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Abstract

In this work, a low-impedance surface modification method for electro-
chemical impedance spectroscopy (EIS) based biosensors was developed
and tested. Initially several techniques described in literature were
implemented, tested and optimized for impedimetric biosensors but due
to their individual limitations a novel method based on photobleaching
was developed and tested.

The gold electrodes used during this work were made completely in
house by means of standard photolithography and gold etching. Printed
photomasks and maskless lithography were used. The electrode manu-
facturing method was tested and optimized on plastic, ceramics and
glass substrates. Glass substrates were found to be the best substrate
material due to the superior gold adhesion (using a titanium adhesion
promoting layer) and low porosity.

One of the applications of these electrodes was in the detection of
bacterial biofilm growth and respiratory activity by means of impedance
spectroscopy and amperometry techniques. The colonization of the
electrode surface by bacteria can be directly monitored as an impedance
increase. The respiratory activity of a biofilm is associated with extracel-
lular transport of charges, i.e., current, which were collected and quanti-
fied by means of amperometry. Higher currents correlate with higher
respiratory activity.

Surface modification plays the most important part in a biosensor as it is
responsible for providing the functional groups to immobilize the ligands
and for the suppression of nonspecific adsorption. It wasn’t required for
the monitoring of biofilms but it is necessary for affinity assays. Surface
modifications such as self-assembled monolayer (SAM), conductive
polymers and electrochemical grafting are commonly used methods
described in literature which were investigated and adapted during the
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course of this work. Five different SAM forming molecules were tested
during this work among them four alkane-based compounds with differ-
ent chain lengths and one aromatic compound. Additionally, two differ-
ent mixed SAMs were investigated. In the course of these experiments it
was found that all these SAMs are of very high surface impedance
resulting in very high detection limits of 25 ug/ml for biotinylated bovine
serum albumin (BSA) in phosphate-buffered saline. Experiments carried
out with conductive polymers (polypyrrole) concluded that the layer
conductivity is adequate but disadvantageously high levels of nonspecific
adsorption were found. The limit of detection of biotin using this method
was 10 ng/ml. Electrochemical grafting was examined next showing low
surface impedance and moderate degrees of nonspecific adsorption but
due to the lack of reproducibility and because of the complex, delicate
and stringent temperature controlled deposition process it was found
unsuitable for this application.

A novel surface modification method by means of fluorescein photo-
bleaching was tested and optimized during this work. Fluorescence
microscopy experiments confirmed the formation of a layer which
promotes the specific binding of fluorescence marked streptavidin and a
significant reduction in nonspecific adsorption. These findings were also
confirmed during EIS measurements and a specific binding assay was
successfully carried with a concentration of 100 pg/ml of biotin in spiked
phosphate-buffered saline background medium.



Kurzfassung

Im Rahmen dieser Arbeit wurde eine niederohmige Oberflachen-
modifikation fir elektrochemische Impedanz-spektroskopie (EIS)
entwickelt und untersucht. Zahlreiche, in der wissenschaftlichen
Literatur beschriebene, Verfahren fur die Oberflaichenmodifikation
impedimetrischer Biosensoren wurden untersucht und optimiert.
Aufgrund ihrer individuellen Nachteile wurde eine neue Methode auf der
Grundlage von Photobleichen entwickelt und evaluiert.

Die in dieser Arbeit verwendeten Goldelektroden wurden eigens mittels
Photolithographie und Atzen aus Gold hergestellt. Hierfiir wurden
sowohl gedruckte Photomasken als auch maskenlose Lithographie
verwendet. Das Herstellungsverfahren fir die Goldelektroden wurde im
Hinblick auf verschiedene, im Rahmen der Arbeit verwendeten
Materialien wie Kunststoffe, Keramik- und Glas hin optimiert.
Glassubstrate haben sich dabei aufgrund ihres héheren Adhdsions-
vermoégens (unter Verwendung einer Titanhaftschicht) und geringeren
Porositat als bestes Material erwiesen.

Eine der Hauptanwendungsfelder dieser Arbeit war die Uberwachung
von Wachstum und Stoffwechsel bakterieller Biofilme mittels Impedanz-
spektroskopie und Amperometrie auf technischen Sub-straten. Die
bakterielle Besiedlung von der Elektrodeoberfliche kann direkt Uber
einen Anstieg der Impedanz erfasst werden. Der Stoffwechsel des
Biofilms korreliert mit dem extrazelluldren Ladungstransport, der als
Strom mittels Amperometrie gemessen wurde. Hohere Stréme weisen
auf erhohten Stoffwechsel hin.

Oberflachenmodifikation ist von besonderer Bedeutung bei der
Entwicklung von Biosensoren denn diese Beschichtungen stellen
funktionelle Gruppe fir die Anbindung von Liganden zur Verfiigung und
sorgen fiir die Unterdriickung von nichtspezifischer Adsorption. Diese
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Eigenschaften sind vor allem fir Affinitdtsassays wichtig, flr die
Uberwachung von Biofilmen ist dies keine notwendige Voraus-setzung.
Self-assembled monolayer (SAM), leitfahige Polymere und elektro-
chemisches Grafting sind Bespiele von literaturbeschriebene Methoden
fir Oberflaichemodifikation, die im Rahmen dieser Arbeit untersucht und
angepasst wurden. Finf verschiedene SAM-bildende Molekiile wurden
wahrend dieser Arbeit untersucht. Hierbei wurden vier alkane
Mercaptosauren mit verschiedenen Kettenldngen, sowie eine aroma-
tische Mercaptosdure untersucht. Ergdanzend wurden zwei gemischte
SAMs untersucht. Im Rahmen dieser Experimente wurde festgestellt,
dass alle SAMs hochohmige Schichte erzeugen und daher nur hohe
Nachweisgrenzen (bestes Resultat: 25 ug/ml von biotinyliertes Rinder-
serumalbumin in Phosphatgepufferte Kochsalzlésung) ermdog-lichen.
Experimente mit leitfahigen Polymeren (Polypyrrol) haben gezeigt, dass
die Leitfdhigkeit der Polymerschicht ausreichend hoch war, die
nichtspezifische Adsorption allerdings fiir Anwendungen in der Bio-
sensorik zu hoch ist. Die Nachweisgrenze fiir Biotin fir diese Methode
betrug 10 ng/ml in Pufferldsung. Elektrochemisches Grafting erlaubte
sowohl die Herstellung niederohmiger Oberflaichen als auch eine
moderate Unterdriickung der nichtspezifischen Adsorption. Die Methode
wurde allerdings wegen der geringen Reproduzierbarkeit, des komplexen
und emp-findlichen Beschichtungsverfahrens und der notwendigen
strikten Temperaturkontrolle als ungeeignet fiir diese Anwendung ein-
geordnet.

Im Rahmen dieser Arbeit wurde eine neue Methode fir die
Oberflachenmodifikation mittels Photobleichen von Fluorescein
untersucht und optimiert. Fluorescein-konnte mittels dieses Verfahrens
auf vorbehandelten Elektroden immobilisiert und mittels Fluoreszenz-
mikroskopie detektiert werden. Diese Schicht hat eine wesentliche
Unterdrickung der nichtspezifischen Adsorption bei hoher Bindungs-
kapazitat fur die Liganden gezeigt. Impedanz-spektroskopie unter
Verwendung von Elektroden, die mittels dieser Technik funktionalisiert
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wurden, erlaubten eine Detektion von Biotin mit einer Nachweisgrenze
von 100 pg/ml in Puffer.
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1 Introduction

Microsystem technology has been gaining attention not only in industrial
applications but also in everyday life products. The ever increasing
miniaturization and integration of technical systems such as those
present in a smartphone, e.g., touchscreen, radio modules, sensors, etc.,
are typical application areas of microsystem technology. Additionally,
biomedical systems such as hearing aids, pacemakers and biosensors
also constitute a very important segment of microsystem technology.
The global market for biosensors is following a steep upward trend; in
2000 biosensors represented a market worth of almost 2 billion US
dollars, ten years later this share rose to over 13 billion dollars and the
market predictions for 2018 show figures around the 17 billion dollar
mark [1]. Although a wide range of biosensors applications have been
reported in literature, recent data and analysis of potential markets
suggest that the key application area will remain to be healthcare, more
specifically diagnostics for disease treatment and prevention [2].
Developing countries face diseases such as HIV/AIDS and diarrheal
infections which kill 1.8 and 2.5 million people yearly, respectively. The
overall population growth and increased longevity are causing a rash
demographic change towards a rapidly aging population. Since the 1980
the population over 60 years has doubled and, according to predictions,
should reach the 2 billion mark by 2050 [1]. All these effects combined
are leading to an ever-increasing healthcare spending. According to the
WHO [3], the USA spends almost 18 % of its Gross Domestic Product
(GDP) on healthcare and the average European Union country almost
10 %.

The development of biosensors was driven by the glucose measurement
system for diabetic patients during the middle of the 1970’s. This marked
has been expanding and diversifying ever since. Today’s biosensor
systems are used in the most diverse fields such as drug discovery,



1 Introduction

detection of environmental pollutants (e.g., pesticides), routine labora-
laboratory assays monitoring medically relevant molecules (e.g.,
hormones, protein, DNA) and the detection of illegal and therapeutic
drugs.

Detection principles used by biosensors are very diverse, ranging from
gravimetric (e.g., quartz crystal microbalance and surface acoustic
waves), calorimetric (e.g., thermal sensors), optical (e.g., fluorescence
microscopy and surface plasmon resonance) as well as electrochemical
methods (e.g., potentiometry, amperometry and impedance
spectroscopy). The most widely known biosensor, the glucose
measurement system, is based on an electrochemical method
(amperometry). These methods currently hold over 85% of the global
market share of biosensors [1]. Electrochemical methods have been
gaining increasing attention recently due to their simplicity, high
sensitivity, low-cost and suitability for miniaturization.

Detection principles can be divided in direct and indirect assay formats.
Indirect detection principles require some sort of label (e.g., enzyme,
radioactive, fluorescence or visible light marker) while direct approaches
detect the desired analyte directly usually by means of detecting the
actual binding of the analyte to a sensor surface. Indirect assays have the
disadvantages of requiring a, sometimes costly, label which has to be
coupled to the target analyte thus requiring an additional chemical
reaction prior to the assay. This reaction increases the assay costs and
the total sample-to-response time thus hindering the use of such
systems in real-time sensing applications.

