.
Differently colored spheres indicate positively and negatively charged ions.
The concentration of the negatively charged (blue) molecules decreases with
while concentration of the positively charged red molecules increases. In the
bulk solution both concentrations are equal. b) Schematic drawing of the
exponential potential profile at the interface.

/200226(2)
= . 2.14
: 6]€BT ( )

For ¢ << kpT one can use the approximation tanh(z) = x. Then equation

2.13 simplifies to a simple exponential decay

¢ = poe” ", (2.15)

which represents a good approximation for ¢y < 50/z mV at room temper-
ature [4]. A schematic illustration of the potential can be found in Figure 2.2.

The capacitance Cy. of the interface can now be calculated to

222e2¢c0 zegdo
Coe = U h . 2.16
g kT " ( kT ) (2.16)

This equation matches values that can be found in real systems at low
concentrations and at low over overpotentials. However, there are two central
drawbacks of this theory. First, capacitance values obtained are often two high
and, second, the calculated capacitance exhibits an unlimited increase at high
electrode potentials, which cannot be observed in real systems. This result can

be understood through the model’s underlying assumptions: lons feature point-
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a) O b) A
‘ ‘ ‘ d)electrode
¢ 9’0 =
® <
e

0 x=a/2

Figure 2.3: Gouy-Chapman-Stern layer: a) Schematic illustration of the
interface. Differently colored spheres indicate positively and negatively
charged ions. The concentration of the negatively charged (blue) molecules
decreases with while concentration of the positively charged red molecules
increases. In the bulk solution both concentrations are equal. b) Schematic
drawing of the exponential potential profile at the interface.

like dimensions and, hence, can approach the electrode surface infinitely close

resulting in huge capacitances at high potentials.

2.3.3 Gouy-Chapman-Stern model

In 1924, Stern attacked this issue by combining the model of Helmholtz and
the model developed by Gouy and Chapman. lons then cannot approach the
electrode surface any closer than half of there radius, which results in a homo-
geneous electric field and a linear potential drop in between x = 0 and x = a/2.
At distances larger than a/2, however, the Gouy-Chapman model can be ap-
plied using the potential at the outer Helmholtz plane, ¢o = ¢(x = a/2) as the

electrode potential [4]. This results in the following requirement for ¢s:

B do a
$2 = do + <d$>x:a/z 3 (2.17)

[4]. The overall capacitance Cy. is then given by a combination of the

Helmholtz capacitance C}, and the Gouy-Chapman capacitance Cj.

L1
Cgcs Ch Cgc

(2.18)

[4]. An illustration of this model can be found in Figure 2.3.
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2.4 Butler-Volmer-Equation

Butler-Volmer equation relates the Faradaic currents at an electrode to the
voltage that is applied at the electrode in regard to the solution's potential. It
is based on thermodynamic concepts that describe chemical reactions. In this
section, we will follow a derivation adapted from Schmicklers derivation [5]. The
total reaction rate v at an electrode can be understood as the sum of oxidizing

and reducing reaction rates, k,; and k,.q. Hence, it can be written as

v = k:oxcfgf - kzredcffzfj, (2.19)

where Cf)?;t/red represents the concentration of the oxidized or reduced molecule

species at the interface. If we now employ Eyring's transition state theory, we

can express the reaction rates through the Gibbs potentials AG

kow = A x exp <—AG];Z@> (2.20)
and
kreq = B * exp <_AG],;;(¢)> , (2.21)

with A and B denoting constants and R representing the universal gas
constant. For reasons of simplicity, we expand the Gibbs potential in a first-

order Taylor series about the species redox potential ¢g

AGoz(9) = AGoz(d0) + aF (¢ — o), (2.22)

with

1 0AG,,

o= I 30 o (2.23)

and
AGred(¢) = AGred(d)O) + BF((b - d)O)a (224)

with
g L 9AGra (2.25)

Fo00 g,
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The Faraday constant F' was added for illustrational reasons, since F'¢ de-
scribes the electrostatic contribution to the Gibbs energy.

If we now assume

8AGO$ . 6AC;red

99 lo=go 06 lo=go

we can conclude that

(2.26)

a+pB=1 (2.27)

If we now combine the equations 2.19, 2.20, 2.21, 2.22, 2.24, 2.27, and the

Nernst equation

RT, cint
¢ = const. + —In—2%, (2.28)
e

we obtain the Butler-Volmer equation for the current density j

(2.29)

aF (¢ — ¢o) —(1—a)F(¢—¢>o)>
RT RT

j=Fv=jg (ea:p —exp
with

jo = Fko(cyen)' = (chh)®, (2.30)

red ox

where kg is the standard exchange reaction rate.
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Chapter 3

On-chip redox-cycling

techniques

This chapter was reproduced in part with permission from "Enno Katelhon
and Bernhard Wolfrum. On-chip redox-cycling techniques for electrochemical
detection. Reviews in Analytical Chemistry. 2012, 31, 7-14.” The original article
is available on www.degruyter.com, DOI: 10.1515/revac-2011-0031.
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3.1 Preamble

During the last two decades, redox cycling techniques have evolved as a promis-
ing technique for the electrochemical detection of molecules that can undergo
subsequent redox reactions. In particular, chip-based techniques received grow-
ing attention due to the option of parallel fabrication and easy integration into
lab-on-a-chip devices. In this chapter, a review on current implementations of
on-chip redox cycling sensors is provided. Advantages and limitations of various
approaches are discussed with regard to their fabrication process and perfor-

mance.

3.2 Introduction

Electrochemical techniques are used in a variety of scientific disciplines ranging
from fundamental research on chemical reactions to applications such as fuel
cells, solar cells, or sensors for operation in biological or environmental analysis.
These sensors utilize certain surface reactions at interfaces between an elec-
trode and a liquid or gaseous sample that link chemical reactions to electrical
currents. Measured currents then allow conclusions regarding analyte concen-
trations or can be studied in order to gain insight into chemical reactions at
the device. In most applications, a set of electrode probes that feature inert or
chemically-modified electrode surfaces is used in liquid environments. During
the measurement, the electrodes are immersed into the sample solution and
then biased to a well-defined potential with regard to the solution’s potential,
which is typically defined via a reference electrode. Thus, chemical reactions
of certain molecules may be enabled at the electrode surfaces, while electrode
currents are measured. The detected currents, which are usually recorded as
a function of the applied voltage as well as the applied voltage's chronological
sequence, may then provide information on various characteristics of the sam-
ple, such as molecular reactions and diffusion characteristics. Most commonly,
such investigations are performed using Amperometry, a method in which a
working electrode is biased to a constant potential that is suitable to oxidize
or reduce the species under investigation while a reference electrode or a set
of a reference electrode and an auxiliary electrode define the solutions poten-
tial. The current at the working electrode is then proportional to the number

of molecules that react per unit time at the working electrode and can hence
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be used to calculate the analyte concentration. However, amperometry only
offers little selectivity, since a wide range of molecules can participate in the
redox reactions. A more detailed analysis can be done via the method of Cyclic
Voltammetry (CV). Here, the electrode potential of the working electrode is
repeatedly swept from an oxidizing to a reducing potential in a triangular fash-
ion at a low frequency, while the electrode current is recorded [6,7]. By this
means, a more specific analysis can be performed, since not only the current,
but the current as a function of the applied voltage is recorded. Hence, the
analysis can also provide information on the analytes redox potential as well as
its diffusive behavior. However, even though the CV approach can be used in a
wide field of applications, it holds the disadvantage that the overall current and
equally the detection limit are always restricted by the mass transfer of analyte
molecules towards the electrode surface. This limitation can be overcome to
some extent by the method of Fast Scan Cyclic Voltammetry (FSCV), which
performs CV measurements at frequencies in the kHz [8] or even MHz range [9].
The sensitivity is then no longer limited by the mass transfer as long as the cy-
cling frequency dominates diffusion and analyte molecules can undergo repeated
redox reactions. Fast scan rates also lead to an increased selectivity, because
mostly redox-active molecules, i.e. molecules that can undergo repeated redox
reactions, are detected. Even though high capacitive background currents and
electrode fouling remain challenges in current research [10, 11], today, FSCV is
widely used for the detection and investigation of neurotransmitter release of
biological cells [12-16].

Many issues regarding sensitivity and selectivity of electrochemical sensors
can be eliminated by the application of multi-electrode systems that enable
Redox Cycling [17]. In redox cycling, a second working electrode is placed
in close proximity to the first electrode, while both electrodes are individually
biased to potentials above and below the redox potential of a reversible redox
couple. Driven by molecular diffusion, redox-active molecules then participate in
repeated redox reactions between the electrodes, while a charge is transferred
from one electrode to the other whenever a molecule subsequently reacts at
both electrodes, see Figure 3.1. These charges can then be detected as a net

current across the electrode gap.

Today, redox cycling sensors are used in a wide field of applications. The
large signal amplification and the ability to integrate arrays of microscopic redox-

cycling sensors at a high density make the technique interesting for detection of
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Figure 3.1:  Illustration of
the redox-cycling mecha-
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electrode as well as a refer- ——— /
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localized events, such as neurotransmitter release. Hence, redox cycling sensors

may evolve to a tool for on-chip neuroscience experiments.

3.3 Redox cycling

The sensing performance of redox cycling devices is mainly determined by the
device geometry. Amplification scales with the inter-electrode distance h, since
the average time T a molecule requires for the shuttling from one electrode to
the other highly depends this distance h. The shuttling time T for a plane-
parallel arrangement can be calculated using a general solution of the one-

dimensional diffusion equation:

(Az)? = 2DAt (3.1)

(D describes the diffusion constant). Substituting h for the average spatial
displacement Ax and T for the average time interval At this displacement
takes, we obtain:

h2

Ty= - 2
5D (3.2)

Utilizing T, one can now calculate the average cycling current I, across
the electrode gap, which is caused by a single molecule that is located in between

the electrodes and that can transfer n elementary charges eg:

ney  negD
2Ty h?

Iy = (3.3)
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[18,19]. In order to quantify the redox cycling amplification of the electro-
chemical current, different methods can be employed. The simplest approach
is given by dividing the current of the working electrode in redox-cycling mode
by the current obtained when the same device is used without redox cycling
(i.e. only one working electrode is connected) [20]. However, this definition can
be misleading for people interested in concentration sensing, since the single-
electrode current is strongly dependent on the coupling of the sensor and the
bulk reservoir. For example, consider the extreme case of a redox cycling device
within a small confined box: Any such device would yield a finite steady state
current while operating in redox cycling mode. However, in single-electrode
mode, the resulting current will approach zero after all molecules have been
either oxidized or reduced to the same state in the box system. Thus, with the
definition above, the amplification factor of all strongly confined redox-cycling
systems will tend towards infinity. Although the confinement can be an impor-
tant parameter of the device, it should rather be addressed in terms of efficiency
instead of the amplification factor as it will be discussed below. Another, and for
concentration sensing more useful, way of defining amplification can be obtained
by dividing |y« by the current that would be expected from a microelectrode
l;me of the same size due to radial diffusion [19]. For illustration, the current of
an ideal redox cycling device with two plane-parallel opposing electrodes at a
separation of 50 nm is calculated and compared to the result for a single micro

disk electrode of the same size as introduced by Shoup and Szabo [21]:

Ime

inFDrey 4
mFDreg ! (7) (3.4)

Using the definitions:

ADt
TR (3.5)
And:
_1

F(7) = 0.7854 + 0.88627 2 + 0.2146¢ 078237 2 (36)

(r represents the radius of the electrode and F' the Faraday constant). Then
one can determine the amplification factor as a function of the time as well as
a function of the electrode radius a. The corresponding plots are shown in

Figure 3.3. Using this definition, even at steady state, the amplification factor
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Figure 3.2: Amplification by the redox-cycling effect. The presented plots
picture the analytically determined amplification factors of the Faradaic
currents obtained from a redox cycling sensor compared to a single ring
electrode of equal size. A) presents the amplification as a function of the
time passed since the electrode was biased for an electrode radius of 50 ym.
B) shows the amplification at t = 1 s as a function of the electrode diameter.

does not reach infinity but stays in the range of three orders of magnitude for
a 50 pum radius electrode. From Figure 3.3 B), we see that the amplification
factor strongly increases for larger electrodes that approach steady-state val-
ues. Hence, the use of redox-cycling in amperometric concentration sensing is
particularly effective.

Another important design feature of redox-cycling sensors is the degree,
to which analyte molecules are confined in between the electrodes. If a sen-
sor design provides an easy access to the inter-electrode space from the bulk
solution, sensors show a fast response to fluctuations in concentration of the
analyte. However, the average number of redox cycles that each molecule per-
forms inside the sensor is lower compared to more enclosed designs. This effect
is insignificant for most concentration sensing applications, since the net num-

ber of molecules inside the sensor remains unaffected. Nevertheless, for certain
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concentration measurements or spectroscopic applications, it is desirable that
each single molecule performs a large number of subsequent cycles. Examples
are given by the detection of the 'recyclable’ molecule dopamine in presence of
ascorbic acid, which cannot participate in subsequent redox reactions [19, 22]
or the applications of redox-cycling sensors in adsorption spectroscopy as it was
described by Singh et al. [23].

The degree of confinement is highly dependent on the geometry of the
surrounding space that is open for diffusion and, hence, depends on a variety
of different design features. One approach to define a key number that is
related to these features is given by the Collection Efficiency 7. It is usually
defined as the ratio of the currents I, and I, at the generating and collecting

electrodes [24,25] and can be calculated as follows:

I col

gen

n= (3.7)

~

Even though this definition is very illustrative, its use can be problematic
due to the experimentally challenging determination of 7. Since measured cur-
rents often interfere with other Faradaic currents that can result from various
experimental conditions, the isolated recording of the generating and the col-
lecting currents can turn out to be experimentally difficult. On the one hand,
the measured value is well dependent on the ratio of oxidized and reduced an-
alyte molecules in the bulk solution, since potentially not only molecules that
were generated at the generator contribute to the current at the collector and
vice versa. Hence, all analyte molecules in the sample solution have to exhibit
the same oxidation state for an exact measurement. On the other hand, the
concept does not represent any temporal aspects of the redox cycling itself.
If the sensor impacts the analyte concentration in its immediate surroundings
or forms a wide depletion layer of molecules that can react at the generator,
collection efficiency will be time-dependent. In order to avoid these issues, one
can suggest adding two additional criteria for the experimental determination
of n: First, the experimentalist assures that the solution only contains analyte
molecules of one oxidation state at the beginning of the experiment. This can
be achieved via an additional macroscopic electrode in the bulk solution, for
example. Second, measurements have to be performed after the system came
to stationary conditions in currents and concentration distribution. Since we

focus on on-chip sensors, the access to the considered sensors is typically very
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small. In analog to microelectrodes, mass transfer towards the sensor is there-
fore affected by radial diffusion. Hence, mass transfer and Faradaic currents will

equally converge to a certain value that can be measured [21].