At the heart of almost every biosensor is the sensing element which
normally consists of suitable ligands or receptors to allow specific
interaction with the biological system, i.e., with the target analyte. The
sensing element is coupled to a physicochemical transducer which is
responsible for translating the interaction of ligand and analyte, i.e., the
binding event, into a physically detectable quantity such as, e.g., a
voltage or a current. The methods used to create the sensing element
are termed surface modification and are very diverse. A few examples
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from literature are: self-assembled monolayers (SAM), conductive
polymers, entrapment in a polymer matrix, chemical grafting and affinity
binding using suitable functional groups. Each method has its advantages
and disadvantages according to desired physicochemical properties (i.e.,
surface conductivity, transparency, chemical stability, etc.).

Microfluidics plays an important part in clinical diagnostics and in
chemical analysis. A microfluidic system possesses the ability to handle
(i.e., move, mix and separate) very small amounts of fluids. This can be
advantageous for a number of applications which have to do with very
limited amounts of sample or with costly reagents. Furthermore, in case
biological samples are to be tested, the smaller the amount of sample
(e.g., blood) required the less difficult the sample acquisition from the
patient’s body will be.

Electrochemical methods have been benefiting from advances in the
field of microelectronics, especially from advances in fabrication
techniques such as photolithography. This technique has contributed
greatly to not only the miniaturization of the measurement electronics
but also of the electrodes themselves. The combination of microfluidics
and microelectrodes has enabled electrochemical systems to be more
compact and portable resulting in, e.g., modern glucose test devices
which allow new applications such as, e.g., subcutaneous continuous
glucose measurement [4].

This work encompassed the development of an electrochemical
biosensor platform including the electrode fabrication process,
microfluidic integration and development of a suitable low-impedance
surface modification strategy. Experiments based on fluorescence
microscopy and electrochemical impedance spectroscopy have been
used to confirm the suitability of this platform.

This work is structured in six chapters. In chapter 2 the theory of
biosensors, with a focus on electrochemical biosensors, as well as the
concepts of photolithography will be explained. In chapter 3 the required
materials and fabrication steps for the electrode manufacturing by



1 Introduction

means of photolithography will be explained; additionally the measure-
measurement setup and techniques used for the experiments will be
elucidated. The different electrode surface modification protocols and
the evaluation using fluorescence microscopy as well as electrochemical
impedance spectroscopy will be discussed in chapter 4. Chapter 5 will
give an outlook of future work. Chapter 6 summarizes this work by giving
an overview and conclusion.
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This chapter will elucidate the basic theoretical concepts of this work.
Starting with the description, classification and history of biosensors this
chapter will also explain the basic concepts of electrochemistry and
surface modification, both of which were essential to the developed the
biosensor used in this work. Additional concepts like biofouling,
photolithography, and fluorescence microscopy are also discussed in this
chapter.

2.1 Biosensors

A biosensor is an analytical device consisting of a biological sensing
element and a physicochemical transducer which converts a biological
signal (usually a binding event) into a physically detectable signal. A
biosensor is an instrument that carries out complex bioanalytical assays
(see Figure 1). The sensing element is responsible for the specificity
towards the analyte at question which ranges from antibodies to
enzymes, DNA fragments, proteins and cells. The transducer converts
the biochemical detection event to a detectable signal. The most
common transduction principles are optical, calorimetric, gravimetric,
amperometric, impedimetric and potentiometric [5]. A biosensor’s
application spectrum comprises a wide range of tasks, ranging from
clinical diagnostics, food safety, industrial processes control, pollution
monitoring, drug discovery, to military and security applications [6].

The increasing interest in the fields of biosensors is reflected directly in
its steep rise in publication numbers. In 1985 there were approximately
100 papers [1] on the subject and in 2011 this number rose to 4500. To
put this in perspective, the papers published in 2011 alone represent
more than 10% of all articles ever published about biosensors. This
upward trend can also be seen in the global market for biosensors which
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rose from 2 billion US dollars market share in 2000 to 13 billion dollars
and predictions for 2018 show figures around the 17 billion dollar mark
[1]. The accelerated aging of the population is driving an increase of
healthcare expenditure globally.

i Detection
Analyte Sensing Transducer .
element principle

‘1
1404 ¢

.
< @

¢

Figure 1 — Schematic diagram of working principle of a biosensor. The biosensor
consists of a sensing element and a transducer. The former allows for the
biochemical interaction with the analyte whilst the latter converts this
interaction to an easily detectable signal.

As previously listed there are several analyte specific binding partners
that are used as a sensing element in biosensors. Literature examples
encompass cells [7], antibodies [8], enzymes [9] and nucleic acids [10] as
common sensing elements for biosensors. These sensors can be further
categorized in direct and indirect assay formats. Direct biosensors are
able to directly detect the binding event. Indirect biosensors require a
second binding event, usually the attachment of a suitable label, to the
previously bound analyte. Only this additional label can be detected in
indirect biosensors. This additional label requires a secondary reaction
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which increases the complexity of the assay as well as its total time and
overall costs.

2.1.1 History and application of biosensors

Leyland C. Clark is commonly referred to as the father of the biosensor
concept. Having worked extensively with electrochemical methods for
oxygen detection he published in 1956 a landmark paper on his so called
“oxygen electrode” [11]. Based on this electrode he elucidated the first
biosensor concept in a talk at the New York Academy of Sciences
symposium in 1962 describing how to modify his oxygen electrode by
adding enzyme transducers. In the paper published in the same year,
Clark [12] demonstrated how glucose oxidase was entrapped at an
electrode using a dialysis membrane. Using this device, he could
correlate a decrease in the measured oxygen levels with the
concentration of glucose using amperometric methods. Biosensors using
alternative detection principles followed. In 1969 Guilbault and
Montalvo published a paper [13] on a potentiometric urea sensor based
on the immobilization of urease on ammonium-selective liquid
membrane electrodes. Five years later the use of thermal transducers
was proposed by Cooney [14]. In 1975 Lubbers and Opitz proposed a
fiber optic sensor with an immobilized indicator which could measure
carbon dioxide and oxygen [15]. In the same year another technique was
proposed by Divies who proposed using bacteria for measuring alcohol
concentration using what he called “microbial electrodes” [16].

In 1975 the first commercial glucose biosensor system from Yellow
Springs Instruments was commercialized. But it was not until the 1980s
that biosensors were produced on a larger scale. Yellow Springs
Instruments had established a steady business but it was nowhere close
to the anticipated success. This was mainly due to the high production
costs which rendered them uncompetitive with mass testing
technologies e.g., spectrophotometry, radioimmunoassay, enzyme
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immunoassay and enzyme-linked immunosorbent assay (ELISA) [17, 18].
In 1984 Anthony P. F. Turner presented an immobilized mediator based
on ferrocene which enabled the fabrication of inexpensive enzyme
electrodes [19] . This led to the development of cheap, portable screen-
printed enzyme electrodes which were commercialized three years later
by MediSense (Cambridge, MA) combined with a pen-blood-sized
glucose monitoring device. This seminal work paved the way for a multi-
billion dollar market which uses devices based on this method almost
unchanged until today [20].

The idea of immobilizing antibodies to a transducer for the direct antigen
detection has been explored since the early 1970s but it was a seminal
paper by Liedberg et al. in 1983 [21] that paved the way for the
commercial success of immunosensors. The authors described a real-
time affinity binding technique using surface plasmon resonance [22].
Seven vyears later the BlAcore system was launched based on this
detection technique. Today it has become the gold standard for direct
sensing applications and is used as reference analytical technique for
many new detection systems. Due to the large size of a commercially
available SPR device (bench-top or floor-standing) weighing several kilos
it is not normally used as a point-of-care device.

2.1.2 Electrochemical biosensors

As previously mentioned the first measurement principle used for
biosensing was based on electrochemistry. This detection principle is still
the most widely used principle with over 85% of the global market share
of biosensors. Advantages of this method range from simplicity, low-cost
and suitability for miniaturization to high sensitivity and accuracy.
Electrochemical biosensors can use a multitude of transduction
principles transforming a biological binding event into an evaluable
electric signal. The most commonly found principles in literature are
potentiometric, amperometric and impedimetric biosensors. The
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analytical information obtained by potentiometry is based on converting
the biochemical binding event into an electrical potential, mostly by
using ion-selective electrodes [23]. In amperometry a constant potential
is applied to an electrode while measuring the current resulting from
reduction or oxidation of an electroactive species, mostly an enzyme,
immobilized on top of an electrode [24]. Impedimetry is based on
applying an alternating voltage while monitoring the resulting current
thus obtaining the impedance of the layer on top of the electrodes in
question [25]. By coupling a biorecognition element to an electrode it is
possible to monitor the change of impedance, and consequently the
binding event, during an essay.

2.1.3 Electrochemical impedance spectroscopy (EIS)

EIS is a powerful measurement technique capable of analyzing the
complex electrical resistance, i.e., the impedance, of a system and
assessing its surface and bulk electrical properties. By applying a small
amplitude alternating current (AC) voltage to an electrode pair and
measuring the resulting current one can calculate the impedance as
follows:

: Viw) i
2(j) = T2 = |Z(w)]e? &

Here, Z is the impedance, V the voltage, | the current, j the imaginary
unit and w the angular frequency.

Since EIS deals with complex quantities, its history began with the
introduction of impedance in electrical engineering in 1880 by the British
self-taught electrical engineer and mathematician Oliver Heaviside. It
was only in 1899 that the German physicist, Emil G. Warburg, extended
the concept of impedance to electrochemical systems by deriving the
impedance of a diffusional transport of an electroactive species to an
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electrode surface. This process still carries his name and the circuit
element used in an equivalent circuit diagram is referred to as Warbug
impedance. The invention of the potentiostat 41 years later and the
development of frequency response analyzers during the 1970s pushed
the use of EIS towards the exploration of corrosion mechanisms [26]. Its
success in this field led to an explosion in the use of EIS for a wide range
of applications ranging from rheological characterization of fluids,
battery and fuel-cell degradation monitoring to protein detection and
immunosensing which is the main topic of this work.

As the name implies, impedance values are obtained over a frequency
range which in turn generates an impedance spectrum. This spectrum
allows for a characterization of the system at hand, e.g., surfaces, layers,
diffusion processes, etc. Figure 2 displays the temporal representation of
the current and voltage (see Figure 2 a) as well as two different methods
to represent complex impedance values; one based on amplitude and
phase components (see |Z| and ¢ in Figure 2 b) whilst the other displays
the data on real and imaginary axis (see Zz and Z, in Figure 2 b).

Those two different representations of complex impedance values led to
the creation of two different representations of complex impedance
spectra. One based on phase and magnitude information, called Bode
plot and the other on real (resistance) and imaginary (reactance)
components, termed the Nyquist plot (see Figure 3 c¢/d for a Bode plot
and Figure 3 b for a Nyquist plot). The ohmic resistance is represented by
R and C stands for an ideal capacitor. Due to the simplicity of the Nyquist
plot and the fact that it requires only one diagram (Bode diagrams
require separate plots for phase and magnitude over frequency), the
former is overwhelmingly found in literature.

10
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Figure 2 — Schematic diagram of ways to display complex impedance values. a)
Temporal representation of the current and voltage with a phase shift ¢. b) The
impedance can be represented by modulus (|Z]) and phase difference between
the voltage and current (¢) or by its real (Zg) and imaginary (Z,) parts.

Figure 3 exemplifies the differences between Nyquist (Figure 3 b) and
Bode (Figure 3 ¢ and d) diagrams for the same circuit. The circuit in
question is a resistor in parallel with capacitor (Figure 3 a). The Bode
diagram requires two different plots (or curves) to be interpreted.
Furthermore, it lacks the distinction between real and imaginary part of
the impedance. The amplitude plot seen in Figure 3 ¢ can be easily
explained. At low frequencies the combined impedance of the RC
parallel branch is equal to the resistance of the resistor as the capacitor
impedance tends to infinity (see Table 1 for formula). The increase in
frequency causes the decrease of the capacitor impedance which tends
to zero at high frequencies. The Nyquist plot (Figure 3 b) requires only
one curve but omits the direct frequency information as only the
direction of the frequency growth can be shown. However, it is easy to
visualize that at low frequencies the impedance of this circuit tends to R
whilst at low high frequencies it tends to zero. Because the exact
frequency information is not required for an initial analysis of the
measured dataset only Nyquist plots are used in this work.

11
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Figure 3 — Comparison of Nyquist and Bode plots for representing the circuit
from the resistor in parallel with a capacitor seen in a. b) Nyquist diagram
consisting of the imaginary and real part of the impedance over frequency.
c) Bode magnitude plot. d) Bode phase plot.

An exemplary Nyquist plot is found in Figure 5. The curve shown is a
result from a frequency sweep starting from the upper right side and
increasing over the curve to lower left end. This peculiar curve shape will
reoccur throughout this work and can be easily explained using an
equivalent circuit (see Figure 6) which can be used to describe a system
analytically. This modeling technique based on electric circuit
components allows for very accurate models from which analytical
parameters can be extracted. Table 1 lists the most commonly required
elements to describe a biochemical system, namely ohmic resistance,
capacitance, constant phase element (CPE) and Warburg impedance.
These elements are classified according to their frequency dependence
and respective characteristic phase angle. In this table R stands for the
ohmic impedance, j is the imaginary unit, w the angular frequency, C¢ is
the capacitance, Q is a model parameter analogous to a capacitance,
the transfer coefficient which can change the behavior of the CPE from
perfect ohmic resistance (a = 0) to perfect capacitor (o = 1), o is the

12
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Warburg coefficient, R is the molar gas constant, T is the temperature, n
is the number of electron involved, A is the electrode surface area, F is
the Faraday constant, D is the diffusion coefficient and K is the
concentration of the electroactive species. The subscript “o“ and “z“
differentiate between the oxidative and reductive species.

Impedance Definition Phase Frequency
element angle | dependence
R Z =R 0° No

1
C Z =~ -90° Yes
jwCe
CPE Z ! 90° Y
=— - es
Q(w)*
Z=—=(1-))
Warburg ) .
[25] B RT < 1 . 1 > -45 Yes
7T rAyz JDoKo /DK

Table 1 — Most commonly used biochemical impedance elements used in the
modeling of an electrochemical system.

The combination of these primary elements in parallel or series gives rise
to equivalents circuits used to approximate experimental impedance
data. For systems which have an electrolyte in contact with an electrode
the Randles’ cell model is the most commonly used analytical model.
This system comprises the solution resistance Rs, charge transfer
resistance R¢r, double-layer capacitance Cp, and Warburg impedance W
as seen in Figure 6. The ionic solution resistance accounts for ohmic
losses and can be defined as:

l
Rg = 1P (2)

Where [ is the distance between the electrodes, A is the electrode
surface area in contact with the solution and p is the specific resistance

13



2 Basic principles

which varies with the redox concentration. The double layer capacitance
results from the fact that the ions on the electrolyte solution are
attracted to the charged electrode surface (see Figure 4). The charged
ions and the electrode surface are separated by a very small insulating
layer consisting of molecules from the solvent (e.g., water). The outer
Helmholtz plane is considered the thickness of the double-layer
capacitance (see a in Figure 4).

Electrode Solvent molecule
@® @®
(£ (2
S
... ®
1 ... ...
.. ...
.2: .3.
...
()
Ox® @
.O :2: @
02: 3o :2:
L %]
|T| Solvated ion

Figure 4 — Schematic of an electrode in contact with an electrolyte solution.
Applying a positive potential to the electrode leads to an ion separation, the
anions are attracted to the electrode surface. These positive and negative
charges are separated by insulating solvent molecules, giving rise to the double-
layer capacitance. a) Outer Helmholtz plane.

The double-layer capacitance can be calculated using the following
equation, where ¢y, is the dielectric constant of the interface layer, A
the electrode surface area and §p;, the double-layer thickness:

eprA
Cp; = —
DL .

14
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The constant phase element (CPE) models the imperfect behavior of the
double-layer capacitance (electrode roughness, porosity, etc.) by adding
the transfer coefficient a. The charge transfer resistance represents the
intrinsic limitation of the current between electrode and solution by the
kinetic rate constant and can be expressed by the following equation in
equilibrium and considering an equal concentration of the reductive and
oxidative species:

RT
Rer = maax (4)
Where R is the molar gas constant, T is the temperature, F is the Faraday
constant, A is the kinetic rate constant of the electrochemical reaction,

and K is the concentration of the electroactive species. The complete
deduction of this formula can be found in [27].

The Warburg impedance describes how the diffusion of the redox probe
toward the electrode can influence the current flow and consequently
the impedance. Its characteristic frequency-independent 45° line can be
explained by its equation found in Table 1, the term (1 — j) implies that
the real and imaginary components have the same amplitude, which
consequently justifies the 45° angled line (see Figure 5). It is important to
remember that a Nyquist diagram shows the negative reactance value,
which puts the 45° angled line on the first quadrant.

15
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Figure 5 — Nyquist plot of the Randles’ cell. This curve is obtained from a
frequency sweep with increasing frequency from right to left along the curve.
Kinetically controlled processes are predominant in region 1 whilst diffusion
phenomena dominate the impedance behavior in region 2.

One can easily confirm that this equivalent circuit (see Figure 6) matches
the curve seen in the previous figure. Rs will represent a constant
positive offset on the real axis of the Nyquist plot because it represents
the solution resistant. At low frequencies (w — 0) the double-layer
capacitor impedance (Z = 1/jwCpy) tends to infinity and therefore the
upper parallel branch will be removed from the circuit. This implies that
Rs and R.r are connected in series, thus further shifting the curve to the
right. This point represents the rightmost part of the semicircle seen in
Figure 5. The Warburg impedance element now dominates the curve
behavior as a straight line in a 45° angle, representing the diffusion
processes (see region 2 in Figure 5). At high frequencies (w — ) the
capacitor impedance tends to zero, thus short-circuiting the lower
parallel branch. This means that only the solution resistance will have an
effect and represents the leftmost part of the curve.

16
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Figure 6 — Randles’ equivalent circuit [28] of an electrode in contact with
electrolyte. This circuit is the most commonly used model to represent the curve
in Figure 5.

The semicircle behavior results from a simple resistor and capacitor in
parallel and has its highest point at:

1
Pmax = p (5)

The parameter extraction from the Nyquist diagram is simple, Rs can be
directly obtained, Rs + R can be found by extrapolating the semicircle.
Cp, can be determined by finding the highest point of the semicircle and
applying (5). To calculate W, the value o is required. This is done by
extrapolating the 45° Warburg-limited line until it meets the horizontal
axis and assumes the value:

RS + RCT - ZGCDL (6)

2.1.4 Electrochemical cell

For EIS, several electrode configurations are commonly used, the most
simple one requires only two electrodes (see Figure 7 a). The working
electrode (WE) represents the transduction element during an assay,
therefore all biochemical surface modifications will have to be applied to
it. The reference electrode (RE) should not be modified during the
reaction and has to remain at a fixed potential (E,). When no voltage is

17
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applied between those electrodes each of them assumes a specific
equilibrium potential. However, if an external voltage (V) is applied the
potential of the WE shifts whilst the potential of the RE remains
unaffected. Additionally, an electrolytic current i flows between the
electrodes and since the electrolyte solution has an intrinsic resistance
(Rg) a voltage drop across the solution (ohmic drop) will result. This
amounts to i- Rs. Consequently, the potential of the WE (E,,) can be
defined as:

V=EW—Er+i-RS' 7)
=>E,=-V—-E.+i"R;

This equation shows that the WE potential can be tuned by changing the
applied voltage if i is in the range of microamperes and Rg reasonably
small. If a constant potential or a low amplitude alternating voltage is
applied, the measured current will be approximately constant and
therefore the ohmic drop can be easily corrected. The ohmic drop value
becomes a critical problem when the voltage-current curve, also known
as cyclic voltammogram, of the cell has to be obtained. The high
amplitude of the varying voltage applied will lead to unpredictable
variations of the WE potential. Introducing a counter electrode (CE, see
Figure 7 b) and replacing the voltage source by a potentiostat will enable
the flow of the electrolytic current exclusively between the WE and the
CE. This separation will guarantee that the equilibrium at the RE is not
disturbed and E, is adjusted with no interference from the ohmic drop.

A potentiostat is a device which controls the potential of the working
electrode with respect to the reference electrode by adjusting the
current between the working and counter electrode. The potential
between WE and RE amounts to the value specified by the user.

The electrode materials vary according to their function. Counter and
working electrodes have to be good electrical conductors and chemically
stable. Therefore, gold, carbon and silicon compounds are commonly

18
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used, depending on the analyte [29]. Reference electrodes are required
to have a stable and well-known potential, this is normally achieved by
having a redox system with constant concentration of the reducing and
oxidizing species, e.g., Ag/AgCl reference electrode whose overall
reaction can be describe as:

Agt + e s Ag(s)

AgCI(s) 5 Ag* + Cl- (&)
Voltage source Potentiostat
RV A W
(A 4 b
&= f |—®—

| Y . o QP ._o

WE RE CE RE
0 _’H H<—_T__ U
i i
a) Two-electrode cell b) Three-electrode cell

Figure 7 — Schematic diagram of two possible configurations for an
electrochemical cell. a) Two-electrode cell configuration with working electrode
(WE) and reference electrode (RE) and a voltage source. b) Three-electrode
configuration with the addition of the counter electrode (CE), the voltage source
is replaced by a potentiostat.