3.4 Off-chip implementations of redox cycling sen-

Sors

First redox cycling experiments were performed in the field of Thin-Film Elec-
trochemistry. During the mid-sixties, the group of Reilley used an electrode
that was positioned in close proximity to an electrically conducting anvil, while
the inter-electrode distance could be adjusted via a micrometer spindle [26,27].
Furthermore, both electrodes could be biased individually and the current across
the gap could be measured, hence allowing confined redox reactions in between
the electrodes. By this means, detailed studies of the redox reactions of the
Fe(ll) - Fe(lll) and the quinone - hydroquinone redox couples were enabled.

During the eighties, other fields of application arose. Among the off-chip
techniques, Scanning Electrochemical Microscopy (SECM) evolved as one of
the most important methods. This technique was first pioneered by the groups
of Bard and Engstrom [18,28-31] and later advanced by a variety of other
groups. Analog to a scanning tunneling microscope (STM), this approach uti-
lizes a microprobe that scans the sample surface. However, contrasting STM
measurements, a microelectrode is employed instead of a needle and the sam-
ple is immersed in solution. During the measurement, redox cycling can be
enabled in between the electrode tip and the substrate. In case redox cycling
occurs, this method is usually referred to as positive feedback mode. It allows
the mapping of surfaces in detail with regard to their topography and chemi-
cal reactivity [32,33]. In 1995, Fan and Bard employed this approach for the
detection of single molecules [18].

Even though advances in thin-film electrochemistry and SECM paved the
way for the development of on-chip redox-cycling techniques, in the following,

this review will solely focus on on-chip approaches.

3.5 Interdigitated arrays

Interdigitated Array Sensors (IDAs) represent a group of on-chip electrochemical

sensors that utilize the redox-cycling technique. IDAs were initially described by
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Figure 3.3:  Illustration of
an interdigitated array sen-
sor. Both electrodes can be
biased individually via feed
lines that are covered under
a thin passivating layer. In-
set: Redox cycling occurs in
between the electrodes. Oxi-
dized molecules are indicated
by a red sphere, reduced
molecules by a blue sphere.

Electrodes
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Sanderson and Anderson in 1985 and then further studied by other groups with
regard to miniaturization and applicability for the detection of various redox-
active species [34-37]. Today, IDAs are commonly used on-chip redox-cycling
sensors and are employed in a wide range of applications.

A single IDA sensor consists of two coplanar electrodes that feature comb-
like shapes and are arranged in an interdigitated fashion, see Figure 3.3. Elec-
trodes are typically fabricated from inert metals and exhibit inter-electrode dis-
tances from the nanometer up to the micron scale [38].

In most sensing applications, IDAs are operated in amperometric or cyclic-
voltammetry mode. During amperometric operation, electrodes are biased in-
dividually to potentials above and below the redox potential of the species un-
der investigation, hence enabling redox-cycling in between the electrodes. The
overall current across the electrode gap is then measured and conclusions re-
garding the analyte concentration can be drawn. In contrast to that, in cyclic
voltammetry mode one electrode remains biased to a potential below or above
the redox-potential, while the other is repeatedly swept from an oxidizing to
a reducing potential and vice versa. During the measurement, the current at
the constantly biased electrode is recorded. By this means, cyclic voltammo-
grams are obtained that are mainly limited by the diffusive shuttling of reactive
molecules in between the electrodes instead of the diffusive mass transfer from
the bulk solution towards the electrode. This mode of data acquisition offers an
additional insight into molecular kinetics at the electrode surface in a trade-off
for a better temporal resolution in amperometric operation.

Besides their good measurement capabilities, the wide use of IDAs is also

based on their comparable simple and cheap fabrication process in comparison
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to other microelectrode-based approaches. Simple sensor designs can be fabri-
cated via a single lateral structuring step using microfabrication techniques such
as optical lithography or nano imprint lithography for parallelized production or
electron beam lithography for prototyping. This results in a quick and inex-
pensive fabrication of nano-scaled devices. Regarding larger structures, printed
electronics evolve as a cheap alternative. However, IDAs also exhibit certain dis-
advantages. First, the amplification by the redox-cycling effect is always limited
by the distance between the electrodes, which itself is limited by the struc-
turing method applied. Therefore, high amplification can only be achieved by
sets of nanoelectrodes that were produced via more complex fabrication meth-
ods. Also, nanoelectrodes exhibit poorer stability at decreasing structure sizes,
which results in shorter disabilities in sensing applications. Second, the redox-
cycling efficiency does not reach the level achieved by confined redox cycling
approaches, since a significant part of the analyte molecules do not participate
in repeated redox cycling but diffuse away.

Recent developments related to the design of IDAs mainly focus on the
increase of sensitivity by optimizing the senor geometries towards more confined
redox cycling [39]. During the last decade, various methods were introduced
that increase the aspect ratio of the interdigitated electrodes for better redox-
cycling efficiency [40-42]. Furthermore, performance was increased significantly
by scaling the inter-electrode distance down to sizes of 30 nm in IDAs or below
4 nm in a single nanogap [38,43]. Other developments aim for on-chip signal

amplification or processing based on CMOS technology [44-46)].

3.6 Pore-based approaches

A different group of on-chip redox-cycling sensors is given by pore-based de-
signs. In contrast to IDAs, which feature electrodes that are positioned in a
coplanar fashion on the wafer surface, pore-based designs utilize electrodes that
are aligned in parallel to each other and the wafer surface. The sensors consist
of a stack of two or more electrodes that are separated by insulating layers for
the option of individual biasing. Diffusive access to a bulk reservoir is enabled
via small openings in form of pores that interpenetrate the stack, see Figure 3.4.
Hence, the inter-electrode distance is no longer limited by the lateral resolution
of the structuring method, but by the minimal thickness of the intermediate layer

that is still sufficient for electrical isolation. In that way, the inter-electrode dis-
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Figure 3.4:  Illustration of
a pore-based redox-cycling
sensor. Two porous metal
electrodes are separated by
an insulating layer. Redox-
active molecules are indi-
cated by the two colored
spheres, whereas different
passivation  colors represent different ox-
Wafer idation states.

tance and thus the redox-cycling amplification can be enhanced significantly,
even though the overall active surface of the sensor is smaller in comparison
to many other sensor designs. Sensitivity in terms of the ratio of Faraday cur-
rent per sensor area can be improved further by scaling pore size and electrode
spacing down, since the overall available electrode surface is mostly defined via
the pore outline and density. Due to their short-access-channel design, open-
pore sensors are strongly coupled to the reservoir via molecular diffusion. This
coupling increases the sensor’s response characteristics to rapid concentration
fluctuations making them especially suitable for time-resolved sensing applica-
tions. However, good coupling also leads to low degrees of confinement of
the molecules inside the sensor pores and equally lowers redox-cycling efficiency
and amplification. Since the coupling can be tuned via the aspect ratio of the
pores dimensions, there is always a trade-off between temporal resolution and
redox-cycling efficiency.

During the last fifteen years, various approaches to technical implementa-
tions of pore-based sensors have been described. In 1999, Henry and Fritsch
introduced devices that feature stacks of gold electrodes separated by insulat-
ing polyimide layers [47,48]. Each sensor is characterized by a single, several
microns wide opening that is etched perpendicularly into the stack in order to
enable diffusive access to the bulk reservoir. In operation, electrodes are biased
individually to facilitate redox-cycling enhanced electrochemical detection. By
this means, dopamine concentrations as low as 2 uM were detected at micron-
scaled sensors featuring inter-electrode distances of about 4 um [49]. Another
approach was introduced by collaboration between the groups of Spatz, Stel-
zle, and Schuhmann in 2006. In contrast to the work by Henry and Fritsch,
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here, electrode stacks do not feature only a single pore but are porous them-
selves [50-52].

Unlike the formerly described sensors, structures are obtained via a bottom
up process. During fabrication, self-aligning nano particles are first disposed
over the wafer surface and later utilized as a shadow mask in a lift-off process.
By this means, dense patterns of pores were obtained that featured pore sizes
down to 330 nm at an average spacing of about 650 nm. This method allows dis-
tinctly higher densities of active surface area compared to conventional top-down
pore-based approaches and, hence, an increased redox-cycling performance. An
alternative bottom-up approach to the fabrication of pore-based redox-cycling
sensors makes use of nanoporous aluminum oxide templates [53]. Aluminum
is deposited directly onto an electrode-insulator-electrode stack and anodized
on spot generating nano-scaled pores that form self-aligned in a hexagonal pat-
tern. The porous alumina layer is then used as a shadow mask for reactive ion
etching, thus transferring the structure of the porous aluminum into the stack.
This approach aims to scale down pore sizes and interpore spacings in a large-
scale fabrication process without the use of electron beam or focused ion beam

patterning.

3.7 Nanocavity devices

Nanocavity sensors (also referred to as 'Nanofluidic Electrochemical Sensors')
currently represent the most spatially confined redox-cycling technique on-chip.
First sensors were fabricated in the group of Lemay in 2007 and tested in var-
ious fields of application soon after [19,20]. During the fabrication process,
a laterally aligned stack of a micron-sized bottom electrode, a thin sacrificial
layer, and a second top electrode are deposited on the wafer surface and sub-
sequently buried under a mechanically stable passivation layer. Afterwards, a
small opening is etched into the passivation in order to enable fluidic access to
the sacrificial layer. This layer is then removed using an anisotropic etch, hence
forming a cavity that separates top- and bottom electrode. Similar to pore-
based approaches, the inter-electrode distance is defined by the layer thickness
of a deposited layer instead of a lateral structuring method; however, compared
to formerly introduced methods significantly larger opposing electrode surfaces
can be produced with this technology. In operation, both electrodes are biased

individually for redox-cycling through additional feed lines. Diffusive access to
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the bulk reservoir is enabled via the opening in the passivation that formerly
provided access to the sacrificial layer.

The central advantage of nanocavity sensors is the strong signal amplifica-
tion in combination with high redox-cycling efficiency, which is due to the large
surface areas that are obtained at nano-scaled inter-electrode distances. This
combination allows sensitivity down to the ultimate limit: Zevenbergen et al.
recently demonstrated the electrochemical detection of a single molecule inside
a nanofluidic cavity [54]. In their experiment, each individual molecule con-
tributed with an average electrochemical current of 78 fA to the overall current.
Although sharp transitions due to molecule fluctuations were not observed be-
cause of the limited bandwidth, the results nicely demonstrate the possibilities
for single molecule studies using on-chip electrochemical redox cycling ampli-
fication. Other advantages of nanocavity devices include the applicability in
spectroscopic methods. In 2009, the same group introduced the method of
Electrochemical Correlation Spectroscopy (ECS), which determines the fluctu-
ations in the number of redox-active molecules within a given volume [55] and
exhibits great potential for the in-depth investigation of adsorption and des-
orption effects. Another application is given by the characterization of fast
electron-transfer kinetics inside of nanofluidic channels [56]. Design related lim-
itations mostly apply to the sensor response to rapid concentration fluctuations.
Due to the sensor’'s comparable high degree of confinement inside the cavity,
diffusive coupling between the analyte concentration inside the sensor and the
bulk reservoir is weak. This leads to longer response times in case of fast local-
ized changes in concentration. However, for typical sensor designs, this effect
impacts sensing performance on the millisecond scale and can be neglected in
many applications. Experimentally, temporal sensing applicability for the de-
tection of dopamine was recently confirmed and characterized in microfluidic

environments [57, 58].

3.8 Conclusions

It appears to be likely that the recent concepts of nanocavity- and nanopore-
based redox-cycling sensors will receive growing attention during the next years
and equally expect a steady increase in activity in this field of research.

One the one hand, the production method of these new types of sensors

allows the fabrication of highly sensitive devices at comparably low fabrications
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costs and efforts. Contrasting IDAs, the inter-electrode distance is not limited by
means of lateral structuring but only by the distance of an insulating layer. This
can be easily down-scaled to the nanometer level using low-cost and standard
clean-room methods, hence enabling ultra-high sensitivity. Also, the required
structuring methods are limited to solely optical lithography, which is widely
available in research and industry.

On the other hand, one can adopt the view that current research on nanocav-
ity and nanopore devices just started to pioneer a wide range of potential fu-
ture applications. Particularly, with regard to biosensing, spectroscopic electro-
analysis as well as applications in neuroscience there is an enormous potential
that is still waiting to be explored. One may further expect advances in theory
and simulation science that provide new impulses to the development of novel

spectroscopic applications.
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4.1 Preamble

Electrochemical mapping of neurotransmitter concentrations on a chip promises
to be an interesting technique for investigating synaptic release in cellular net-
works. This chapter presents a novel chip-based device for the detection of
neurotransmitter fluctuations in real-time. The chip features an array of plane-
parallel nanocavity sensors, which strongly amplify the electrochemical signal.
The sensor’s capability of resolving concentration fluctuations of redox-
active species in a microfluidic mixing gradient is demonstrated and the results
are explained by a simulated concentration profile that was calculated on the
basis of the coupled Navier-Stokes and convection-diffusion equations using a

finite element approach.

4.2 Introduction

As already mentioned in the former chapter, redox cycling amplification is a
powerful tool for increasing the sensitivity of certain electrochemical measure-
ments [18,34,47,52,59-67]. Molecules that can undergo reversible redox reac-
tions are repetitively oxidized and reduced at independently biased electrodes,
which are located in close proximity to each other. Since the oxidation state is
"recycled” after exchanging electrons with the electrodes, this approach allows
multiple reactions of a single molecule at the electrode, resulting in an amplified
electrochemical signal. The efficiency of this recycling method depends on the
average number of cycles a molecule performs before it escapes from the sensor
and the time it takes to undergo a complete redox cycle. Thus, it is strongly
influenced by the geometry and size of the device [24,39].

Very efficient redox cycling can be performed in confined geometries where
the electrode distance is well below 100 nm. Nanofluidic channels with inte-
grated electrodes have especially demonstrated an increase in molecular sen-
sitivity by several orders of magnitude compared to conventional voltamme-
try [19,20,56]. Another interesting feature of nanofluidic redox cycling sensors
is the anticorrelation of the anodic and cathodic current, which is useful for the
discrimination of interfering signals. The anticorrelation is also displayed in the
current noise that is caused by concentration fluctuations in the sensor and can
be exploited to perform electrochemical correlation spectroscopy [55].