2.1.5 Cyclic voltammetry

Cyclic voltammetry is an electroanalytical technique which studies
electroactive species by cycling the potential (see Figure 8 a) of the
working electrode against the reference electrode while measuring the
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resulting current between the working and counter electrode which are
shown in a current over potential plot (see Figure 8 b). A triangular
potential cycle with amplitude E,, — Emin and period T is seen in Figure
8 a. The marked points are correlated to the cyclic voltammogram in
Figure 8 b. Starting at I with a potential chosen such that the initial
electrolysis of the redox species is avoided, the potential is decreased
until II. At this point the electrode is sufficiently negative to give rise to
the cathodic current which peaks at III with ipc representing the cathodic
peak current at the potential of Ey.. The potential continues to decrease
until IV. The cathodic current decreases because of the depletion of the
reducing species. As the potential now increases to V the current
reverses and the oxidation process starts. Its peak is reached at VI with
the anodic peak current ips at the potential of Eps. The anodic current
starts to decrease due to the depletion of the oxidizing species until the
potential reaches the initial value at VII.

T
e
i Current [A] I
Potential [V] VI Epc
Emax +1 %
2
8
1T VI
N fv g
2
Emin T 1v ViEea
Time [s] Emax  Potential [V] Emin
a) Excitation signal b) Cyclic voltammogram

Figure 8 — Excitation and typical cyclic voltammetry curves. a) Triangular
excitation signal with amplitude E,,., - E,i, and period T. b) Exemplary cyclic
voltammogram where ipc and ip, represent the cathodic and anodic peak current
and Epc and Ep, stand for the cathodic and anodic peak voltages.
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2.1.6 Immunoassay

Immunoassay can be defined as a biochemical test which determines the
presence or concentration of a specific molecule (also called analyte) in a
sample through the use of antibodies or similar binding ligands with high
biochemical affinity and specificity. A biosensor used during an
immunoassay is called immunosensor. These sensors can detect and
quantify a wide range of analytes, e.g., relevant medical diagnostic
markers such as proteins, DNA and hormones, illegal and therapeutic
drugs as well as bacteria and environmental pollutants such as
pesticides.

Immunoassays can be classified into two categories, indirect and direct.
Indirect assays can only detect an analyte once an additional marker,
normally a radioactive, fluorescence or visible light label, has bound to
the immobilized analyte. Typically a primary ligand first binds to the
analyte or to a substrate. The detectable label, e.g., in form of a
secondary ligand is subsequently bound to the immobilized analyte or to
the primary ligand. The most commonly used indirect assay reported in
literature is ELISA [17, 18]. One of its many assay formats (indirect,
sandwich and competitive) is the so-called indirect assay. It consists of
non-covalently immobilizing the analyte to a solid surface followed by
the addition of a solution containing the respective ligand (e.g.,
antibody) which is, in most cases, labelled with an enzyme (e.g., alkaline
phosphatase, glucose oxidase, etc.) that reacts with another solution
(e.g., para-nitrophenylphosphate) and generates a color change. A
stronger color change indicates a higher concentration of the analyte.
This color change can be quantified by colorimetric methods. Indirect
assays like ELISA are very sensitive but have the disadvantage of being
time-consuming, costly and requiring labelled ligands, thus rendering
this assay type unsuitable for real-time measurements. Furthermore, the
analytes used in sandwich assays, one of the most used assay format,
must have two binding sites which is not the case for numerous analytes.
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Direct immunosensors are able to detect the biochemical changes during
the immune complex formation directly. Common examples of these
types of biosensors include gravimetric methods, namely quartz crystal
microbalance (QCM) and surface acoustic wave (SAW) [30]. The most
commonly studied label-free electrochemical transduction principles are
potentiometric, amperometric and impedi-metric [31]. Direct optical
methods are mainly based on refractometry (e.g., surface plasmon
resonance - SPR) or reflectometry [32]. Finally, calorimetric methods
belong to the most studied thermal transduction techniques [33]. Most
of these sensors detect the change of surface properties resulting from
the binding event.

2.1.7 Impedimetric biosensors

Amongst the multitude of biosensor types available nowadays
biosensors based on impedance spectroscopy are particularly well-suited
for the direct detection of binding events on the transducer surface. This
method requires no markers and can be used in a real-time application.
Impedimetric biosensors can be divided into two categories, non-
faradaic and faradaic. The latter requires the flow of current through the
electrode-electrolyte interface whilst the former only relies on the
charging and discharging of the double-layer capacitance.

A non-faradaic biosensor can be understood based on Figure 6. The lack
of current flow through the electrode-electrolyte interface implies that
the charge transfer resistance assumes a very large value, thus removing
the lower branch of the figure from the circuit and resulting in the circuit
from Figure 9. The main disadvantage of non-faradaic EIS is the lack of
kinetic information about the biochemical binding reaction which
effectively takes place on the surface of the electrode. This lack of
information about the binding kinetics reduces the suitability of this
configuration for immunosensing significantly.
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Figure 9 — Randles’ equivalent circuit of a non-faradaic electrode in contact with
an electrolyte. This circuit is easily obtained from the generic Randles’ cell (see
Figure 6) when the charge transfer resistance assumes a very large value.

2.2 Antibodies

Antibodies, also known as immunoglobulins (lg), are Y-shaped proteins
(see Figure 10) produced by the white blood cells (B-cells) which can tag
or neutralize a specific antigen (e. g., a bacterium or virus). Antibodies
have a region called paratope which gives the antibody its specificity
towards an antigen (e.g., a transmembrane protein of a bacterium).
Antibodies exist in several different configurations (known as isotypes).
In placental mammals there are five different isotypes (IgA, 1gD, IgE, 1gG
and 1gM) each with different biological properties. This work will focus
on IgG as this class is responsible for the majority of antibody-based
immunity processes against invading pathogens.

Antibodies consist of heavy and light chains (see Figure 10) which are
connected to each other by disulfide bridges. A double disulfide bridge
can be found in the so-called hinge region. Different substances can
cleave an antibody in different regions. For example papain can separate
the antibody into two fragments above the disulfide bridge (Fab) of the
hinge region and below it (Fc). Fragments can also be immobilized and
used effectively in biosensors [34].
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Figure 10 — lllustration of an antibody (also known as immunoglobulin G or IgG).
The paratope gives the antibody its specificity against antigens. An antibody
consists of a light and a heavy chain which are connected through disulfide
bridges.

2.3 Streptavidin-biotin affinity model system

In order to evaluate the performance of the system it is necessary to test
it using standard affinity systems used in literature before characterizing
the system using cost-intensive antibodies and modified proteins. The
most widespread molecule pair used is the streptavidin-biotin model
system mainly due to the fact the binding of those two proteins is the
strongest non-covalent interactions known in nature with an association
constant of about 10" [35]. Furthermore, this protein complex has a
high resistance to organic solvents, denaturants, detergents and changes
in the pH value.

2.4 Biofouling and biofilm formation

Biological fouling (biofouling) is the accumulation of waterborne
bacteria, algae or animals on a technical surface. The bacteria present in
such films are embedded in their own extracellular polymeric substances
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(EPS) which contain polysaccharides and proteins such as exoenzymes as
well as nucleic acids. The EPS grants the bacteria increased resistance to
antibiotics and protection against other antimicrobial treatments
compared to free-floating colonies of the same cells [36]. Metal, plastic,
glass and living tissue are just a few examples of the wide diversity of
surfaces affected by biofilm formation. Biofilms are also associated with
several infections which range from teeth caries to endocarditis [37]. On
a larger scale, biofouling is a problem for industrial systems which are in
contact with water. Examples include pipe clogging [38], metal
corrosion, efficiency loss of membrane processes [39] and heat
exchangers [40] and increased drag of marine vessels [41]. Therefore,
several detection methods have been used to better understand the
internal mechanisms that govern the biofouling process. Especially
relevant are online non-destructive measurement techniques which
usually rely on quartz crystal microbalance [42], surface plasmon
resonance [43], surface acoustic waves [44], confocal laser scanning
microscopy and electrochemical impedance spectroscopy [45].

2.5 Surface modification

This section will discuss several aspects of surface modification. It will
discuss why surface motivation is required and highlight the most
commonly used methods for doing so with their respective advantages
and disadvantages. The most important techniques are described in
Figure 14 and will be briefly discussed in the following sections. Further-
more, a brief overview of the surface chemistries required for these
methods will be given as well as a discussion of the activation proce-
dures for binding of antibodies to functional groups by means of active-
ester chemistry. Finally, an introduction to the mechanism of conductive
polymers will be elucidated.
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2.5.1 Motivation

The sensitivity of a biosensor depends directly on its ability to detect one
analyte specifically whilst blocking the detection of all other substances
and molecules present in the sample (see Figure 11). Surface modi-
fication plays a very important role as it directly influ-ences the chemical
properties of the biosensor surface and therefore its ability to only allow
specific (antibody-ligand) inter-actions with the surface and blocks non-
specific adsorption.

a) b)
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Figure 11 — Schematic diagram of nonspecific adsorption assays on two different
surfaces. a) Unprotected surfaces suffer from nonspecific adsorption which leads
to measurable (false positive) signals. b) Protected surfaces hinder nonspecific
adsorption.

2.5.2 Specific vs nonspecific binding

The ability to detect a specific analyte whilst suppressing the (non-
specific) detection of other molecules is of vital importance for
immunosensors. Nonspecific binding leads to an increase in false
positives rates which dramatically reduces biosensor sensitivity. In the
case of biofilm detection there is no need to detect a single analyte
amongst thousands of molecules present in the extracellular polymeric
substances. As the biofilm colonizes the electrode surface it will hinder
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the electron flow between the counter and working electrode (see
Figure 7 for details on the electrode configuration). This decrease in
current or increase in impedance will be an indicator for the biofilm
thickness.

2.5.3 Ideal surface modification

As previously explained, an ideal surface modification technique enables
the highly efficient binding of the desired ligand to the surface without
affecting the ligand affinity to its respective analyte. Furthermore, the
surface modification blocks completely the nonspecific adsorption of
other molecules. The surface modification required for this work has an
additional constraint: It must be of low impedance. The lower the initial
impedance is, the higher the achievable sensor sensitivity will be.

Having a surface modification which shows highly efficient ligand binding
is not as critical as fabricating a surface modification which blocks
completely the nonspecific adsorption of undesired molecules due to the
wide availability of chemicals with different functional groups (e.g.,
carboxyl, amino, etc.) and the existence of robust and established
coupling methods (e.g., active ester). The second point represents a
challenging task which has been researched intensively for different
application fields such as peptide array sensors [46], biosensors [47],
antibacterial coatings [48], etc. Most techniques achieve this suppression
of nonspecific adsorption by coupling polyethylene glycol (PEG) to the
surface of interest. PEG’s high hydrophilicity and flexibility have been
attributed to its known repellency [49]. The downside of this approach
for impedimetric biosensors is the low conductivity of this molecule,
especially at high molecular weights (which better hinder the nonspecific
adsorption). Therefore small molecules were investigated throughout
this work. These molecules had to be highly hydrophilic and should allow
convenient coupling to the sensor surface. Tris(hydroxymethyl)-
aminomethane (TRIS, see Figure 12 for the chemical structure) fulfils all
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these requirements. It features three hydrophilic alcohol groups which
render the substance very hydrophilic. In addition, the primary amine
can be easily coupled to carboxyl groups by active ester chemistry which
allows for convenient surface coupling.

OH

NH,

Figure 12 — Chemical structure of tris(hydroxymethyl)aminomethane (TRIS).

As stated, it was deemed very important to generate surfaces with the
highest possible conductivities in order to allow the lowest possible
surface impedances. Completely functionalizing a surface is not an ideal
approach in this case since the immobilized ligands (e.g., antibodies) are
not highly conductive (see Figure 13) thus resulting in high-impedance
layers. These layers do not allow sensitive impedance spectroscopy
measurements. Furthermore, completely covering a surface with ligands
could sterically hinder the binding of the respective analyte.
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Figure 13 — Schematic illustration of two different ligand coupling strategies on
the pre-modified surface of an electrode (a). The gray arrows represent the local
current amplitude and sinusoidal curve represents the overall signal amplitude.
b) The comprehensive coupling of ligands to the pre-modified surface. c) The
binding of the analyte to the ligand results in only a slight current reduction. d)
The sparse coupling of ligands to the pre-modified surface. e) The binding of
analyte significantly reduces the overall current.
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Figure 13 illustrates two different ligand coupling strategies on the pre-
modified (e.g., SAM) surface of an electrode (see Figure 13 a). The gray
arrows represent the local current amplitude and the sinusoidal curve
depicts the overall signal (current) amplitude. If the pre-modified
electrode surface is comprehensively covered with bound ligands this
will lead to a drastic current reduction as the ligands are bulky and
insulating (see Figure 13 b). The subsequent binding of the analyte to the
ligand is responsible for a slight current reduction (see Figure 13 c). This
leads to a small surface impedance difference prior and after this binding
event. The other coupling strategy is based on sparsely coupling ligands
to the pre-modified surface which in turn leads to a moderate overall
current decrease (see Figure 13d). The subsequent binding of the
analyte leads to a significant reduction of the overall current (see Figure
13 d). This scenario allows for much higher sensor sensitivity as the
signal difference prior and after the analyte binding event is much higher
than in the previous scenario. This signal difference will be another very
important factor determining the sensor sensitivity.

One has to keep in mind that the schematic diagrams shown in this work
do not represent the substances in their original scale for didactic
purposes. Taking as example allyl mercaptan, a short chain unsaturated
thiol compound which will be used as a surface modification substance
for the method based on photobleaching. The molecular weight of allyl
mercaptan is approximately 1000 times smaller than the molecular
weight of bovine serum albumin (BSA) and IgG, 4 times smaller than the
molecular weight of biotin and 2 smaller than the molecular weight of
TRIS. The comprehensive immobilization of ligands to the pre-modified
surface will not necessarily reduce the nonspecific adsorption as most
likely will reduce the sensor’s sensitivity. Far more decisive is the quality
underlying pre-modified surface.
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2.5.4 Immobilization techniques

Antibodies are very often used as recognition elements for specific
target antigens in immunosensors. Antibodies (see Section 2.2) possess
two binding paratopes. In order for this protein to retain its function it is
required that the binding sites remain unmodified and unobstructed.
These may seem trivial requirements but ensuring them has required
enormous effort from researchers. Several different approaches to
correctly immobilize antibodies have been investigated over the years,
ranging from self-assembled monolayers [50], conductive polymers [51],
entrapment in a polymer matrix [52], chemical grafting of azo
compounds [53] to affinity binding using suitable functional groups [54].
Each method possesses distinct advantages, disadvantages and
limitations with respect to the substrate material and desired
physicochemical properties (i. e., surface conductivity, transparency,
chemical stability, etc.). Furthermore, some of the methods enable the
localized immobilization of antibodies only on certain materials such as,
e. g., gold electrodes or glass substrates (see Figure 14).
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Figure 14 — Schematic representation of antibody immobilization techniques.
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Adsorption

Physical adsorption onto a solid surface is one of the simplest methods
to immobilize antibodies. The physical interaction of the antibodies with
the surface gives rise to nonspecific weak bonds, i.e., hydrogen bonds,
electrostatic interaction and Van der Waals’ forces with the surface. A
major advantage of this method is that no additional reagents are
required, resulting in very simple immobilization procedures.
Consequently, adsorption is easily carried out, cheap and normally does
not hinder the binding affinity between antibody and antigen. On the
other hand, the weak bonds tend to be easily disrupted by changes in
pH, temperature and presence of surfactants thus changing the surface
coverage over time. ELISA-based biosensors which use an indirect assay
format usually rely on this technique for analyte immobilization [55]. In
general, purely adsorbed antibody layers are not stable in operation and
thus should be avoided.

Covalent immobilization

Covalent immobilization requires the presence of functional groups on
the surface to which the analyte specific molecules will be immobilized.
The main advantage of this method is the assured orientation and thus
the guaranteed availability and accessibility of the binding sites of the
antibody. On the other hand, this method requires the use of additional
reagents. The choice of coupling chemistry must ensure that the binding
sites remain unhindered and intact thus retaining the antibody’s affinity.
In addition to choosing the correct functional group on the antibody, the
surface to which the antibody is to be immobilized must be prepared
accordingly. There are several methods for modifying a surface with
functional groups such as, usage of self-assembled monolayers (see
Section 2.5.5 for details). Carboxyl functional groups can easily be
activated to react with amino groups forming a peptide bond by using
active-ester chemistry (see Section 2.5.6).
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Affinity interaction

This method is based on the affinity of two additional molecules, one
linked to the substrate and the other to the molecule which should be
immobilized. The most commonly used pair of molecules for this method
is biotin (a vitamin) and streptavidin (a protein with four identical
binding sites with a very high affinity to biotin) [54] as well as avidin. This
method has three main advantages. Firstly, the large availability of pre-
functionalized antibodies and other molecules with biotin or (strept-)-
avidin tags which lend themselves directly to immobilization. Secondly,
no additional reagents are required for the immobilization. Thirdly,
multiple binding sites may be used on one ligand thus amplifying the
signal readout. On the other hand, the affinity bond of biotin and
streptavidin can be denatured by surfactants, pH and temperature. More
critically for EIS and gravimetric methods, the additional layer of affinity
molecules reduces the layer conductivity drastically, thus decreasing the
sensor’s sensitivity.

Entrapment in a polymer matrix

The process of mixing the desired ligand (usually an antibody) with a
monomer or diluted polymer solution and subsequent polymerization or
solidification of the polymer is referred to as entrapment [52]. By
performing this process the ligand will be embedded, or entrapped, in
the polymer matrix. This is a very simple method to immobilize analyte-
specific molecules and requires no additional chemical modifications. On
the other hand this method cannot assure that the binding sites of the
entrapped molecules are oriented or available for binding. Furthermore,
the polymerization process may denature the protein.

Chemical grafting
Chemical grafting is a procedure through which a surface can be

modified by addition of small molecules or functional groups. One of the
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most widely used methods is grafting of aryl diazonium salts to several
different surfaces [53] based on azo chemistry (see Section 2.5.5 for
details). Different aryl diazonium salts containing different functional
groups enable a wide range of different functionalizations. The
disadvantage of this method is the complexity of the azo chemistry
which requires several reagents and permanent temperature control
throughout the process.

2.5.5 Covalent surface chemistry
Self-assembled monolayer

Self-assembled monolayer (SAM) is one of the most simple surface
modification methods [50]. SAM-forming molecules consist of three
chemical blocks or functional groups (see Figure 15): a thiol group which
interacts strongly with gold, a carbon backbone which is responsible for
the self-organization and coverage density and a functional group to
which analyte-specific molecules (e.g., antibody) can be bound. Applying
this layer to a gold surface is accomplished by dissolving the SAM-
forming molecule in an appropriate solvent, e.g., ethanol and incubating
this solution on the gold surface overnight. The SAM-forming molecule
will self-align on the surface and create a homogeneous monolayer. The
length and type of the carbon chain will greatly determine the electrical
properties of the SAM in question.

Using SAM with impedimetric sensors poses an additional challenge.
Besides being as homogenous and dense as possible, a SAM suitable for
EIS must also be highly conductive. Low impedance of the SAM layers
allows for high overall sensor sensitivity. Electrically insulating SAMs will
significantly decrease the sensitivity.
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NZ N7\ \N7\ 7/
Figure 15 — Schematic representation of self-assembled monolayers (SAM) on a
gold substrate. a) Initial state after SAM formation. b) The immobilization of
ligands can be carried out easily using different activation techniques, e.g., active

ester chemistry. The substances shown in the diagram are not in original scale
for didactic purposes.

Chemical grafting

Aryl diazonium salts (see Figure 16 a) are widely used compounds in
organic chemistry due to their ability of introducing halogens, CN, OH, H,
etc. into aromatic rings [53]. Additionally, the reaction of diazonium salts
with aromatic molecules generates a very important class of dyes known
as azo dyes. The grafting process is normally carried out in acidic media
using sodium nitrite. The acidic media will deprotonate the primary
amine whilst sodium nitrite (NaNO,) will induce the formation of the aryl
diazonium salt. This highly instable compound requires a stringent
temperature control as it deteriorates at temperatures above 5 °C.
Sodium nitrate will reduce the aromatic amine (see Figure 16 b) to the
highly unstable diazonium cation (see Figure 16 c). Applying a potential
to this complex promptly splits off nitrogen thus generating aryl radicals
(see Figure 16 d). Rapid nitrogen gas release can be dangerous which is
why the whole process has to be tightly temperature controlled and
conducted below 5 °C. These radicals can bind to the surface of the
cathode electrode (see Figure 16 e).
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Figure 16 — Grafting reaction process for aryl diazonium salts. R represents a
functional group and A~ the counter anion.