The distinct advantages of confined redox cycling make this technique an
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interesting candidate for biosensing applications [49, 68,69]. One application is
the on-chip spatiotemporal detection of redox-active neurotransmitters with the
prospect to investigate localized release of neurotransmitters from neuronal net-
works with high sensitivity. It has previously been shown that nanofluidic redox
cycling sensors are capable of detecting catechol, a precursor of the neurotrans-
mitter dopamine, in a strong background of ascorbic acid [19]. However, the
spatial and temporal resolution of the formerly presented redox cycling devices
with double-inlet nanofluidics is limited by long access channels. Furthermore,
the fabrication of those devices was based on electron beam lithography, which
is not well suited for parallel processing of arrays required for network analysis.

This chapter describes arrays of circular nanocavity sensors which were struc-
tured by means of optical lithography. The redox cycling efficiency of these
sensors and their applicability for the detection of redox active compounds such
as hexacyanoferrate and the neurotransmitter dopamine is demonstrated. Fur-
thermore, it is shown that via the array-based approach, chemical gradients
and changes in the local concentration can be spatiotemporally characterized
on-chip. This feature is a crucial requirement for future applications such as

mapping neurotransmitter release from chemical synapses in a cellular network.

4.3 Methods

4.3.1 Reagents

The photoresists Ma-N 2505 and AZ 5214 E were acquired from Microresist
Technology GmbH (Berlin, Germany) and Clariant GmbH (Wiesbaden, Ger-
many). Chromium Etch was obtained from Honeywell Deutschland Holding
GmbH (Offenbach, Germany). Dopamine hydrochloride and potassium hexa-
cyanoferrate Il were obtained from Sigma-Aldrich Chemie GmbH (Steinheim,

Germany). All chemicals were used without further purification.

4.3.2 Devices and fabrication

The redox cycling chip is equipped with one test electrode and 29 nanocavity
sensors that are arranged on a grid pattern. Each sensor itself features a circular
bottom electrode with a diameter of 15 or 30 um and a ring shaped top electrode
with an outer diameter matching the bottom electrode and an inner diameter of

7 or 9 um, respectively. Both electrodes are aligned parallel to the wafer surface
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and on top of each other, separated by an 65 nm high cavity that is either 20
or 35 um in diameter. The whole system is stabilized by an approximately 850
nm thick passivation layer, which is opened at 3 or 5 um wide spots located at
the centers of the top electrodes.

Figure 4.1 shows a sketch of the fabrication scheme. The sensor arrays were
fabricated on 100 mm silicon substrates employing standard optical lithography
(MA-6, SUSS MicroTec AG, Garching, Germany) in a cleanroom environment
(class 100). Initially, the silicon substrate was thermally oxidized under wet
conditions to grow 1000 nm of SiOs. After that, bottom electrodes including
feed lines and bond pads were patterned via a resist lift-off process using the
resist Ma-N 2405, while the electrodes were fabricated by depositing 7 nm Ti,
50 nm Pt, and 7 nm Cr via electron beam physical vapor deposition. In a next
step, circular sacrificial chromium layers of 50 nm thickness were deposited via
a lift-off (Ma-N 2405) centrally on top of the bottom electrodes. Afterwards,
top electrodes including feed lines were deposited (7 nm Cr, 50 nm Pt, 7 nm
Ti) and structured by lift-off (Ma-N 2405) on top of the sacrificial layers. The
whole device was then insulated by a stack of six alternating layers of silicon
nitride and silicon dioxide featuring an overall height of 850 nm using a PECVD
process. Access holes were etched via reactive ion etching (Oxford Instruments,
Wiesbaden, Germany) at the center of every sensor for fluidic access, whereas the
etch mask was structured using a resist lift-off process (AZ 5214 E). The whole
wafer was then cut into (11 x 11) mm? chips, each containing the sensor arrays
in the center and the bondpads at the outer edges of the chip. The sacrificial
layers of the individual chips were chemically removed using a wet chromium
etch at room temperature. The progress of the sacrificial layer etching was
monitored optically and electrically by measuring the resistance between top
and bottom electrodes. This etching step generates the nanocavities between
the reducing and oxidizing electrodes and finishes the fabrication of the sensor
arrays. In the fabrication process, we obtained a yield of approximately 80
percent of functional sensors. A micrograph of a fully processed sensor array
and a single sensor unit before the removal of the chromium layer are shown in
Figure 4.2.

4.3.3 Microfluidics

The microfluidic channels were fabricated by polydimethylsiloxane (PDMS) cast-

ing from an aluminum mold, which was machined in our mechanical workshop.
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Figure 4.1:  Illustration of
the fabrication process of
a nanocavity redox-cycling
sensor in a cross section view.
The sketch shows demon-
strates the individual pro-
duction steps, i.e. the de-
position of the bottom elec-
trode (a), the sacrificial layer
(b), the top electrode (d)
and the passivation layer af-
ter the anisotropic etch (d).
The last picture pictures the
final sensor after the removal
of the sacrificial layer (e).

Figure 4.2: Micrograph of a
nanocavity sensor array. The
image presents a full array
of sensors featuring a diam-
eter of 15 pum, while the in-
set shows a single 30 pm sen-
sor before the opening of the
passivation.
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In the experiment, this PDMS channel covered most of the active surface of the
sensor array. lts T-shape design featured two inlet ports and a single outlet port,
which were connected to a poly(methyl methacrylate) (PMMA) flow cell. Each
of the inlet ports was connected to a separate channel of a pressure controlled
pump (MFCS-4C, Fluigent, Paris, France) and an associated chemical reservoir.
The outlet port of the cell led into a waste solution container. By modifying the
pressure at the inlets of the flow cell chemical gradients inside the channel could
be shifted on top of the sensor array, as explained further below. An illustration

of the channel design is given in Figure 4.4.

4.3.4 Electrochemical measurements

Electrochemical measurements were performed in aqueous solutions using two
multichannel patch clamp amplifier systems (EPC-10 Quadro PCl and EPC-10
Triple PCI, Heka Elektronic Dr. Schulze GmbH, Lambrecht, Germany), which
were controlled by the software " Patch Master”. The chips were mounted into
the microfluidic chamber and the outer bond pads were connected to the pream-
plifiers via probe heads (ph 100, SUSS MicroTec AG, Garching, Germany). A
standard Ag/AgCl reference electrode (RE-6, BASi, Stareton, United Kingdom,
3 M NaCl solution) was inserted into an access port of the PMMA flow cell and
used as a combined reference and counter electrode. During the measurements,
the current through the reference electrode was usually well below 1 nA. Thus,
an independent counter electrode was not required. Cyclic voltammograms
as well as amperometric measurement protocols were programmed for multi-
ple redox cycling sensors and used to characterize the system. The solutions
of dopamine and hexacyanoferrate were prepared in a background electrolyte
of physiological phosphate buffered saline (PBS) at a pH of 7.3 (specific con-
ductivity 0.65 Qm). After the experiments devices were cleaned with MilliQ
water (Millipore Corporation, Billerica, MA, United States), dried and stored

for further reuse.

4.3.5 Numerical simulation

We performed a three-dimensional finite element simulation of the microflu-
idic gradient inside the flow cell by coupling the incompressible Navier-Stokes

equations:
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Ou
P tPUVu—n v utp=f (4.1)
with the equation for convection and diffusion:
Ocor
ot
The solutions were calculated in COMSOL Multiphysics (COMSOL AB,

Stockholm, Sweden) for the variables u, p, and ¢,, r, which describe the velocity

+ /(Do NV Cop) U/ copr =0 (4.2)

field, the pressure, and the concentration of the oxidized and reduced redox-
active compound, respectively. Other parameters are the density of the solution
p = 998 kg/m3, the dynamic viscosity n = 107'% Pa s, and the diffusion
constant of the oxidized and reduced redox-active molecules D, , = 6.5 x 1010
m?/s. Body forces f, such as gravity, can be neglected in the simulation.
The time dependent boundary conditions for the coupled equation system were
given by the measured pressures at the inlets (data not shown) and the bulk
concentrations of the redox-active molecules. Further coupling of the reduced
and oxidized species at the sensor electrodes can be introduced by using the
potential dependent Butler-Volmer equations. However, we assume that the
concentrations in the experiment are predominantly governed by the convective
flow in the microfluidic chamber. For that reason, this additional aspect is
excluded in the present model. Symmetry boundary conditions were given by
the chip and the walls of the microfluidic chamber. The geometry of the flow cell
was assumed to be an ideal replica of the fabrication mold, whose geometry was
imported into the software to define the location of the boundaries. The relative
positions of the sensor locations to the microfluidic channel were obtained via

optical microscopy.

4.4 Results and discussion

4.4.1 Redox cycling response

The nanocavity redox cycling sensors were characterized in phosphate buffered
saline containing either potassium hexacyanoferrate or dopamine as a redox-
active substance. Figure 4.3a shows the cyclic voltammograms of the 30 um
wide sensor for five different concentrations of hexacyanoferrate. The graphs
exhibit a current wave with inflection points between 300 mV and 450 mV.

Nevertheless, the current does not reach the full saturation at higher poten-
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Figure 4.3: Voltammograms of a 30 pm wide nanocavity redox cycling sensor
in PBS at different concentrations of potassium hexacyanoferrate (A) and
dopamine (B). The anodic potential was swept from -200 mV to 600 mV
versus an Ag/AgCl reference electrode, while the cathode was constantly
biased to -200 mV. A) The data was recorded at a sweep rate of 80 mV/s.
The measurement was run after a balancing time of 5 s, during which both
electrodes were biased to -200 mV. B) The sweep rate was 20 mV /s, and be-
fore each measurement both electrodes were cycled twice at 20 V /s between
-1 V and 4600 mV.

tials. Moreover, the inflection point of the graph is located significantly higher
than the expected 220 mV versus Ag/AgCl [70,71]. This can be explained by
potential-dependent limitations in the electron kinetics at the electrode. Such
limitations may be caused by fouling of the electrodes or residual layers from
the production process.

The dependency of the current on the concentration of hexacyanoferrate
was determined in an amperometric measurement. The graphs of the absolute
anodic and the cathodic currents exhibit similar linear courses with essentially
identical magnitudes demonstrating the sensors high redox cycling efficiency
of nearly 100 percent. We observed the same results when switching anode
and cathode of a sensor. This shows that the current amplification by the
redox cycling effect significantly exceeds the current contributions caused by
the different electrode geometries. However, deviations from the theory can
be found with regard to the size of the overall signal at the maximum voltage
difference between the electrodes. Since the redox potential of the species under

consideration is 220 mV and the anodic and the cathodic potentials were set
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to 600 mV and -200 mV, respectively, the redox molecules should feature a
high reaction probability at the electrodes. Considering only limitations in the
diffusive mass transport to the electrode surfaces, we can estimate an upper

boundary for the electrode currents:

. <n> Dze
ZCycl = TO (43)

where < n > is the average number of molecules in the sensor, D =
6.5% 10710 m2/s the estimated diffusion coefficient, zeg the transferred charge
and h the distance of the two electrodes [19]. However, the measured currents
of the 30 um sensor shown in Fig. 4.3 amount to only 12 percent of the pre-
dicted value. This trend is observed for most of the sensors throughout a batch
although single chips temporary exhibited significantly higher currents. As dis-
cussed above, this effect may partially be explained by kinetic limitations at the
electrodes or by misalignment during lithography. Possible buckling of the upper
electrodes would also lead to a decrease in the measured current. Nevertheless,
the response of all sensors showed the characteristic anticorrelated behavior for
anodic and cathodic currents with almost 100 percent cycling efficiency. The
anticorrelation of the anodic and cathodic signals was also represented in the

current noise caused by the number fluctuations in the sensor.

Further cyclic voltammograms have been recorded in presence of dopamine
(see Figure 4.3b. For concentrations below 500 M, the graph exhibits one in-
flection point and currents remain almost unaffected by changes in the applied
potential beyond a certain distance to the inflection point. In the plot, we can
find the inflection point between 300 mV and 500 mV, which is in line with the
results obtained from various electrochemical methods [22,42,72]. However,
the graph does not reach full saturation at higher potentials. This again sug-
gests that the electrode surface is partially passivated by a blocking layer, which
retards the electron kinetics in dependence of the applied electrode voltage. In-
terestingly, at higher concentrations the current response for dopamine did not
exhibit a strictly linear behavior. Furthermore, during prolonged measurements
in dopamine, we observed a decrease in the electrode currents, probably due
to adsorption and chemical reactions at the electrode. This effect was partly
reversible by performing fast scan cyclic voltammograms between -1000 mV and
+600 mV at 20 V/s. As expected, both anodic and cathodic currents feature

similar magnitudes at equal concentrations. Thus, the sensor shows a high cy-
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cling efficiency and absolute measurements of the dopamine concentration can
be achieved without the direct interference of substances that do not undergo
redox cycling. However, the discrimination between very similar molecules such
as dopamine and norepinephrine will remain difficult and additional techniques
have to be considered if further selectivity is required. The sensors were sta-
ble over periods of months in air and more than a week if stored in phosphate
buffered saline or under cell culture conditions (F12 Kaighn's Medium, Invitro-
gen GmbH, Karlsruhe, Germany, at 37°C, 99% rel. humidity and 5% CO2)

4.4.2 Detection of chemical fluctuations

To demonstrate the possibility for spatiotemporal detection of chemical fluctua-
tions we applied a shifting microfluidic gradient on top of the nanofluidic sensor
array inside a microchannel, which was described in the experimental section.
During the measurement, the chip was incorporated into the flow cell, while
six electrodes in three sensors were used simultaneously in redox cycling mode.
These sensors were located as indicated in Figure 4.4 and measured the concen-
tration of redox active species amperometrically throughout the experiment. At
the same time, two sample solutions were injected at the two inlets, while the
applied pressures were varied periodically at a phase shift of about 180 degrees.
The two inlets were supplied with different PBS solutions, one containing a
redox active substance and the other being a pure PBS solution. Thus, a time
dependent chemical gradient was formed inside of the channel. For a clearer
presentation of the acquired redox cycling currents, we present the sensor re-
sponses as a fraction of the maximum response that was obtained during the
measurement. The recorded anodic and cathodic currents, which were acquired
in presence of hexacyanoferrate, are shown in Figure 4.5. The plot shows that
the measured signals at the sensors change periodically with the frequency of
the applied pressures. Moreover, the sensor responses of the individual sensors
vary in accordance to their position in the microchannel. In particular, it can
be seen that the responses of the two sensors (A and B) on the one side of the
channel exhibit an earlier and longer lasting response in periodic time than the
sensor (C) on the other side of the channel.