Photobleaching

Photobleaching is a photochemical process which fluorophores undergo
when they are excessively irradiated causing their permanent loss of
fluorescence. It is an undesired phenomenon for microscopy methods as
it leads to strong emission intensity losses. Holden and Cremer have
shown in 2003 [56] how to use this phenomenon to immobilize ligands
coupled with a fluorophore to BSA-coated surfaces. The overexposure of
the fluorophores to their absorption wavelength leads to its destruction
and the generation of short-lived radicals which can be used to couple
ligands to the BSA surface. Curtis et al. have shown the successful
coupling to unsaturated compounds such as methacrylate silanes [57].
This method enables the creation of protein patterns using a process
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similar to lithography which works in visible light and with water-based
solutions [58]. Using visible light is advantageous for biological
applications as UV light damages proteins and DNA.

In this work a novel photobleaching method has been used in
combination with SAMs. Allyl mercaptan is used as SAM-forming reagent
which creates an unsaturated surface providing groups for the coupling
of photobleached dyes (e.g., fluorescein).

During this work fluorescein (see Figure 17 a) was used because it is
inexpensive and widely available as a separate dye as well as conjugated
to innumerous proteins and antibodies. Furthermore, when fluorescein
is coupled to an isothiocyanate (fluorescein isothiocyanate, FITC) group
(see Figure 17 b) it can promptly and effectively react with primary
amines. This allows for the easy and fast labeling of proteins and
antibodies, e.g., fluorescein-TRIS, fluorescein-BSA, fluorescein-IgG.
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Figure 17 — Chemical formula of fluorescein (a) and fluorescein isothiocyanate (b).
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2.5.6 Active-ester chemistry (EDC/NHS)

Active-ester chemistry is a very common technique used for covalent
immobilization of analyte specific molecules. These substances promote
the binding of carboxyl groups with primary amines via peptide bond
formation which are, for instance, responsible for the linkage of protein
chains.

Two reagents are required during this process (see Figure 18), a car-
bodiimide (in aqueous solutions wusually 1-ethyl-3-(3-dimethyl-
aminopropyl)-carbodiimide hydrochloride, EDC) and the alcohol forming
the ester. Typically, N-hydroxysuccinimide (NHS) is used in biochemistry.
Carbodiimides react with carboxylic acids forming an unstable
intermediate (O-acylisourea) which then binds to the alcohol (in this case
NHS) forming an activated ester prone to nucleophilic attack. NHS is
conveniently displaced by a primary amine (a strong nucleophile) which
then forms a peptide bond with the carboxylic group. The usage of NHS
combined with EDC leads to a much more stable and efficient reaction
when compared to one with only EDC [59].
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Figure 18 — Reaction schematic for active-ester chemistry using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC) and N-hydroxy-
succinimide (NHS) to form a peptide bond between a target carboxylic acid and
primary amine.

2.5.7 Conductive polymers

Polymers, e.g., plastics, are ubiquitous in every-day life, ranging from
low-tech packaging materials, tubing or car parts to high-tech medical
implants and high-precision optical elements. These materials are
normally considered as electrical insulators. For instance, polyethylene
has a conductivity of 10"° S/m which is 23 orders of magnitude lower
than copper. The fact that polymers could be used as conductors was
only introduced in 1977 by Alan MacDiarmid, Alan Heeger and Hideki
Shirakawa [60]. By adding dopants (Br,, |,, AsFs) to polyacetylene they
managed to increase the conductivity from 10° to 10’ S/m. This
discovery paved the way for a new class of materials: conductive
polymers.
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In this work, conductive polymers were used as matrices for the immobi-
immobilization of antibodies. Polypyrrole (PPy) was chosen as suitable
polymer. PPy is one of the most widely studied conductive polymers due
to its ease of synthesis, stability and high electrical conductivity [61]. PPy
can be synthesized by chemical and electrochemical oxidation in
solution. The polymerization process via monomer linkage normally
takes place on the 2/5 position (see Figure 19). Pending functional
groups are normally attached to 3/4 positions. The presence of
functional groups has drawn attention to this material for usage in
biosensors since it enables the immobilization of analyte specific
molecules, e.g., antibodies and enzymes.

a) b)
@ \N/

Figure 19 — Monomers used for synthesis of electrically conductive polymers in
this work. a) Pyrrole, b) Pyrrole-3-carboxylic acid.

2.6 Photolithography

Photolithography is an optical microfabrication technique which can
transfer a structure from a pattern, also called photomask, onto a
substrate through a polymeric intermediary layer know as photoresist.
Photoresists are light, mainly ultraviolet light (UV), sensitive polymers
which can be classified into two categories: positive and negative
photoresists. This categorization comes from the changes in solubility of
the photoresists in the developer solution after light exposure. The
solubility of the positive type photoresists increases whilst the solubility
of negative type photoresists decreases.
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2.6.1 Types of photoresist

As described, photoresists are light sensitive substances which,
depending on the underlying mechanism can be chemically changed
permanently. Positive photoresists include AZ photoresist, Poly(methyl
methacrylate) (PMMA), Kodak micro positive resist (KMPR), etc. and are
mostly used in thin-films (several 10 um). Negative photoresist comprise,
among others, SU-8 which is often used as thick film resists (several
100 pm).

2.6.2 Negative photoresists

One of the most commonly used negative photoresist is SU-8, an epoxy-
based oligomer which can be applied in films ranging up to 300 pum in
thickness. This is only possible due to its high cross-linking enabled by its
8 epoxy subunits which in turns make SU-8 very stiff once cured. It is
therefore suitable for high aspect ratio applications in
microelectromechanical (MEMS) systems [62]. On the other hand, due to
its high degree of cross-linking it is very difficult to strip SU-8 once it has
been cross-linked by UV light exposure.

2.6.3 Positive photoresists

One of the most commonly used class of positive photoresist is the AZ
series by AZ Electronic Materials GmbH. These resists consist of a base
resin of phenol/formaldehyde (see Figure 20 a), a photosensitive solu-
tion known as diazonaphthoquinone (DNQ, see Figure 20b) and a
solvent (in the case of the resist used in this work this solvent was
propylene glycol monomethyl ether acetate, PGMEA).
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Figure 20 — Chemical components of the photoresist AZ 1512 HS. a) Base resin of
phenol/formaldehyde. b) The photosensitive compound diazonaphthoquinone.
c) Solvent, propylene glycol monomethyl ether acetate.

The phenol formaldehyde resin is synthesized from phenol and
formaldehyde in a molar ratio smaller than 1 (formaldehyde to phenol).
Using this ratio these polymers are also known as novolacs. Using under-
stoichiometric amounts of formaldehyde prevents the complete cross-
polymerization of the resin via methylene bridges. The different ratios of
phenol and formaldehyde influence several properties of the photoresist
(melting point, developing speed, dark erosion rate, etc.) [63]. The
solubility of the base resin in aqueous alkaline media is moderate
(around 15 nm/s). After the addition of 25 to 30 m% of DNQ the
solubility decreases two orders of magnitude. After being exposed to
ultraviolet light (wavelength < 440 nm) DNQ reacts to form a carboxylic
acid containing compound. This compound is now 3 to 4 orders of
magnitude more soluble in alkaline media, thus being 1-2 orders of
magnitude more soluble than the base resin [64]. This means that
unexposed regions of the photoresist have a very low solubility in
alkaline media whilst the exposed areas have a very high solubility,
therefore enabling the creation of a “binary” pattern on the photoresist.
PGMEA is the chosen solvent because it has a high boiling point (145°C),
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low vapor pressure (approximately 5 mbar at room temperature), thus
avoiding rapid evaporation while the resist is being applied to a surface,
e. g., via spin-coating. Furthermore, PGMEA is one of very few solvents
that, even when the photoresist is highly diluted does not promote the
agglomeration of the resin base.

Figure 21 describes in more detail the chemical transformation that DNQ
undergoes upon ultraviolet irradiation. This process is known as Wolff
rearrangement. Initially, the ultraviolet radiation cleaves the Nitrogen
branch, releasing molecular nitrogen, and forming an intermediary
carbine which readily rearranges into a reactive ketene. The ketene
reacts in presence of water resulting in a carboxylic acid [65]. This form
shows a much higher solubility in alkaline media than DNQ.
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Figure 21 — Wolff rearrangement of DNQ under ultraviolet light.

O

This photochemical transformation enables the use of this photoresist as
a mask directly applied to a surface. Photoresists containing DNQ are
also suitable for thick film (> 10um) processes. This is due to the fact
that, once the DNQ has undergone Wolff rearrangement, it becomes
transparent to ultraviolet light down to 300 nm, thus enabling the
exposure of the underlying layers [66].
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2.6.4 Photomask

A photomask is a transparent substrate with opaque patterns which
determine the structures transferred to the photoresist layer. Therefore
the mask’s line resolution will determine the structure resolution on the
pattern transferred to the photoresist. There are several methods for
fabricating or implementing a photomask. These methods can be
subdivided into parallel or sequential methods. The first method is able
to transfer the entire pattern of the photomask within one exposure.
Typically chromium masks or printed masks are used for this as well as
maskless projection lithography. Sequential methods scan the desired
surface using, e.g., an electron or laser beam thus serially writing the
pattern.

Chromium masks (e. g., fabricated via electron beam direct writing) have
a very high resolution but are expensive and time consuming to
fabricate. Serial methods require expensive equipment and are time
consuming especially if complicated designs are to be written. Therefore,
in order to test several electrode designs with low cost methods, printed
masks and maskless projection lithography were chosen during the
course of this work.

2.7 Gold sputtering

Sputtering is a deposition process in which gas ions (e.g., argon ions) are
accelerated in an electric field inside of a vacuum chamber against a
target material. This ion bombardment will cause atoms from the target
to escape the bulk material which will subsequently be transferred to a
substrate, thus forming a film (see Figure 22).
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Figure 22 — Schematic diagram of a direct current (DC) sputtering machine. Inert
gas atoms are accelerated in an electric field inside a vacuum chamber against
the target material. Atoms from target are removed and deposit onto the
substrate forming a homogeneous layer.

After the chamber has been filled with the sputtering (neutral) gas under
reduced pressure and a DC electrical voltage is applied, free electrons
are accelerated away from the target. When they come close to a
neutral gas molecule they will drive the outermost electrons off, thus
ionizing the gas. The positively charged gas molecules will now be
accelerated towards the target material because of the applied electrical
field. This target bombardment with charged gas molecules will lead to
the removal of atoms from the surface of the target and generate
additional free electrons. In the meantime the recombination of ionized
gas molecules and free electrons takes place. This phenomenon will
bring the free electrons to the ground state, thus resulting in the
emission of a photon which gives plasma its color [67]. The atoms
removed from the target are deposited onto the substrate as a thin
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homogeneous layer. Parameters like distance from target to substrate,
sputtering current and target material determine the deposition rate.