The concentration profile inside the channel was simulated via a finite el-
ement approach. The full geometry of the microchannel and its inputs was
transferred into the software and the chronological sequence of the dopamine

concentration field in the channel was modeled on the basis of the incompressible
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Figure 4.4: Schematic draw-
ing of the nanofluidic sen-
sor array in the microchan-
nel. The geometry of the
microchannel with two inlets
and one outlet is indicated by
the wire frame. The semi-
transparent colors represent
a snapshot of the concen-
tration distribution of redox-
active species at four hori-
zontal cross sections. Red
and blue indicate maximal
and minimal concentrations,
respectively. The distance
between sensor A and B is
400 pm.

M Sensor A

W Sensor B

Navier Stokes Equation and the equation for convection and diffusion. The con-
centrations at the locations of the three sensors were extracted from the results
of this simulation. The concentration field as well as the local concentrations
at the sensors is shown in Figure 4.6. The plot shows that the hexacyanoferrate
concentration varies at the spots of all three sensors. In the simulated periodic
time, the concentration rises first at the sensors A and B. After that, all three
sensors are exposed to a high concentration, before the concentration first drops
at sensor C and eventually at the sensors A and B. It can be seen that the sen-
sors A and B are exposed to a similar temporal concentration profile, while the
profile at sensor B is slightly delayed in regard to the one at sensor A.

In principle, the experimental and the simulated results represent different
types of information. While the experimental sensor signals display the measured
electrode currents, the simulation provides information on the concentrations of
redox-active species at the locations of the sensors. However, since both signals
are connected via the frequency-dependent sensor transfer function H(f), the
simulated concentrations can be used as a reference for the recorded currents
at the sensors. In this way, an exact experimental measurement of the con-
centrations can be achieved via a deconvolution of the measured signals after
the determination of H(f). However, due to the size of the sensors it can be
expected that the timescale, on which H(f) differs from 1 in response to local

concentration fluctuations, is smaller than the resolved timescale in the experi-
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Figure 4.5: Spatiotemporal measurement of a hexacyanoferrate gradient in a
microfluidic channel. b) represents an enlarged excerpt from the data shown
in a). The upper graphs represent the normalized anodic currents, while the
lower graphs show the normalized cathodic currents of the respective sensors.
Each graph is normalized to the maximal absolute value of the respective
sensors response. During the measurement, the right inlet in flow direction
was supplied with 2 mM hexacyanoferrate in PBS solution, while the left
inlet was supplied with pure PBS solution. The pressures at the two inlets
were swept contrarily at a frequency of 0.1 Hz. Amperometric measurements
were performed versus a Ag/AgCl reference electrode, while the anode and
cathode were biased to 600 mV and -200 mV, respectively. The data in
this plot was recorded at a frequency of 500 Hz. For a clearer presentation
we applied a standard median filter of the order 50 and every fifth point is
shown in the graph.

ment. Thus, one may assume an ideal signal transfer (H(f) = 1), i.e. the local
concentrations at the sensors correspond to the recorded currents. Hence, we
can in good approximation compare the normalized simulated concentrations in
Figure 4.6 with the normalized sensor responses in Figure 4.5. In doing so, we
find that the overall characteristics of the simulated responses are in agreement
with the experimental data. However, deviations regarding the exact timing
of the sensor responses are visible. Especially, the increase in concentration at
sensor C was detected later than expected from our simulation with regard to
the responses of sensor A and B. These deviations may either be caused by
inaccurate modeling of the system geometry or by improper determination of
exact boundary conditions, which both potentially may affect the simulation.

In particular, the sensors switching characteristics in simulation and experiment
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Figure 4.6: Finite elements simulation of the time-dependent dopamine con-
centration field in the microchannel. The upper graph shows the temporal
evolution of the simulated dopamine concentration at the locations of three
nanofluidic redox cycling sensors (see Fig. 4.4). The lower part shows four
snapshots of the concentration profiles in the horizontal cross sections.

support these assumptions. Both, the experimental data and the simulation
show the same trends for the switching characteristics. This fact suggests that
deviations were caused by inaccurate modeling of the exact system geometry or
boundary conditions in the simulation rather than a malfunction of the sensor
array. The limit for the temporal resolution of the sensor response is determined

by the diffusion and mean residence time of the molecules inside the nanocavity.

In regard to future applications such as the characterization of neuronal
activities, the sensor arrays' abilities in detection of localized neurotransmit-
ter fluctuations are particularly interesting [13, 16,73, 74]. Figure 4.7 presents
the sensors’ responses obtained from measurements using the neurotransmitter
dopamine. In the plot, it can be seen that the sensor response changes peri-
odically with the frequency of the applied pressure, thus demonstrating the de-
tection of localized changes in concentration. However, the maximum current
decreases throughout the measurement. This effect has already been widely
discussed in literature. Various groups reported that dopamine can be elec-
tropolymerized during the reaction at the electrode, which causes a passivation
of the electrode surface [75]. Hence, electrochemical measurements in presence

of dopamine may lead to the deposition of a solid layer on the electrode surface
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Figure 4.7: Temporal measurement of the dopamine concentration in a mi-
crofluidic channel. The upper graphs represent the anodic current, while the
lower graphs show the cathodic currents of the respective sensors. During
the measurement, a 1 mM dopamine in PBS solution was used as the redox
active substance and the applied pressures were varied at a frequency of
0.033 Hz. All other settings were chosen in accordance to the specifications
in Figure 4.5

and result in a steady decline of the measured current, potentially impacting
quantitative measurements. Accordingly, an electrode passivation by dopamine
reaction products appears to be an explanation for the measured data. How-
ever, a variety of different methods to overcome this issue have been reported
during the last decades, among which surface coatings by thiol groups like MPA
seem to be one of the most promising approaches [76]. Nevertheless, the time-
integrated exposure of dopamine resulting from actual neuronal communication
is significantly smaller than that used in the experiment. Thus, a negligible im-
pact of this effect can be expected in experiments including long-term culture

of neuronal cells.

4.5 Conclusion

A novel chip-based device for the spatiotemporal detection of chemical gradients
was introduced. Following the nanofluidic redox cycling approach, this device
utilizes arrays of circular nanocavity sensors. Each sensor features two inde-
pendently biased electrodes, which are separated by an 65 nm wide gap. The
sensors were characterized using the redox active substances hexacyanoferrate
and the neurotransmitter dopamine. The theoretically predicted dependency of

the sensor response on the changes in concentration was verified. Moreover, the
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applicability of the device in spatiotemporal measurements was demonstrated.
To this end, time-dependent concentration fluctuations were generated in a mi-
crofluidic channel, while the redox-cycling current was simultaneously measured
at various positions in real-time. A finite element simulation supports the ex-
perimentally obtained results. Since the developed fabrication process is solely
based on optical lithography, the devices are suitable for large-scale production
processes. Thus, the sensors can potentially be incorporated into lab-on-a-chip

applications.
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Chapter 5

Nanocavity cross-bar arrays
for high-resolution

electrochemical imaging

This chapter was reproduced in part from the unpublished work "Enno
Katelhon, Dirk Mayer, Marko Banzet, Andreas Offenhausser, and Bernhard
Wolfrum. Nanocavity cross-bar arrays for high-density electrochemical imag-

ing” (in preparation).
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5.1 Preamble

This chapter introduces a novel device for the mapping of redox-active com-
pounds at high spatial resolution based on a crossbar electrode architecture.
The sensor array is formed by two sets of 16 parallel band electrodes that are
arranged perpendicular to each other on the wafer surface. At each intersec-
tion, the crossing bars are separated by a "65 nm high nanocavity, which is
stabilized by the surrounding passivation layer. During operation, perpendicular
bar electrodes are biased to potentials above and below the redox potential of
species under investigation, thus, enabling repeated subsequent reactions at the
two electrodes. By this means, a redox cycling current is formed across the
gap that can be measured externally. As the nanocavity devices feature a very
high current amplification in redox cycling mode, individual sensing spots can be
addressed in parallel, thus, enabling high-throughput electrochemical imaging.
This chapter introduces the design of the device, discusses the fabrication pro-
cess and demonstrates its capabilities in sequential and parallel data acquisition

mode using a hexacyanoferrate probe.

5.2 Introduction

Redox cycling represents a powerful method for the detection of analytes that
can participate in repeated redox reactions [18,34,37,39,50,61,77,78]. Sensors
typically use two electrodes that are located in close proximity to each other
and can be biased individually. During operation one electrode is set to a
potential above the redox potential F of the analyte under investigation, while
the other electrode is set below this potential. Molecules can then repeatedly
participate in subsequent redox reactions at the electrodes, hence forming a
current across the gap. This current can then be measured externally and
allows drawing conclusions on a variety of analyte or reaction characteristics
such as the electrode kinetics or the analyte concentration.

A distinct advantage of this technique over conventional amperometry, us-
ing a single working electrode, is given by the increased Faradaic current caused
by the redox cycling effect. A single molecule entering the sensor does not
only contribute with an individual charge transfer to the Faradaic current but
participates in multiple reactions that each result in a charge transfer to the

working electrode. Sensitivity differs among sensor designs and is mainly deter-
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mined by the collection efficiency of the sensor and the average time a molecule
requires for passing one redox cycle. Hereby, the highest sensitivity per elec-
trode area was reported for nanofluidic redox cycling sensors. These sensors
feature micron-sized electrodes that are arranged in parallel to each other and
the wafer surface, being separated by a nano-scaled gap [17,79,80]. The current
per molecule obtained with such a sensor featuring the inter electrode distance
h is directly proportional to h~2, hence small inter-electrode distances can sig-
nificantly amplify the electrochemical signal [19,57]. So obtained amplification
factors that can be calculated via comparison to a single electrode of the same
size may reach several orders of magnitudes, thus allowing very low detection
limits: Recently, Lemay's group reported the ultimate detection limit by sensing
a single ferrocene molecule inside a nanofluidic redox cycling device [54, 81].
Besides the advantages of electrochemical amplification, redox cycling sensors
allow to form large, dense arrays of electrochemical sensors that are highly de-
sirable for applications such as on-chip parallel biosensing or the detection of
chemical communication in a neuronal network. This can be achieved via the
organization of feed lines in a perpendicular arrangement. Individual sensors are
then located at each of the feed line intersections. Redox cycling is enabled at
the intersection by setting the potentials of two orthogonal feed lines to values
above and below the redox potential of an analyte. Even though faradaic cur-
rents may also occur at all other electrodes that are connected to the biased feed
lines and are exposed to redox-active molecules, their individual contribution to
the overall measured current is comparably small due to the strong amplification
by the redox cycling effect. Hence, individual sensors can be easily read out by
this method.

Addressable redox cycling electrode arrays have been pioneered by the group
of Matsue since 2008 and various designs have been reported since then. Imple-
mentations include systems, which consist of two wafers that are glued face-to-
face to each other while both wafers hold parallel bar electrodes [62,82], arrays
of ring-ring-based sensors with orthogonal feed lines [83], and designs featuring
interdigitated electrodes at the intersections [84]. Reported applications in-
clude gene-function analysis [82], electroluminescence detection [85], mapping
of cell topographies [86], detection of cellular enzyme secretion [83], detection
of DNA hybridization [87], and evaluation of embryoid bodies [88]. So far these
approaches have been limited to sequential data acquisition and relatively large

lateral intersensor spacings, which limit the temporal and spatial resolution of
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the method.

This chapter describes the design and fabrication of a crossbar-based nanocav-
ity redox cycling sensor array that combines the advantages of the two ap-
proaches: crossbar architecture and nanocavity sensors. The large redox cycling
amplification of the nanocavity sensors allows such arrays to be operated in a
parallel readout for high-throughput applications. The redox cycling response
during electrochemical imaging using parallel data acquisition is demonstrated
and different modes of operation for its future use in mapping neurochemical

events are discussed.

5.3 Methods

5.3.1 Sensor design

Our device features two orthogonal sets of each 16 parallel bar electrodes. These
electrodes are 14 um wide and fabricated in parallel to the wafer surface. At
each intersection, the electrodes are separated by a "65 nm wide gap, while
the arrangement is stabilized by a thick passivation layer that covers the whole
device. The inter-electrode area is connected to the bulk reservoir via small
access channels that interpenetrate the passivation layer and enable diffusive
access to a bulk reservoir. An illustration of the sensor array and a top view
microscopic image as well as cross sections of the nanocavity sensor, cut by a

focused ion beam (FIB), can be found in Figure 5.1.

5.3.2 Fabrication

Devices are structured by means of optical lithography and are processed in class
100 cleanroom facilities. Nanocavities at the intersections between platinum
electrodes are formed via the deposition of a sacrificial layer followed by an
isotropic etch. The full device is stabilized by a silicon oxide/silicon nitride
stack.

The sensor is fabricated on a thermally oxidized silicon substrate while all
structures are formed via a lift-off processes. Electrodes are fabricated by de-
positing a Ti/Pt/Cr stack that features the thicknesses 7/50/7 nm using elec-
tron beam evaporation. In the next step, 50 nm thick chromium sacrificial layers
are deposited at the positions of the future intersections. These layers define

the geometric features of the nanocavities. Afterwards, the top electrodes are
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Figure 5.1: Nanocavity array chip: a) Illustration of a sensor array. The
inset sketches a nanocavity sensor that can be found at each feed-line inter-
section. b) Microscopic top view of a part of the array. ¢,d) scanning electro-
chemical microscope images of FIB-induced cross sections of a nanocavity
sensor before (c) and after (d) removal of the sacrificial chromium layer. The
scale bars for the images in (b), (c), and (d) are 100 pm, 400 nm, and 400
nm, respectively.
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fabricated from an electron-beam evaporated stack of Cr/Pt/Ti stack of the
thicknesses 7/50/7 nm. Subsequently, a passivation composed of alternating
layers SiOy/SigN4/SiOq is deposited via plasma enhanced chemical vapor de-
position. In the next step, access holes are etched into the passivation down to
the chromium sacrificial layer by reactive ion etching. The chromium is then

removed in an isotropic wet etch using chrome etch solution.

5.3.3 Electrochemical methods

Electrochemical characterization is either performed via cyclic voltammetry or
amperometry. Cyclic voltammograms or recorded using an EPC 10 patch clamp
system (HEKA Elektronik Dr. Schulze GmbH, Lambrecht, Germany) and the
corresponding software Patch Master. Hereby, one bar electrode is swept from -
200 mV to 600 mV and vice versa at a speed of 80 mV/s, while the corresponding
other electrode(s) remain on a reducing potential of -200 mV. Parallel redox
cycling amperometric measurements for electrochemical imaging are performed
using a home-built amplifier system (picoAmp64) [89]. The electrodes are set to
constant potentials of either -200 or 600 mV. All measurements are performed
after a balancing time of 10 s, while the solution’s potential is controlled via an

Ag/AgCl reference electrode.

5.4 Results and Discussion

Our sensors offer two different modes of operation: The sequential and the
parallel readout mode. During sequential data acquisition, each crossing point
on the sensor is addressed individually one after the other, while the electro-
chemical image of the sensor surface is assembled afterwards. As it can be seen
in Figure 5.2a), two electrodes that are arranged perpendicular to each other
are set to potentials above and below the redox potential, while all other elec-
trodes remain unbiased. Hence, redox cycling is enabled at the corresponding
intersection and the respective redox-cycling current can be detected at both
electrodes. In parallel acquisition mode, however, two or more electrodes that
are arranged perpendicular to the one oxidizing electrode are biased to reduc-
ing potentials. Hence, redox cycling is enabled at each intersection between
a reducing electrode and the oxidizing electrode, thus, resulting in a row-wise

read-out. As sketched in Figure 5.2b), the intersection’s individual redox-cycling
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a) _
IRed IOx - IRed

l'0x= lear*hesz  Figure 5.2: Illustration of
the two modes of operation:
a) Sequential data acquisi-
tion; each intersection is read
out sequentially. b) Paral-
lel data acquisition; intersec-
tions are read out simultane-
ously in a row-wise fashion.

currents can be measured at the reducing electrodes, while the current at the

oxidizing electrode amounts to the sum of all other redox cycling currents.

Figure 5.3 compares data of the sensor during operation in both acquisition
modes. Hereby, both graphs exhibit some characteristics in common: Below
the redox potential, which can be found around 180 mV, the current does not
increase with the anodic voltage. However, above the redox potential there
is a fast increase in current, which is due to the now enabled redox cycling.
Nevertheless, the current does not reach full saturation at higher voltages. This
effect can be attributed to kinetic limitations that may be caused by impurities
on the electrode surfaces that remain from the fabrication process. Furthermore,
in both cases the anodic and the sum of the cathodic currents equal. Thus,

redox cycling inside the sensor is highly efficient.

Figure 5.4 demonstrates the concentration dependency of an individual sen-
sor. Hereby, a single intersection was characterized at varied concentrations of
hexacyanoferrate in sequential acquisition mode. As it can be seen in the plot
the redox cycling current scales approximately linearly with the concentration.
The slope of the sensor response was obtained via a linear regression yielding
a sensitivity of 2.4 & 0.2 x 104 A m~2 M~! in the overlapping electrode area
(1.68 x 10-12 m?). Figure 4 shows a typical sensor response but the array ex-

hibits a large variance in sensitivity making it necessary to calibrate individual
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Figure 5.3: Redox cy-
cling currents: a) Cyclic
voltammogram detected in
sequential data acquisition
mode at a single intersection.
b) Cyclic voltammograms
recorded at two intersections
during parallel acquisition.
Both data sets were recorded
in 1 mM hexacyanoferrate in
PBS and filtered via a But-
terworth filter. Furthermore,
the data was offset corrected
and traces recorded in a
single electrode setup were
subtracted from the anodic
currents in order to isolate
the respective redox cycling
currents.
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sensors for quantitative imaging. The largest current responses obtained were
in the range of 1.7 x 10> A m~2 M~!, which is still significantly less than the
theoretically expected diffusion-limited value for the devices if we neglect kinetic

limitations:

C*IA _ 1000 *hD*F :9.5*105m‘24M. (5.1)

Here, ¢ is the concentration in (mol/l), A the overlapping electrode area
in m2, D = 0.64 x 107 m?/s the diffusion coefficient, ' = 96485 C/mol the
Faraday constant, and & = 65 nm the nanocavity height. Deviations between
expected and recorded current responses in nanocavity devices have been ob-
served previously and are thought to depend on fabrication inhomogeneities and

residues as well as adsorption effects limiting the electrode kinetics.

In order to demonstrate the electrochemical imaging capabilities of the de-
vice, the dissolution of a hexacyanoferrate crystal on top of the sensor array is
monitored. For this purpose, all but one electrode are biased to a reducing po-
tential of -200 mV, while the one electrode is biased to an oxidizing potential of
600 mV. In this operation mode, redox cycling mode is simultaneously enabled
at all 16 sensors along the oxidizing electrode and the respective sensor signal
can be read out at the corresponding perpendicular cathodes. The device is then
calibrated in plain 100 mM KClI solution as well as in a 1 mM hexacyanoferrate
solution in order to linearly interpolate the response curve for the individual
sensors. After adding the 1 mM hexacyanoferrate solution, three sensors that
are located next to each other (the yield of functional sensors is approximately

40%) are chosen and a hexacyanoferrate crystal is added to the solution. The so



54 CHAPTER 5. NANOCAVITY CROSS-BAR ARRAYS

E
=
< 8
Figure 5.5: Electrochemical % 6
. o 4
image of a hexacyanoferrate % X
. [ =
crystal that dissolves above &
0 0.2 0.4 0.6 0_.8 1 1.2 1.4 1.6 mM
the sensor surface. Time [s]

obtained electrochemical image of its dissolution after background subtraction
can be seen in Figure 5.5. The parallel readout of the crossbar array allows
the chemical concentration to be mapped with a millisecond temporal resolu-
tion, which is sufficient for resolving fast dissolution processes. The sensitivity
is determined by the height of the nanocavities (65 nm) while the spatial reso-
lution relies on the sensor array density (“244/mm?). In principle, the crossbar
array design could allow high density mapping in the range of 10000/mm? for
reasonable cross bar pitches of 10 um as obtainable by conventional optical
lithography.

5.5 Conclusions

This chapter introduced the design and fabrication of a novel device for the elec-
trochemical on-chip imaging of redox molecules by redox cycling. The presented
chip was fabricated with standard cleanroom technology and features nanocav-
ity redox cycling devices in a crossbar architecture for sensitive electrochemical
detection at a high sensor density. Measurements in hexacyanoferrate solution
are shown and different modes of operation are demonstrated: the sequential
readout of individual sensors and the parallel readout mode, which allows the
spatiotemporal sensing along one feed line.

It can be assumed that the presented technique, which combines high-
density sensing of electrochemical species with redox cycling amplification in the
nanofluidic cavities, will be advantageous for electrochemical imaging methods
and electrochemical biological assays. Particularly, one may expect that the
detection or mapping of neurotransmitter secretion in neuronal networks will be
one of the most interesting applications [13,16,89-96]. In this case, the sensor
array is exposed to fast fluctuations in the neurotransmitter concentration. By
biasing the two parallel sets of bar-electrodes to reducing and oxidizing poten-
tials, one can then correlate the electrochemical signals at orthogonal electrodes,

hence recording data from all sensors simultaneously (see Figure 5.6).
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Figure 5.6: Electrochemical setup for parallel spike recording on-chip. By
correlation of individual spike events at anodic and cathodic electrodes, all
electrodes intersections can be read out simultaneously.
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Chapter 6

Noise characteristics of

redox-cycling sensors

This chapter was reproduced in part with permission from " Enno Katelhon,
Kay J. Krause, Pradyumna S. Singh, Serge G. Lemay, and Bernhard Wolfrum.
Noise characteristics of nano-scaled redox-cycling sensors: Investigations based
on random walks. Journal of the American Chemical Society. 2013, 135, 8874-
8881. DOI: 10.1021/ja3121313." Copyright 2013 American Chemical Society.
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6.1 Preamble

This chapter investigates noise effects in nanoscaled electrochemical sensors us-
ing a three-dimensional simulation based on random walks. The presented ap-
proach allows the prediction of time-dependent signals and noise characteristics
for redox cycling devices of arbitrary geometry. Simulation results closely match
experimental data as well as theoretical expectations with regard to measured
currents and noise power spectra. Furthermore, the impact of the sensor design
on characteristics of the noise power spectrum is analyzed. Specific transitions
between independent noise sources in the frequency domain are indicative of
the sensor-reservoir coupling and can be used to identify stationary design fea-
tures or time-dependent blocking mechanisms. Since the presented approach is
highly flexible with regard to the implemented boundary conditions, it opens up
the possibility for integrating a variety of surface-specific molecular reactions in
arbitrary electrochemical systems. Thus, it may become a useful tool for the

investigation of a wide range of noise effects in nanoelectrochemical sensors.

6.2 Introduction

Following the first description of interdigitated arrays in 1985 [34], the devel-
opment and characterization of on-chip redox-cycling sensors has evolved to be
an active field of research. Since then, a variety of sensor types and designs
have been introduced and probed in a wide range of applications [17, 80, 97].
Described methods include interdigitated electrodes [35-37, 88, 98], pore-based
approaches [47-53], and nano- and microcavity devices [19,20,56,57,61,87,99].
With respect to measurements involving only few molecules, nanocavity-based
sensors represent one of the current methods of choice. Featuring sensitivity
capable of resolving single-molecules [54] as well as a comparably simple fabrica-
tion process that is based on standard clean room technology, they have received
growing attention during the last years. Typically, sensors consist of two micron-
scaled electrodes that are separated by tens of nanometers and arranged parallel
to each other and the wafer surface. The electrodes can be biased individually
and are covered by a passivation layer, while access to the analyte is enabled
via small connecting channels. In sensing applications, electrodes are biased to
potentials below and above the redox potential of a redox-species under inves-

tigation. Molecules can then participate in subsequent oxidation and reduction
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reactions and, hence, form a measurable current across the electrode gap.

Besides applicability for the detection of redox-active molecules, nanocavity
sensors can also be used for spectroscopy applications. In 2009, Zevenbergen et
al. introduced a novel spectroscopy approach called Electrochemical Correlation
Spectroscopy (ECS) [55]. Analogous to Fluorescence Correlation Spectroscopy
(FCS), here, the measured current noise is recorded and its time evolution [55] or
amplitude [23] can be analyzed to gain insight into concentration fluctuations as
well as adsorption and desorption dynamics of the analyte at the electrodes [55].
Since the electrochemical current of these sensors scales with the number of
molecules N that are present in a given volume and statistical fluctuations scale
with /N, noise-to-signal ratios are much improved when few active molecules
are located inside the sensor. Due to the nanocavity sensors’ ability to operate
with ultra-low molecule numbers, they represent an ideal platform for noise

spectroscopy.

In electrochemical fluctuation spectroscopy, investigations are so far mostly
based on noise power spectral densities or autocorrelation descriptions that con-
tain a wide range of information on the respective electrochemical and diffusive
processes. However, in many cases, both methods represent a fingerprint of
an electrochemical process rather than its full description. Parameters such as
sensor design, adsorption- and desorption rates, inactivation of the analyte, and
passivation of the electrodes may impact the resulting noise characteristics in
multiple ways. Therefore, one may believe that, with regard to future applica-
tions, the technique of ECS can be further advanced by supporting simulations.
The simulations may then take into account these diverse effects and determine
their influence on the noise spectra, thus leading to a better understanding of

the experimental data.

Diffusive processes are often modeled via means of finite element simula-
tion software that is widely available. However, since finite element approaches
are based on probability densities for the locations of analyte molecules, only
averaged currents can be described, and the modeling of noise remains diffi-
cult. For relevance to noise spectroscopy, here, the simulations are based on
stochastic random walks, which simulate every individual molecule's movement.
Even though this approach leads to comparably high computational workloads,
random walks continuously offer better modeling opportunities due to steady
advances in computational power and parallelization. The model further mirrors

real-life processes in a detailed, yet simple and demonstrative way. It is easily
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extendable with regard to effects on the molecular scale, such as adhesion or de-
activation of molecules. For these reasons, random walk simulations evolved to
a commonly used approach during the last two decades. Successful applications
include, the modeling of electron-transfer kinetics [100], single-molecule electro-
chemistry [81], diffusion controlled electrode processes [101-103], potential-step
chronoamperometry [104], stochastic variations in molecule capturing times at
electrodes [105], as well as generator-collector systems based micro-band elec-
trodes [106, 107], plan-parallel dual disk microelectrodes [108], and inside con-
centric spherical electrochemical cells [109].

In a previously published work, a random walk simulation was applied to
different geometries and two sources of noise were identified: Number Fluctu-
ation Noise that results from the stochastically varying number of molecules
in between the two electrodes and Redox Cycling Shot Noise, which occurs
as a consequence of the diffusive shuttling of molecules in between the elec-
trodes [110]. Based on this, this chapter provides a significantly more detailed
analysis of the noise phenomena in redox-cycling sensors. Using an advanced
random walk model based on Monte Carlo simulations in a cubic lattice, this
chapter first discusses the accuracy of random walk simulations with regard to
the ratio of device size and random walk step width and compares the simulation
results to experimental data. Based on these results, series of simulations for
different structure geometries is performed and key parameters for spectroscopic

applications are considered.

6.3 Methods

The simulation model is based on three fundamental assumptions. First, redox
active molecules perform stochastic random walks in accordance with the diffu-
sion equation and are reflected upon collisions with boundaries. Second, each
molecule can adopt two different oxidation states, namely the reduced and the
oxidized state. Further, molecules change their oxidation state instantly when-
ever they touch an appropriately biased electrode, i.e. if an oxidized molecule
is reflected at a cathode, it changes its state to 'reduced’. A reduced molecule
only changes its state at an anode and oxidized molecules that hit an anode or
reduced molecules that hit a cathode do not react. This implies the approxi-
mation that the plane of electron transfer (PET) equals the electrode surface.

Typically, PET and electrode surface are separated by 1 nm, which is below the
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accuracy that usually can be reached in the fabrication of the channel height
in nanocavity sensors. Third, redox active molecules do not interact with each
other and the electric field of the electrodes. Since nanocavity redox cycling
experiments are typically performed at high electrolyte concentrations to ensure
a good reference potential throughout the nanofluidic, the Debye length is less

than one nm for most experimental conditions.