2.8 Electrode manufacturing process

This section describes shortly the electrode manufacturing process which
is schematically described in Figure 23. The first step is to decide which
substrate will be used depending on the application, process
requirements (chemical resistance to substances used during the
fabrication process) and desired mechanical properties (e.g.,
transparency, porosity, hardness, etc.). The chosen substrate is then
cleaned and is ready to be sputtered (see Section 2.7) with the desired
metal layer (e.g., gold, copper, titanium, silver, etc.). It is also important
to consider the adhesion force between the metal layer and the
substrate material. Some substrates require additional adhesion layers,
e.g.,, gold on glass requires a thin titanium or chromium layer.
Afterwards, a positive photoresist is deposited on top of the metal layer
by spin-coating (see Section 3.1.3), after a short pre-baked interval the
photoresist is ready to be exposed. After selecting the correct spectral
range of the UV lamp and aligning the mask with respect to the substrate
the photoresist is exposed. The resist can then be developed. If a positive
resist was used all the exposed areas will be soluble in the developer
solution. If a negative resist was used the inverted structure will be
created. At the end of the developing step a structured photoresist layer
will remain on top of the metal layer. The exposed metal layer can now
be etched whilst the photoresist protected areas will remain in place.
Finally, the remaining photoresist and, if necessary, the adhesion layer
can be removed.
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Figure 23 — Schematic diagram of electrode fabrication steps used in this work. 1)
Substrates are cleaned. 2) A gold layer and (in case glass is used) a titanium
adhesion layer are applied by means of sputtering. 3) Spin coating of a positive
photoresist. 4) UV exposure through a photomask. 5) Exposed photoresist areas
are removed in the developer solution. 6) After development the metal layer
with the structured photoresist remains on the substrate. 7) Gold etching in K1/,
solution. 8) Removal of the remaining photoresist. 9) Etching of the titanium
adhesion layer (if used) in piranha solution.

2.9 Fluorescence microscopy

Fluorescence and phosphorescence are physical phenomena based on
the absorption and subsequent re-emission of light by organic and
inorganic substances. Phosphorescence emits light for a long period after
the extinction of the excitation light. The emission of light in
fluorescence is an almost simultaneous process as it usually takes less
than one microsecond delay between photon absorption and emission
[68]. Fluorescence was first described by Stokes in 1852 observing that
the mineral fluorspar (CaF,) emitted red light when exposed to UV light.
Many fluorescent materials were discovered in the 19" century but it
was only during the 1940s that this phenomenon was first used to
investigate biological tissue stained with fluorescent chemical
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compounds (fluorophores). This discovery led to the development of
several different detection and microscopy techniques and is today an
essential and established biological detection method.

The most commonly used fluorescence microscopy setup is depicted in
Figure 24. A light source emits a wide spectrum of light (normally an arc
discharge lamp or high-pressure mercury lamp) which is filtered by the
emission filter allowing only the light with the excitation wavelength
(excitation beam, in blue) of the fluorophore to pass. This light impinges
a dichroic mirror which reflects only the excitation beam. This beam is
focused through an objective onto the substrate where the specimen is
placed. The fluorophore absorbs the incoming light and re-emits longer
wavelength light due to internal losses (non-radiative transitions,
vibrational losses). The emission beam goes through the dichroic mirror
and emission filter. Finally, the light goes through the ocular element and
reaches the detector (eye or camera detector).
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Figure 24 — Schematic diagram of a vertical illumination fluorescence
microscope.

2.9.1 Fluorescence microscopy as a complementary technique

As previously mentioned, fluorescence microscopy has become a refe-
rence technique for biological analysis. Many new detection methods are
compared with results obtained using fluorescence microscopy.

Confirming the results obtained by impedance spectroscopy using
fluorescence microscopy can be very valuable and easily accomplished.
Proteins and antigens can be modified using fluorescence labels such as
fluorescein, cyanine, alexa dyes, etc. This modification does not have a
considerable influence on the impedimetric results as long as the
molecular size of the fluorophore is much smaller than that of the
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analyte. Furthermore, fluorescent antibodies can be used to determine
the efficiency, homogeneity and density of the immobilized antibody
layer. The combination of impedance spectroscopy with fluorescence
microscopy can provide important characterization data as well as
complementary verification measurements.

2.10 Microfluidics

During the beginning of the 1990’s a change in the materials used to
make microfluidic chips started to take place. Due to the increasing
demand for disposable and cheap microfluidic devices for biomedical
and clinical applications polymers were chosen as new materials of
choice. Silicon and glass were the first materials used in microfluidic
chips but they possess several disadvantages as microfluidic chips
material [69]. They are not suitable for large scale production due to the
required complex etch steps with dangerous substances (e.g.,
hydrofluoric acid, HF). Furthermore, they lack gas permeability which
renders them unsuitable as cell culturing material; additionally their high
stiffness made it impossible to create devices with movable parts such as
pumps and valves. Polymers were not only cost-efficient but could also
be readily replicated on an industrial scale. The most commonly used
process is injection molding which allows for low-cost and high-
throughput production.

In the late 1990’s the Whiteside’s group presented a replication
technique for polydimethylsiloxane (PDMS, also known as silicone) from
structured silicon molds with feature sizes ranging from 100 um down to
30 nm [70]. Due to its simplicity and ease of use this process is still
predominant in the microchip fabrication process for academic
purposes. This technique was also used for the fabrication of the
microchannels which house the gold electrodes.

PDMS possesses several undesirable properties for immunosensors, e.g.,
high oxygen and water vapor permeability, adsorption of hydrophobic
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molecules and lack of chemical resistance. In order to overcome those
disadvantages the PDMS flow cells used in this work were covered by a
protective layer of parylene C (see Figure 25) a transparent thermo-
plastic polymer which is extensively used as coating material for biomed-
ical implants [71]. Parylene C is non-biodegradable and resistant to most
chemicals. Thin layers of parylene can be deposited by means of chemi-
cal vapor deposition (CVD). Besides its excellent in vivo biocompatibility
parylene C has been established as a suitable material for culturing cells
[72].

Cl

H,C CH,

Figure 25 — Chemical structure of a parylene C repeat unit. Parylene Cis a
transparent and chemically inert thermoplastic polymer.
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3 Development and application of the
sensor system

This chapter lists the used materials and explains the techniques used to
fabricate the electrodes and flow cells. Furthermore, it elucidates the
surface modification methods used and how a measurement using EIS
and fluorescence microscopy was carried out.

3.1 Electrode manufacturing process

This section describes shortly the electrode manufacturing process which
has been shown schematically in Figure 23 and is pictured in Figure 26.
The substrate material has to be chosen depending on the application,
process requirements (chemical resistance to substances used during the
fabrication process) and desired mechanical properties (e.g.,
transparency, porosity, hardness, etc.). At the beginning of this work
plastic substrates (cyclic olefin copolymer, COC) were used but the
implementation of more complex surface modifications showed that the
gold adhesion on plastic was insufficient. Ceramic (Al,O3) was tested
afterwards but due to its high porosity it could not be used. Lastly, glass
substrates were successfully tested and became the standard substrate
material.

The blank substrate (Figure 26 a) had to be sputtered with gold. This step
was not required for glass substrates because they were purchased
precoated with gold (Figure 26 b). Due to the insufficient adhesion of
gold on glass a thin titanium adhesion promoter layer (10 nm) was
necessary. Afterwards, a positive photoresist (AZ 1512 HS) was
deposited (Figure 26 c) on top of the metal layer by spin-coating, after a
short pre-bake the photoresist was exposed (Figure 26d). After
exposure, the transferred pattern can already be seen (Figure 26 e). As a
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positive resist was used, the exposed areas become soluble in the devel-
developer solution (Figure 26 f). The exposed gold layer was then etched
using a Kl/l, solution whilst the areas protected by the photoresist
remained unaffected (Figure 26 g). Finally, the remaining photoresist
(Figure 26 h) and, if necessary, the adhesion layer (Figure 26i) were
removed in acetone and piranha solution, respectively.

a) b)

Z

17 41 31 4

&

2y

Figure 26 — Pictures of the electrode manufacturing procedure. a) Clean glass
substrate. b) Titanium and gold were sputtered. c) Spin coating of a positive
photoresist. d) UV exposure through a photomask. e) Exposed photoresist areas
can then be removed in the developer solution. f) Substrate after the
development of the exposed photoresist. g) Substrate after gold etching in Kl/I,
solution. h) Substrate after removal of remaining photoresist in acetone.

i) Substrate after etching of the titanium adhesion layer in piranha solution.
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3.1.1 Mask fabrication

As described in Section 2.6.4 there are several ways to implement a
photomask. In this work printed masks and maskless projection
lithography were used. Initially, masks were printed using a laser printer
(see Figure 27 a) but due to its low feature resolution limit of 100 um
and insufficient edge resolution an alternative process had to be used.
Maskless projection lithography was a suitable choice during the
electrode design phase since several designs had to be tested and
optimized. The machine used during this process was developed during
the PhD thesis of Ansgar Waldbaur [73]. This machine uses a digital
micro-mirror device with an array of 1024x768 mirrors which can be
individually controlled. Each individual mirror can be tilted to create
either a dark or bright pixel. This allows the generation of dynamic
masks. By using a demagnification optical system it is possible to achieve
a line resolution of 1 pm. The demagnification also limits the size of a
whole frame (comprising of 1024x768 pixels) to 2 x 3 mm?, since the
desired overall electrode size is 75 x 25 mm? it was necessary to “stich”
approximately 300 frames next to each other to reach the desired size.
This procedure was carried out to expose the AZ 1512 HS resist on a gold
coated substrate. The fabrication of a mask using this approach
produced a master electrode (or a gold mask) which was used to
fabricate other electrodes using the setup described in 3.1.4.

For means of comparison a high resolution (25.400 dots per inch,
equivalent to 10 um line resolution) printed mask was also tested (see
Figure 27 b).
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Figure 27 — Comparison of photolithography masks used during this work. a)
Printed mask using a standard laser printer (100 um line resolution). b) Printed
mask from a professional high resolution (10 um line resolution) plotter.