The software is implemented as follows: The simulation is written in C++
and compiled via the GNU Compiler Collection (GCC). Random walks are calcu-
lated independently on all available CPUs, while parallel computing is achieved
through the application programming interface (API) Open Multi-Processing
(OpenMP). During the random walk, each molecule is virtually displaced in
time intervals dt by a pseudo random vector of the length dr. This vector is
calculated from three pseudo random numbers that are obtained via routines
taken from the GNU Scientific Library, namely the algorithm mt19937 that is
based on the Mersenne Twister code [111]. Hereby, the time dt and the length
dr fulfill the following equation that can be derived from the three-dimensional

diffusion equation:

dr = V6Ddt. (6.1)

At every step, each Cartesian coordinate of a molecule is either increased
or decreased by the fixed distance dr’ = dr/+/3. Molecules further move on a
static grid, while virtual boundaries are always placed in between two neighboring
grid points.

When calculating the random walks, the software processes and records
three data traces: The number of reactions at the oxidizing and the reducing
electrode (1 and 2) that occur within a predefined sampling interval dT" and
the average number of redox molecules that are located in between the redox
electrodes during the same time (3). Data is then stored in an ASCII file and
later processed using the numeric computing environment Matlab.

If not indicated separately, all simulations employ diffusion constants D of
1072 m?2/s, a virtual sampling rate of 10 kHz, and a spatial step width of 2 nm
for the simulated current traces, which exceeds the chosen temporal resolutions

of the random walks by orders of magnitude.
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6.4 Results and discussion

6.4.1 Applicability of random walks to the nano-scale

In open space, diffusive processes can be easily modeled via stochastic random
walks. As long as the step width is kept constant and the spatiotemporal dis-
placement is modeled according to the diffusion equation (see Formula 6.1),
the simulation is mathematically identical to the analytical solution and results
can directly be used without further processing. However, the design of simula-
tions becomes more challenging, if the space available for diffusion is limited by
boundaries. In a random walk simulation, the displacement of each molecule is
virtually triggered at a fixed rate 1/dt. Hence, the actual molecule pathway is
reduced to a linear movement between a defined start- and end position, while
all intermediate positions are neglected. Potential collisions at boundaries can-
not be considered in such a model. Therefore, any type of boundary condition
may impact the simulation results in multiple ways, depending on the simulated

geometry and the reflection algorithm chosen.

In order to quantify the impact of this effect on the simulations, a simple
geometry is chosen for a parameter screening: A model of two infinite parallel
plates that represent electrodes biased for redox cycling (See Figure 6.1a). A
set of 80 active molecules at random oxidation states is released uniformly
distributed between the electrodes. The electrode response is then recorded
for a time interval of 0.1 s. The simulation is repeated several times with
varied step widths and the average current is individually determined for each
repetition. Simulation results can then be compared to an analytical solution
for the average current that can be derived from the one-dimensional diffusion
equation: On average, the transmission of one molecule’s redox charge load
from one electrode to the other requires twice the time T}.qns, it takes for a
molecule to diffusively travel the distance h between the electrodes. Analogous
to equation 6.1, in the one-dimensional case this time can be calculated as

follows:

h2

Tirans = E (62)

Hence, the average current per redox-active molecule in between the elec-

trodes is given by:
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Figure 6.1: a) Simple model for the isolated investigation of the redox cycling
effect. The sensor consists of two infinite parallel electrodes separated by a
nano-scaled gap. b) Average simulated currents of a sensor consisting of two
infinite parallel electrodes at a distance of 50 nm. The red graph represents
the theoretical result, the blue graph shows the simulated average current at
one electrode, and the green graph shows the corrected current according to
Formula 6.7. The random walk simulation used 80 molecules and the charge
transfer per reaction amounts to the elementary charge. ¢) Two reflection
models: I) Pathway of a single step dr at a simple reflecting boundary within
the time interval d¢. II) Corrected boundary position according to diffusion
equation. The random walk is subdivided into two steps of the spatial
step width dr’ and the temporal step width dt/2. d) Cumulated reaction
probability of a molecule that is located in between two parallel absorbing
boundaries that are separated by a distance of 100 nm. The molecule is
released centrally at the time t = 0. The probability was calculated in three
different ways.
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Damolecul
IMolecule = %a (63)

where gmolecule represents the charge that can be exchanged by one molecule
[18,19].

The result of this model can be seen in Figure 6.1b, which compares the
theoretically calculated current with the values obtained from simulations that
use various step widths. In the plot one can find an increasing underestimation
of the simulated current at higher step widths, which relates to the discrete
nature of the random walk approach that disregards intermediate positions of
a molecule's trajectory in between two subsequent positions in the simulation.
One effect is particularly relevant for the simulation of nano-electrochemical
effects: Whenever a molecule is located in immediate proximity to a reflecting
boundary and follows a reflected pathway (as seen in see Figure 6.1c, (1)), the
molecule’s distance to the boundary is underestimated. During this time interval
dt, the molecule first approaches the electrodes, while passing the distance dr/2.
Then it is reflected and again passes the distance dr/2 back towards its initial
position. However, since the molecule’s diffusive pathway is not linear in time,
the reflection has to be treated as two individual steps that are performed within
the interval dt and that feature a different spatial step width dr’, see Figure

6.1c, (I1). Based on the one dimensional diffusion equation,

d’l“lD =V2Ddt (6.4)

we can calculate the length of dr’ as follows:

dr? 2dr'?
dt = 2 = 1D .
2D 2D (6 5)

This leads to an expression for dr’:
d
dr'tP = —ED. (6.6)

We can now calculate an effective distance h’ between the two electrodes

that is corrected for the discrepancy in the step size at both boundaries:

W= h— 2D

+2dr'1p = h+ (V2 = 1)drip. (6.7)

Based on this formula and equation 6.3, we can calculate the deviation in
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the simulated current that is caused by this effect. The so-predicted current
explains most deviations caused by the discrete nature of the random walk, as
illustrated in Figure 6.1b. In the following, however, all simulated currents are
corrected according to the deviation that was measured between the simulated

data and the theoretical value that was found via equation 6.3.

In conclusion, by running the simulation that is sketched in Figure 6.1a, it
is shown that the average value of T7p.qns in the simulation closely matches the
theoretical value at small step widths and that one can correct the simulation
results in case of longer step widths. However, its statistical distribution has
not been validated, yet. Therefore, a second, slightly modified simulation is run
in order to confirm the statistical distribution of T7,.4,s: 170,000 molecules are
released centered in between the electrodes, while the time interval until they
hit one of the electrodes for the first time is recorded. Out of this data, the
accumulated reaction probability as a function of the time since the molecules
release is calculated. These results are compared to two analytical solutions:
First, the reaction rate can be addressed via the general solution of the one-
dimensional diffusion equation, see Formula 6.4. More generally, the latter can
be written as the spacial probability density of finding a molecule at the time ¢

after its release at the point xg:

1 _ (m—xq)?

po(t,z, o) = 7\/4@6 Dt . (6.8)

Here, the method of images to approximate the reaction probability as a
function of time is employed. The molecule is hereby released at x=0 and
the boundaries are located at the positions 50 nm and -50 nm. In order to
approximate the boundary condition c¢(x=-50 nm) = ¢(x=50 nm) = 0, Formula
6.8 is super-positioned with alternating signs at multiples of 100 nm, starting

from -800 nm to 800 nm. Hence, we obtain:

50nm )
Pt)=1- / dz 3" (“1)ipo(t, 2,0 = i+ 100nm).  (6.9)
—50nm i——4

1=

Second, a discrete analytical approach is chosen based on the Gambler's
Ruin problem that was previously introduced by Zevenbergen et al. to describe
the first passage of molecules in a 1-dimensional nanofluidic channel [20]. In
this context, the model describes the absorption probability P(n) of a random

walker that is released centrally in between two absorbing boundaries. Hereby,
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Figure 6.2: a) Sketch of the
model that is used for sim-
ulation in order to compare
simulated to experimental
data. The sensor consists of
two parallel electrodes sepa-
rated by a nanocavity. Ac-
cess to a small bulk reser-
voir is enabled via an access
channel at the end of the
nanocavity. b) Power spec-
tral densities obtained from
simulation (red) and experi-
ment (blue). Our simulation
uses 200 individual random
walks and a diffusion con-
stant of 0.67 * 1072 m?/s.
The temporal step width is
10~7 s and the sampling in-
terval is 2 ms. Data was fil-
tered using a moving average
filter.
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n describes the number of steps that the molecule performed since its release

and a is the distance between the two boundaries in steps.

T™m . TV . TV
— SN —S81Nn——.
a

—sin= (6.10)

As can be seen in Figure 6.1d, all three models are in close agreement.

Hence, the simulation offers good applicability for the modeling of statistical

processes.
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6.4.2 Comparison simulation and experiment

In order to validate the model, the simulations are compared with experimentally
obtained data. Here, a nanofluidic device that was described by Zevenbergen et
al. in 2009 [56] was used. In short, this device features a nano channel (26 um
x 1.5 um x 50 nm) and two Pt electrodes that are located centrally on top and
below the nano channel and overlap in an area of 10 um x 1.5 ym. The sensor
further has two access channels (1 um x 1 pum x 550 nm) at either end that
provide diffusive access from the bulk reservoir to the nano channel. Measure-
ments were performed in a 50 uM Fc(MeOH)2 solution after functionalizing
the electrodes with 3-mercaptopropionic acid (3-MPA). Exact parameters of
this experiment have been described elsewhere [23]; detailed information on the
data processing can be found in Appendix B. The design used in the simulation
can be found in Figure 6.2a. It is based on the symmetry of the real-life sensor
design; however, a simplification is introduced: the system's symmetry is used
and only one half of the sensor is implemented. Since molecules do not interact
with each other and reflect at the intersecting plane, this system is identical to
the experiment as long as the concentration is doubled.

As it will be shown later, the amplitude of the power spectral density at low
frequencies scales linearly with number of molecules inside the sensor. Since
the number of molecules involved in the experiment exceeds the number of
molecules that can be simulated in reasonable time on the system employed,
one can utilize this linear relationship in order to derive data that matches the
experimental parameters from a simulation that uses fewer molecules. When
doing so, first the number of molecules that contribute to the experimentally
obtained current is calculated by dividing the average measured current by the
theoretical current contribution of a single molecule (see Formula 6.3). By this
means, one can estimate the average number of molecules inside the sensor to
approximately 19.760 and scale the amplitude of the simulated power spectral
density accordingly. Furthermore, the deviation caused by adsorption effects was
corrected. These effects generally lead to a rescaling of the frequency axis by a
constant factor in the power spectral density, while the magnitude of the shift
is known from literature [23,55]. In short, adsorption inside the nanochannel
slows down the average speed of the active molecules’ diffusive movement along
the channel, leading to an effective diffusion constant that is smaller than the
diffusion constant in bulk solution. For the current design, the frequency axis
is scaled by a factor of 0.5 according to the calculations by Singh et al. [23].
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Figure 6.3: Top: Simulated
power spectral densities of
the currents in the parallel 10°
plates model. The pictured
simulations use 8, 80, and
800 molecules (green, blue,
red) and the data is filtered
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Figure 6.2b shows the so obtained simulated data together with recordings
from the experiment. As it can be seen in the figure, the simulation closely

reproduces the experiment.

6.4.3 Investigations of noise spectra

As mentioned previously, nanocavity sensors exhibit two intrinsic types of noise
that result from different sources: The molecules shuttling between the elec-
trodes and the molecules entering and leaving the sensor's detection region. In
the following, both effects are threated separately first and various parameter
dependencies are investigated. Later the full spectrum of a typical nanocavity

sensor is modeled.

6.4.4 Redox-cycling shot noise

Redox-cycling shot noise results from the thermal motion of redox-active molecules
inside the sensor. Since molecules shuttle diffusively in between the electrodes,
the measured overall current across the gap always depends on the individual
trajectories of all molecules. As each trajectory is stochastic, the measured cur-
rent is also subject to stochastic fluctuations. In order to quantize their impact
on the spectra, the power spectral density of a varied number of molecules in
the above mentioned parallel-plates geometry is simulated (see Figure 6.1a).
Since the number of molecules inside the sensor is held constant in this model,
the obtained noise is exclusively caused by redox cycling shot noise; noise from

concentration fluctuations cannot occur. The corresponding power spectral
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densities can be seen in Figure 6.3.

The figure demonstrates that, as expected for the relatively low frequen-
cies investigated here [110], the redox-cycling shot noise exhibits a white noise
characteristic, i.e. the noise power at a certain frequency is independent of
the frequency itself. This white noise characteristic is also independent from
the number of molecules inside the sensor; however, the amplitude of the noise
power varies with the concentration. As it can be seen in the inset, the average
values of the power spectral densities scale linearly with the number of molecules
inside the sensor. This result is in line with theoretical considerations: In molec-
ular processes that are dominated by Poisson statistics, fluctuations generally
scale with the square root of the number molecules involved. Hence, their power
scales linearly with the number of molecules.

In the context of the spectroscopy methods described below, redox cycling
shot noise contributes one characteristic number: The average power spectral
density S7 of the white noise spectra, which both depends on the number
of particles N inside the sensor and scales with h™2, as previously shown in
Equation (3). Due to its dependency on N, the contribution of this type of noise
is small at low concentrations and, hence, difficult to observe in measurements
like in single-molecule detection [81]. However, the magnitude of redox-cycling
shot noise increases at higher concentrations and larger electrode surfaces as

can be seen in Figure 6.3.

6.4.5 Number fluctuation noise

In addition to redox cycling shot noise, nanocavity redox cycling devices ex-
hibit another type of noise that results from fluctuations in the number of
molecules inside the sensor [23,55]. Due to the sensors strong amplification of
the individual Faradaic currents caused by each single molecule, small statistical
fluctuations in the number of analyte molecules cause a significant part of the
overall noise on the current.

For quantization of the noise character that results from this effect, a design
similar to the real-life redox-cycling sensors in the simulation model is imple-
mented [57]. The simulated design features two circular electrodes that are 15
pm wide and located in parallel to each other. They are separated by a 50
nm wide cavity of the same lateral size. The setup is integrated into an 850
nm thick passivation layer that is interpenetrated by a circular access channel,

centrally with regard to the electrodes positions. Furthermore, a cylindrical bulk
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reservoir is added to the system centrally at the opening of the access channel,

see Figure 6.4a.

Since the overall electrode current is always affected by both noise sources
- the redox cycling shot noise and the diffusion number fluctuation noise -
, additionally, the average number of molecules that are located in between
the electrodes within each sampling interval is recorded. By analyzing this
additional trace, one can investigate the impact of fluctuations in the number
of molecules inside the sensor separately from the redox cycling shot noise.
Assuming the system under investigation remains in a state of equilibrium, the
character of these fluctuations depends on only two factors: The nature of
the analyte molecules’ diffusive movement and the geometry of the sensor. In
particular, the geometry of the space that is enclosed by the electrodes and its
connection to the bulk reservoir play an important role. In the simulations, the
impact of this design feature is probed by varying the diameter of the sensor
access channel to the bulk reservoir. By this means, the overall surface area of
this diffusive link to the nanocavity is varied. Plots showing the power spectral
densities of the number of molecules that were obtained at varied surface areas
of the diffusive interconnection between the space enclosed by the electrodes

and the other parts of the sensor can be found in Figure 6.4b.

In the plot, we can find a characteristic feature that was formerly described
by Zevenbergen et al. and Singh et al. [23,55]. The graphs show a flat plateau in
the low frequency regime, which spreads up to a transition frequency fy. Above
this frequency the power spectral density drops according to a power law, which
can be seen by the linear trace in the logarithmic plot. Furthermore, one can
find that the level of the noise Sy at the plateau decreases with the diameter of
the sensor opening, while fo moves to lower frequencies. Besides this offset in
frequency and level, the shape of the power spectral density remains unchanged
by the variation of the coupling between the sensor and the reservoir. Neither is

the character of the power law drop above the transition frequency fy affected.

For spectroscopy applications, one can make use of the fact that both fj
and Sy are dependent on this design feature. Hence one can employ the aver-
age value Sy of the low frequency plateau as well as the frequency fy for the
specification of the diffusive connection between the inter-electrode area and

the bulk reservoir in this idealized model.
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6.4.6 Current Noise in Nanocavity Sensors

The sensor’s current is subject to both sources of noise, the redox cycling shot
noise and the number fluctuation noise. This can be seen in the plot of the

power spectral densities from the current traces (see Figure 6.4c).

The plot illustrates that the low frequency domain is fully dominated by the
number fluctuation noise. As it can be expected from Figure 6.3, the redox
cycling shot noise in this regime is too small to significantly contribute to the
current noise. However, since the fluctuation concentration noise drops with a
power law at higher frequencies, there is another, second transition frequency
f1 that occurs at the frequency, at which the magnitude of the fluctuation
concentration noise drops below the level of the white noise spectra of the redox
cycling shot noise. Hence, the noise spectra of the current can be considered
to be a sum of the two other noise sources: redox cycling shot noise and
number fluctuation noise. The two characteristic values Sy and S; can be found
in the graph and be used as reference values for spectroscopic applications.
Furthermore, the value f; of the second transition frequency can be obtained
from the simulation. This value can be used to determine the ratio of the
impacts of the two noise sources. Since the magnitudes of both noise sources
scale equally with the number of molecules n in the system and, thus the analyte
concentration, f; provides a direct measure for the sensor’s diffusive access to
the bulk reservoir, which is independent from the concentration and only requires

the knowledge of the inter electrode distance h.

Potential applications can be found particularly for gated redox currents
[112] with nanoporous devices. Since f; strongly depends on the size of the
connecting channel and increases with its diameter, devices that feature only
small connecting channels between the active area of the sensor and the bulk
reservoir are best suited to avoid exceeding the measurable frequency range.
Furthermore, when this requirement is met, changes in the diffusive coupling be-
tween the sensor and the bulk reservoir are reflected in the sensor noise. Hence,
sensing approaches that can measure blocking of the sensor’s access channels
- for example via an antibody-antigen interaction or a chemical modification of

the channel's surface - can be based on this spectroscopy method.
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6.5 Conclusions

This chapter presents a simulation framework for the noise characteristics of
nanocavity redox cycling sensors. First, the applicability of these simulations
by comparison to theoretical results is discussed and the impact of the step
width used in the simulation on the result is quantified. Then, the simula-
tion is compared to experimental data and demonstrates the applicability to
modeling real-life sensors. The last part of this work focuses on the two charac-
teristic sources of noise, redox cycling shot noise and number fluctuation noise.
Here, the dependency of redox cycling shot noise on the system's parameters
is described. Then the main characteristics of noise caused by concentration
fluctuations in a nanofluidic sensor are reproduced. Furthermore, the impact
of variations in the connection of the sensor to the bulk reservoir on the noise
spectrum is analyzed and it is found that the number fluctuation noise level in
the low frequency regime scales inversely with the diffusive access to the bulk
reservoir. Both sources of noise are present in electrochemical current noise,
where the number fluctuation noise dominates the low frequency regime and
redox cycling shot noise dominates the higher frequencies. Since only the num-
ber fluctuation noise is affected by the strength of the diffusive coupling to
an external reservoir, one can utilize the transition frequency to determine this
coupling parameter.

Based on simple model assumptions, random walk simulations offer a fast
and easy option to obtain noise power spectral densities of complex sensor de-
signs that are difficult to attain otherwise. Due to the model's simple structure,
it can be easily extended towards other effects like adsorption or electrode pas-
sivation and, hence, offer an insight into more complex spectroscopy methods

for future applications.
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7.1 Preamble

This chapter investigates reversible adsorption in electrochemical devices on a
molecular level. To this end, a computational framework is introduced, which is
based on three-dimensional random walks including probabilities for adsorption
and desorption events. It is demonstrated that this approach can be used to
investigate adsorption phenomena in electrochemical sensors by analyzing exper-
imental noise spectra of a nanofluidic redox cycling device exposed to ferrocene
dimethanol. The evaluation of simulated and experimental results reveals an
upper limit for the average adsorption time of the redox-active molecules of
200 ps. The model is applied to predict current noise spectra of further elec-
trochemical experiments based on interdigitated arrays (IDAs) and scanning
electrochemical microscopy (SECM). Since the spectra strongly depend on the
molecular adsorption characteristics of the detected analyte one can suggest key
indicators for revealing adsorption phenomena in noise spectroscopy depending
on the geometric aspect of the experimental setup. For this application, sensors

can be easily implemented with the presented software.

7.2 Introduction

Adsorption phenomena may impact the performance of electrochemical devices
in multiple ways and play a crucial role in the development of nano-scaled
sensors. Particularly, the reversible or permanent adsorption of analyte molecules
at sensing electrodes turns out to be of increasing importance at small scales,
where analyte transport towards the electrode is accelerated through spherical
diffusion profiles. The same applies to experiments involving repeated analyte
reactions in fast-scan voltammetry [113,114] or redox cycling. In the latter case,
similar to nanoelectrode experiments, the analyte mass transfer towards the
electrode is enhanced, enabling significantly higher reaction rates at the surface
as well as an increased impact of adsorption effects. In redox cycling devices, the
ratio between electrode surface and enclosed volume is typically very high (>107
m~!) representing a good system for the investigation of adsorption phenomena.
Such devices can be implemented in a variety of different designs [17,80], but
always comprise two individually biased electrodes that are located in close
proximity to each other. In this setup, analyte molecules can diffuse in between

the electrodes and participate in repeated redox-reactions while establishing a
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current across the gap. Due to the increased reaction rate at the electrodes, this
effect leads to a significant amplification of the Faradaic current and represents

the central advantage of the redox cycling approach.

Most reported experiments utilize the redox-cycling effect in two types of
setups and devices, namely scanning electrochemical microscopes (SECM) and
interdigitated electrodes (IDEs). The first group of SECM setups typically com-
prises arrangements, in which an ultra-microelectrode scans across a sample sur-
face [31]. During this process, electrode and parts of the substrate can be biased
to opposing potentials while redox cycling is enabled [115]. Today the method of
SECM is an established method and applied in a variety of different fields of re-
search [116-119]. The second group, IDEs, feature two comb-shaped electrodes
that arranged in an interdigitated fashion on a substrate surface [34,36,42,120].
Due to their comparably simple fabrication and lab-on-a-chip integration, IDEs
are today used in a wide range of applications [39,59,84,121]. Other on-chip ap-
proaches include pore-based sensors [47,50,52,122] that are formed through an
interpenetrated electrode stack. Furthermore, precisely overlapping electrode
faces can be implemented in nanofluidic or nanocavity sensors by removing
a sacrificial chromium layer in between two closely-spaced electrodes [19, 57].

Such devices will be addressed first in this chapter.

Even though redox cycling sensors are widely used, there are only few pub-
lications that focus on their noise characteristics. Most of these studies investi-
gate the fluctuation of the Faradaic current or the stochastic sensing of single
molecules in either SECM experiments [18,123] or nanofluidic devices [54,79,81].
Other studies analyze the origin of different types of noise that can be found in
the current response of nanofluidic sensors [23, 55,110, 124] and will be set in

relation to this work below.

In this chapter, the work on the simulation of noise phenomena [124] that
was presented in the previous chapter is expanded by investigating the impact
of molecular adsorption on the noise spectra of redox cycling sensors. Hereby,
it is first shown that the simulation model reproduces theoretical expectations
in simple geometries. Then the approach is taken a step further and the spec-
trum of a nanofluidic electrochemical sensor is simulated. Experimental data
is compared with simulated spectra and closely matches its results. The anal-
ysis yields an upper boundary for the average adsorption times of redox active
molecules. In the last part of this chapter, the model is applied to more complex

geometries that cannot be easily solved analytically. Noise spectra of adsorbing
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interdigitated arrays as well as of an absorbing scanning electrochemical micro-
scope (SECM) tip nearby a biased conducting surface are predicted. Hereby,
the simulations reveal new applications in noise spectroscopy predicting discrete

boundaries for observing adsorption times.

7.3 Methods

7.3.1 Simulation framework

This chapter employs an approach that is based on the previously described com-
putational framework [124]. In short, active molecules’ Brownian movements
are modeled though individual random walks that comply with the diffusion
equation, while molecular pathways are mirrored upon collisions at boundaries.
Active molecules can further adopt two oxidation states and participate in redox
reactions whenever they touch an appropriately biased electrode.

Here, the model is expanded by a model of adsorption: during the random
walk, molecules can adsorb in collisions at electrode surfaces with a fixed prob-
ability p,. This definition of p, does not represent the adsorption probability
of a real molecule but is directly linked to it. In an actual experiment, the
mean free pathway of a diffusing molecule is much smaller than the maximal
resolution employed computers can model in a reasonable time. Therefore, p,
has to be considered as the average molecular adsorption probability within the
temporal random walk step width dt, while the respective molecule is located
in a cubic space at the electrode that features an edge length dz equaling the
one-dimensional step width of the random walk. The resulting adsorption rate
ko is therefore a function of the random walk step width and p,. Since the
random walk resolution is usually limited by the employed computers computa-
tional power, pa can be adjusted to match realistic reaction rates. At a given

step width p, can then be calculated from the desired reaction rate k,

Pa dx

ko = ——
“2 dt

The product k,cpuiA then provides the rate of the absolute number of ad-

(7.1)

sorbing molecules, where cpyi is the bulk concentration of molecules and A
the electrode surface. After each temporal step of the random walk, adsorbed
molecules can desorb again with the probability py. The distribution of the

molecules’ residence times then follows the geometrical distribution. The prob-
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th

ability of detachment after the n"* step for n > 1 is given by pgetach(n) =

(1 — pd)n — 1pd. It features an average residence time 7, of

_a

- (7.2)

Ta

where dt represents the temporal step width of the random walk. This
approach resembles the common model of an adsorbed molecule that oscillates
due to its thermal energy and hits an energy barrier at the frequency of its
oscillations. However, due to the available computing capacity dt has to be
chosen to be significantly higher. Therefore, py represents the total desorption
probability of all desorption attempts a molecule performs within dt, while the
resulting desorption rate is again linked to the random walk parameters. In
order to derive this reaction rate, we have to consider the discrete nature of
the random walk, which does not allow surface concentrations but limits the
analysis to volume concentrations. The volume concentration at the electrode
surface therefore has to be converted into a surface concentration by division
through dx. The rate of desorption is then given by
kg = Tld - % (7.3)
Here, the product kqcgyrfaceA provides the rate of the absolute number of

molecules being released, where cy; fqce is the surface concentration.

In most redox cycling experiments, the average adsorption and desorption
times are unknown. However, If the employed device features two fully overlap-
ping parallel electrodes that are separated by the distance h, this ratio can be
calculated from the currents variance [23]. For this reason, the ratio of adsorp-
tion and desorption times as a function of the simulation parameters is often

helpful. If we combine equation (1) and (3), we obtain

Ta  Padr
—_ = . 7.4
4 pa h (7.4)

7.3.2 Simulation parameters

In all simulations, the lateral step width of the random walk is chosen signif-
icantly smaller than the smallest design features. Detailed parameters for all

simulations can be found in the tabular in Appendix B.



80 CHAPTER 7. NOISE PHENOMENA CAUSED BY ADSORPTION

7.3.3 Experimental methods

The fabrication of the devices has been reported in a previous publication [125].
20 uM 1,1-ferrocene dimethanol was prepared in Milli-Q water using 1 mM KCI
as a background electrolyte. Both chemicals were acquired from Sigma-Aldrich.

The presented data is an average of ten measurements.

7.4 Theory

In former studies, three origins of current noise have been described for nanoflu-
idic redox cycling sensors. These are namely number fluctuation noise, adsorp-
tion noise and, shot-like redox cycling noise. In the following, their nature will
be shortly discussed and the introduced adsorption model will be set in relation

to the current state of research.

7.4.1 Number fluctuation noise

Number fluctuation noise results from active molecules that diffusively enter
and leave the sensor. The change in number of molecules inside the sensor then
also leads to fluctuations in the number of molecules that participate in redox-
cycling and causes a certain type of noise in the low frequency regime that can be
described analytically [20,55]. For the case of adsorbing electrodes, an effective
diffusion constant D.s¢ can be assumed inside the channel that reduces the
speed of the fluctuation noise, while spectra’s shape is preserved [23,55]. D,
can hereby be determined either from the variance of a current trace or through
a spectral analysis, and turns out to be a convenient measure to determine
the ratio between average adsorbed and desorbed times. This idea can also be
found in the simulation approach. Due to adsorption at electrodes, the diffusion
constant along the nanochannel is effectively lowered, since molecules reversibly
adsorb after an average free time while diffusion is halted. The effective diffusion

constant in between two electrodes of a nanofluidic sensor is then given by

1
142

Depy =D (7.5)

where 75 and 7, represent the average time a molecule diffuses freely and
spend adsorbed, respectively [55]. However, in contrast to the above men-

tioned analytical model, the effective speed of diffusion in the model is not
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assumed to be homogeneous but may vary inside the nanochannel. It depends
on whether the molecule is enclosed between two electrode, one electrode and
a non-conducting surface or two non-conducting surfaces and the device geom-
etry. Our model can therefore be used for arbitrary designs without the need of

defining area-specific diffusion constants.

7.4.2 Adsorption noise

In contrast to fluctuation noise, adsorption noise impacts the number of molecules
participating in redox-cycling through reversible adsorption at the electrodes.
Analytically, this process can be described through a two-state Markov pro-
cess [55], in which molecules either participate in redox cycling and contribute
a certain current to the overall sensor current or they are adsorbed. In the case
of an ideal nanofluidic channel, this model is closely resembled by the simula-
tion. Therefore, analytical findings can then be directly transferred to verify the

simulation approach.

7.4.3 Shot-like redox cycling noise

Shot-like redox cycling noise is caused by the Brownian motion of active molecules
in between the electrodes and depends solely on the average number of free
molecules inside the sensor and the inter electrode distance [124]. The here
introduced adsorption model, however, does not impact shot-like redox cycling
noise since the average number of free molecules at a given bulk concentration

is not influenced by the chosen adsorption model.

7.5 Results and discussion

7.5.1 Adsorption noise

In order to first study adsorption noise isolated from number fluctuation noise,
the investigations start using a simple redox cycling system that solely consists of
two infinite parallel electrodes, see Figure 7.1a. Here, the number of molecules
remains constant throughout the experiment. The resulting current is therefore
only affected by adsorption noise and shot-like redox cycling noise.

Figure 7.1b presents the simulated power spectral densities in comparison
to the analytical solution. In case of adsorbing electrodes, graphs are calculated

for different average adsorption times 7, while the ratio between adsorbed and
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desorbed molecules remains constant. Spectra are further normalized to a single
free molecule in between the electrodes. For disabled adsorption, we obtain the
expected white spectrum of shot-like redox cycling noise that was previously
described [124]. With an increase in 7,, however, we find a growing plateau
in the low frequency regime that spreads up to a transition frequency firans.
This transition frequency decreases with an increase in 7,. Above fians, We
find a decrease according to 1/f2 until a second transition frequency, above
which the spectra is dominated by shot-like redox cycling noise. Overall, we
find a close agreement between the simulated power spectra and the analytical
solution [55].

7.5.2 Modeling nanofluidic redox cycling sensors

In order to validate the simulation model, results are compared to experimental
data. In the previous chapter, the simulation did not consider any adsorption

effects and had to be analytically compensated for the impact of adsorption
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by processing the simulation data according to Singh et al. [23]. This required
a rescaling of the frequency axis to model the shift in the effective diffusion
constant. In contrast to that, the improved simulation framework is capable
of modeling the full sensor response solely based on adsorption modeled on
the molecular level. This enables the application of the simulation to almost
arbitrary designs on the one hand, and the direct modeling of noise effects that
result from molecular properties on the other. The latter aspect further allows

deriving molecular properties from noise spectra as it is shown below.

For the experiments, a nanofluidic redox cycling device is used. It features
a nanofluidic channel of 10 um length, 5 um width, and 60 nm height. The
channel has access to the bulk reservoir via two 2 x 4 um wide access channels
in the passivation and electrodes overlap in an area of 30 um?. Since the sensor
exhibits symmetry with respect to the longitudinal cross section, one can model
half of the device at doubled analyte concentration to increase computational

efficiency, see Figure 7.22a.

Figure 2b presents simulated data for various adsorption times in comparison
to experimental data. Similar to data shown in Figure 7.1b, we find that the
transition frequency firqns increases with a decrease in the average adsorption
time 7,. Additionally, the height of the plateau that spreads up to firqns de-
creases with 7, until adsorption noise is fully dominated by the fluctuation noise
of the sensor. In this case of small 7, the simulated spectrum closely matches
the experimental data, which allows us to draw first conclusions regarding 7.
Since the adsorption plateau cannot be seen in the experiment, we can find an
upper limit for the adsorption time 7.*%* that is given at the 7,, at which the
adsorption peak first disappears in the spectrum. The spectrum is then only
affected though the impact of adsorption on the fluctuation noise. Accordingly,
the average adsorption time in this experiment is smaller than 200 us.

For this simulation, the ratio between free and adsorbed molecules is cal-
culated from the average current and the standard deviation of the recorded
trace [23]. Hereby, the number of free molecules n f,¢. in between the electrodes
is first computed from the average redox cycling current I,.. [19] and used to

calculate the average number of adsorbed molecules n,4s as follows [23]

< Ipe >?
Nads = 27"76 — Nfree- (76)

re,std

The ratio between adsorbed and desorbed molecules then equals the ratio
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between the average adsorbed and desorbed times. By this means, one can

calculate that the ratio 7,/7; was 3.37 during the experiment.

7.5.3 Noise spectra of SECM experiments and IDAs

Having shown that the simulation can reproduce experimental measurements,
the model is applied to other sensor designs. Since all effects are implemented
on the molecular level and no further postprocessing of the simulated data
is required, the simulation framework not limited to certain designs but may
predict noise spectra of nano-scaled redox cycling sensors with almost arbitrary
geometry. For this chapter, two common designs are chosen: an interdigitated
array (IDA) and a scanning electrochemical microscope (SECM) tip above a
conducting surface, see Figure 7.3a and b. Hereby, it is shown that both designs
are particularly interesting for determination of average adhesion times in the
millisecond range.

The noise spectra of a simulated IDA are given in Figure 7.3c, where dif-
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ferently colored graphs indicate different average adsorption times. Surprisingly
and in contrast to the above discussed nanofluidic sensors, the spectra of the
IDA do not exhibit any impact in the high frequency regime above a transition
frequency of 10 Hz. However, noise levels at low frequencies significantly de-
pend on the simulated adsorption parameters. In case of no adsorption, one
can find a flat plateau that spreads up to 40 Hz. But with increasing adsorp-
tion times, the noise below 10 Hz increases with adsorption. Accordingly, this
section of the spectra can be used to determine the adsorption characteristics
of molecules that typically adsorb longer than 10 ms. Any point in the spectra
below 10 Hz hereby serves as a direct measure for the average residence time,
while simulated curves allow a calibration of the sensor.

Additionally, the adsorption noise expected in a SECM experiment as shown
in Figure 7.3d is simulated. The spectra show an impact in a wide adsorption
regime of average residence times between 3 and 300 ms. In comparison to
the spectra of an non adsorbing sensor, adsorption here induces an additional
plateau between 1 and 300 Hz that shifts to higher frequencies and lower ampli-
tudes with an increase in average residence time. Similar to the above specified
spectroscopy method based on an IDA, one can utilize this plateau to identify
the adsorption characteristics of the analyte under investigation. Thus, one
can predict that adsorption phenomena on this time scale should become ap-
parent in SECM experiments. Potentially, these simulations can be confirmed

experimentally by the SECM community in future experiments.

7.6 Conclusions

A computational framework for the modeling of adsorption effects in nano-
scaled electrochemical sensors is introduced. Adsorption is hereby implemented
through a model based on fixed adsorption and desorption probabilities at elec-
trodes while each analyte molecule is simulated individually. This approach
elucidates the impact of specific molecular adsorption phenomena on the result-
ing sensor response. A distinct advantage over simplifying analytical concepts is
further given by the applicability to almost arbitrary designs. In this chapter, it
is first demonstrated that the simulations closely match experimentally obtained
data sets and first conclusions regarding the analytes’ adsorption properties are
drawn. Having shown this, adsorption dependent noise spectra of IDEs and

SECM tips are predicted. The presented results further suggest certain fea-
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tures in the noise spectra to be used as key indicators in methods of adsorption

spectroscopy.
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The presented work focuses on the utilization of nanoelectrochemical sen-
sors for electrochemical imaging and spectroscopic applications. The results can
hereby be classified into two groups: the design, fabrication, and characteriza-
tion of new devices for on-chip sensing and the development of novel approaches
to electrochemical noise spectroscopy, which have been found through methods

of computational and theoretical electrochemistry.

Two devices are discussed in detail, a sensor for the spatiotemporal detec-
tion chemical gradients in microfluidic environments and a sensor for parallel
chemical imaging at high spatial resolution. The first device, which has been
fabricated and partly characterized in the framework of my diploma thesis, is
optimized for fast response and simple readout. A detailed electrochemical char-
acterization is shown and its response is probed in a microfluidic channel, which
exposes the sensor array to rapidly changing analyte concentrations [57, 58].
Obtained results are compared to finite elements simulations and exhibit close
agreement, thus, proving the device's fast sensing capabilities. On the basis
of the presented design, novel devices for electrophysiological experiments have
further been developed and characterized in other studies [126,127]. The second
device is optimized for on-chip electrochemical imaging at a spatial resolution
that is significantly improved in regard to the first device. By utilizing the am-
plification of Faradaic currents through redox cycling, the number of feed lines
can be reduced drastically: the presented concept can address 256 individual
sensors through just 32 feed lines instead of 512. This allows a considerably
improved sensor density, since less room on the chip surface is occupied by feed
lines. The device is characterized in detail and its capabilities are demonstrated

by imaging the dissolution of a hexacyanoferrate crystal above the sensor array.

The second half of the thesis introduces a simulation framework for the
modeling of nanoelectrochemical process on the molecular level, which has
been used for various studies [81, 110, 124]. Two studies are presented: The
first study investigates design-dependent noise characteristics of the Faradaic
current by simulating the diffusive mass transport of analyte molecules towards
the electrodes [124]. Hereby, the Brownian motion of all analyte molecules is
simulated individually, thus, reproducing the current’s noise characteristics. By
this means, two sources of noise can be identified and characterized in depen-
dency of the sensor geometry. The results suggest a novel sensing approach
based on temporary changes in the sensor design, which for example can be

caused by the occupation of certain areas through biological macromolecules.
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The second study further advances the simulation concept by adding a model
for reversible adsorption. By this means, experimental data can be closely repro-
duced and be compared to different settings of the adsorption parameters. This
allows insight into molecular measures like the average adsorption time of an in-
dividual molecule. The simulation is further applied to common electrochemical
setups like interdigitated arrays and scanning electrochemical microscope sys-
tems. Here, it was found that the noise characteristics of both setups strongly
depend on the adsorption characteristics of the analyte molecules, which can be
easily measured through the presented approach.

During the time of this thesis, two side projects have been initiated. These
have not been finished yet, but first results promise new insights into funda-

mental nanoelectrochemistry and interesting future applications.

The first project focuses on the development of flexible nanocavity redox
cycling sensors that | fabricated together with our collaborators in the cleanroom
at the SIMIT in Shanghai. These sensors feature a design similar to the sensors
that are presented in chapter three, but are build on a thin polyimide substrate
and passivated by deposition of a polyimide cover layer. By this means, a foil is
formed, which features a thickness of only few microns and comprises an array
of nanofluidic redox cycling sensors inside. Once finished, these devices may be
implantable and the cavity height can potentially be tuned by the application
of an external force. This can possibly be done in a break junction device, see
Figure 8, and may enable tunable signal amplification and exhibit new effects
in noise spectroscopy.

The second project aims for the development a probe-based redox-cycling
sensor for the detection of neurotransmitters in cell culture. In order to accom-
plish this, a nano electrode is fabricated in a patch-clamp pipette puller and
subsequently covered by a thin platinum layer. In the next step, the device's
tip is cut off in a focused ion beam machine, thus, separating the electrode and
the platinum cover of the device. A scanning electrochemical micrograph of
the device can be found in Figure 8.2. The device exhibits good performance
in the detection of hexacyanoferrate. However, experiments in cell culture have
not been performed yet, even though obtained results promise good applicabil-
ity. This work was conducted in corporation with the former bachelor student

Thomas Stefan Bronder.

In conclusion, this thesis demonstrates that nanofluidic redox cycling sensors

are a versatile tool for a variety of different applications. Even though discussed
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Pl - based —
Nanocavity Sensor

Piezo-controlled
external Force

Figure 8.1: Illustration of a flexible nanocavity redox cycling sensor in a
break junction machine. The height of the nanocavity is tuned by the ap-
plication of an external force.

Figure 8.2: Scanning elec-
trochemical micrograph of
a probe-based redox cycling
sensor. The image was
adapted from the bache-
lor thesis of Thomas Stefan
Bronder, ”Fabrikation von
Nanoelektroden fiir elektro-
chemische Detektion”.
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methods already range from the utilization in electrochemical imaging to dif-
ferent spectroscopic approaches, current research is still at the beginning and
many applications remain to be pioneered. | strongly believe that there will
be large number of novel approaches evolving during the upcoming years and
decades, and look forward to observe nanoelectrochemical devices being used

in future applications.
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Appendices

Appendix A: Data processing for Figure 6.2b

After conditioning the sensor for 200 s, the experimentally obtained current

trace still exhibits a slow drift that we attribute to the evaporation of solvent

from the bulk reservoir. This drift was later removed by subtracting a linear fit

from the recorded trace, see Figure 8.3.
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Figure 8.3:  Processing of
the experimentally obtained
data. A linear fit (red) was
subtracted from the recorded
trace (blue).
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Appendix B: Simulation parameters in chapter 7

Figure 7.1b

Number of active molecules = 250
Spatial stepwidth = 5 nm
Diffusion constant = 107
Temporal stepwidth = 12.5 ns
Number of iterations = 16*10%
Simulated time interval = 20 s
Sum over iterations = 800
Sampling frequency = 100 kHz

Ratio between the average adsorbed and desorbed time 1 = 20

Figure 7.2b

Number of active molecules = 200

Spatial stepwidth = 5 nm

Diffusion constant = 6.7*10710

Temporal stepwidth = 18.66 ns

Number of iterations = 107.2*¥10%

Simulated time interval = 200 s

Sum over iterations = 5360

Sampling frequency = 10 kHz

Ratio between the average adsorbed and desorbed time n = 3.37

Figure 7.3c

Number of active molecules = 500
Spatial stepwidth = 10 nm
Diffusion constant = 10~
Temporal stepwidth = 50 ns
Number of iterations = 12*10%
Simulated time interval = 60 s
Sum over iterations = 600

Sampling frequency = 33.3 kHz



Ratio between the average adsorbed and desorbed time n = 20

Figure 7.3d

Number of active molecules = 500
Spatial stepwidth = 50 nm
Diffusion constant = 10~
Temporal stepwidth = 1.25 us
Number of iterations = 3.2*%108
Simulated time interval = 400 s
Sum over iterations = 160
Sampling frequency = 5 kHz

Ratio between the average adsorbed and desorbed time n = 20
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