3.1.2 Gold sputtering

As explained in section 2.1.3 the electrodes have to be good electrical
conductors, therefore metallic layers were chosen. Silver and copper are
the best metallic conductors [74] but unfortunately they are cell-toxic
[75, 76] and therefore unsuitable for this application. Gold, on the other
hand is advantageous for numerous reasons. It is not cytotoxic [77] but
has the highest oxidation potential (1,40; 0,80; 0,52 V against a standard
hydrogen electrode for gold, silver and copper respectively [78]) of those
three metals. This means that it is hardest to oxidize and therefore is
extremely corrosion-resistant. Furthermore, it has the third best
conductivity among metals. Therefore, gold was chosen for this work.

During the course of this work several substrate materials were tested
including plastics (COC), ceramic and glass. They were chosen based on
their chemical inertness to the required chemicals for the manufacturing
process and their gold adhesion properties. Glass substrates require a
thin (10 nm) adhesion layer of titanium or chromium, but due to the cell
toxicity of chromium [79] titanium was chosen. Titanium thin film
deposition as an adhesion layer for gold coating requires a sputtering
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machine which can deposit titanium and gold without breaking the
vacuum because titanium is readily oxidized when in contact with air. A
titanium dioxide layer does not promote a strong adhesion to gold.
Titanium/gold glass substrates (see second step of Figure 23) were
obtained from Axel Rosenhahn’s group at the Institute of Functional
Surfaces (IFG, KIT). All other gold depositions were done in-house.

COC substrates were cleaned in a 1:1 bidistilled water and isopropanol
bath and dried with nitrogen. The cleaned substrates were placed in a
DC sputtering machine of type Balziers SCD 040. The chamber was
evacuated and argon was flushed into the recipient until a pressure of
0.05 mbar was reached. The plasma current was adjusted to 15 mA
resulting in a gold sputter rate of 10 nm/min. The desired thickness was
100 nm (600 seconds).

3.1.3 Spin coating

Spin coating is a simple technique used to deposit thin films onto flat
substrates. In this method the desired liquid or solubilized material is
deposited in the middle of the substrate to be coated. This substrate is
held by suction force on top of an axis by a vacuum pump. The axis
rotates at high speeds (up to 10.000 rotations per minute, rpm), thus
spreading homogeneously the material due to centrifugal forces. This
process can be described using the approximation described in the
equation below [80] in which h represents the film thickness, k a
constant, C the concentration of the substance, u the dynamic viscosity
and w the angular rotation velocity.

1

h=kC (w—“z)E (9

The spin coater used was WS-400-6NPP-LITE from Laurell Technologies
Corp. 500 pl of AZ 1512 HS were pipetted on top of the substrate. The
program chosen had two rotation steps: 500 rpm for 5 seconds and 3000
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rpm for 20 seconds. The initial step was responsible for spreading the
photoresist from the center to the edges of the substrate whilst the
second step created a homogenous layer and removed the excess of
photoresist.

After application of the photoresist the substrate is baked (post-
exposure bake, 60 °C for 15 minutes) in order to remove the remaining
solvents from the resist (part of which already evaporated during the
rotation). After this step the coated substrate has to be kept in the dark
to avoid undesired exposure.

3.1.4 UV light exposure

As explained in section 2.6, ultraviolet light induces chemical changes in
the AZ photoresist used. Exposing the photoresist to UV light through a
photomask will transfer the structure from the latter to the resist. The
absorption range of AZ 1512 HS is from 310 to 440 nm peaking at 340
nm (see Figure 28). A mercury-arc lamp from Lumatec model Superlite
400 was used in this work. It has 10 different filter settings (position 0 to
9). The desired wavelength range is at filter position 3 (320 — 400 nm)
with a rated average radiance emittance of 91.72 mW/mm? [63, 81].

58



3 Development and application of the sensor system

1,8 0,003
===Photoresist

1,6 ===Light source
T <« —_—> - 0,0025
3 14
~
=/ \ T
£ 12 / \ \ 0,002 5
Q ~
S \ E
b ™~
© 0,0015 =
S o8 -
H =
o (7]
= 06 0,001 S
o -
= [=
g 04 =
< 0,0005

Y, \ —

0 0
320 370 420 470

Wavelength [nm]

Figure 28 — Comparison between photoresist (AZ 1512 HS) absorption and light
source emission (Lumatec Superlite 400 at filter position 3) as intensity over the
wavelength.

The minimal feature size photolithography process can achieved is
defined by (10) where k; and k, represent manufacturing coefficients, A
the wavelength and NA the numerical aperture of the lens system.
According to the first equation, in order to further decrease the critical
dimension the wavelength of the incident light should be decreased or
the numerical aperture (NA) increased. However, there are certain
constraints in minimizing the critical dimension, e.g., the depth of focus
reduces when NA increases. If the resist thickness is higher than the
depth of focus it will result in inhomogeneously exposed photoresist.
Therefore, most of the efforts in reducing the critical dimension are
focused on reducing the wavelength of the light used.

critical dimension = k; —
NA (10)

depth of focus = k, NAZ
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Several exposure tests had to be conducted to determine the ideal
exposure duration for a spot size of 10 cm diameter (see Figure 29), this
value turned out to be 60 seconds at the maximum lamp power
intensity.

LightsSpot

Figure 29 — Setup used for UV exposure. The light source used is from Lumatec
model Superlite 400. The light guide redirects the light beam generated by the
mercury lamp onto the converging lens. A light spot of approximately 10 cm
diameter with suitable collimation is obtained.

3.1.5 Resist Developing

As explained in section 2.6, exposed AZ photoresists become soluble in
basic solutions. The photoresist manufacturer sells a developer solution
called Az 351B which contains a concentrated NaOH and Ba(OH),
solution and has to be diluted 1:4 in water before being used. The
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exposed substrate was put in a bath containing this solution for 2
minutes. Afterwards the substrate is purged thoroughly with bidistilled
water and dried with nitrogen in order to stop the developing. The
exposed areas start to dissolve almost instantaneously. After the
conclusion of this step the photomask structure can be clearly seen on
the photoresist (see sixth step of Figure 23).

3.1.6 Gold etching

The structured photoresist on top of the gold layer serves as a protective
mask to the gold etchant solution. The areas which are covered by the
photoresist will not be readily removed by the etchant. The chosen
etchant was iodine/potassium iodine (K/Kl,) a cheap and very efficient
solution to selectively etch gold. The oxidation reaction is as follows [82]:

ZA'LL(S) + Iz(aq) 4 ZA'U.I(aq) (11)

Potassium iodine is used to increase the solubility of the gold-iodine
complex in water thus enabling the same solution to be used longer
whilst increasing the etch rate. At a ratio between KI, I, of 4gto 1 g in
40 ml of water the etch rate is around 1 um/min at room temperature
[83].

The coated substrate is put in a bath of the etchant solution but due to
the reuse of this solution it is not reliable to use a predetermined etch
duration. The etching is controlled visually and is stopped by rinsing the
substrate with water and drying with nitrogen (see Figure 23).

The remaining photoresist on top of the gold structures was then
removed in a bath of acetone and ultrasonicated for 2 minutes. In order
to avoid acetone smears the electrode is washed with isopropanol
followed by bidistilled water and dried in nitrogen flow (see Figure 23).
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3.1.7 Titanium etching

As mentioned in section 3.1.2 glass substrates require an adhesion layer
for gold deposition. In this work a titanium layer was used. As a
consequence, the areas from which gold was etched still contain the
underlying gray titanium adhesion layer. Titanium is not an exceptional
conductor but nonetheless its conductivity is 1/6 of the conductivity of
gold (and around 200 puQ/cm for 10 nm thin films, [84]) which is high
enough to shortcut all electrodes. It is thus necessary to etch this layer as
well. Titanium can only be etched by very strong oxidizing agents [85],
e.g., hydrofluoric acid and piranha solution, a 1:1 volume solution of
H,S0O, and H,0,. Piranha solution was chosen in the course of this work
due to its easier handling. A total volume of 120 ml of piranha solution
was poured slowly into a glass vial into which the substrates were
subsequently immersed. After 5 minutes in the solution the substrates
were removed and rinsed copiously with water and dried under nitrogen
flow. After etching of the titanium layer the unprotected substrate areas
became completely transparent (see Figure 23).

3.1.8 Implementation of reference electrode

Some experiments throughout this work required the implementation of
a three-electrode measurement setup (see Section 2.1.4 for details) due
to the need of accurately determining the potential applied to the
electrodes. This was implemented after the electrode was fabricated by
manually applying a drop of Ag/AgCl paste to one of the gold electrode
pairs (see left electrode in Figure 30). Afterwards the substrate was
baked at 60 °C for 20 minutes in order to remove the solvent from the
paste.
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Figure 30 — Microscopy picture of electrode pair. Ag/AgCl paste was applied to
the left electrode and is seen as a white circle.

3.2 Measurement electronics

The impedance spectrum analyzer (see Figure 38) used during this work
was designed, developed and tested in-house prior to this work by Kai
Sachsenheimer. The schematic block diagram can be seen in Figure 31.
The digital values of a sinusoid are read from a lookup table in the
microprocessor (8 bit ATmega32) and then low pass filtered and
amplified (signal Aysin(wt)). This signal is applied between working and
ground electrodes, resulting in a current which is attenuated and phase
shifted yielding the current Iysin(wt + @). The current is then
converted into a voltage and multiplied by the sinus wave (input signal)
and by a cosine wave generated by the microcontroller in order to
separate the real from the imaginary part of the signal. After low pass
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filtering with a cut frequency lower than the original input signal fre-
frequency both signals are analog-to-digital converted and the real and
the imaginary part of the complex impedance is obtained. This
procedure is repeated 100 times for each frequency point and averaged.
The measurement electronics is capable of measuring impedance
spectra from 10 Hz up to 100 kHz. The amplitude of the signals applied is
20 mV peak-to-peak. This low amplitude does not disturb or damage the
molecular structure of the sample which may contain proteins,
antibodies and enzymes. For the amperometric measurements
performed during the biofilm experiments an amperometric module was
developed. This module is responsible for measuring the metabolic
current produced by a biofilm. The current is measured by monitoring
the voltage drop across a 1 MQ resistor. The voltage is converted by a
16-bit analog-to-digital converter. The measurement electronics can
measure currents down to 100 pA. Nine coaxial cables connect the eight
electrodes and ground to the measurement electronics.

Amplifier
P PC

M rement Y
easureme o i RS.232

electrode

sin -

Agsin(wt +.9) generator 8 bit uC

Agcos (wt + @)

|Meas= IO'Sirl (Wt + (P)
cos -
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Vre= 1/2:A}y A, COS(9)

Low-pass
filter

U
Viteas= Ay -sin (wt + q;)l Vim= 1/2-Ay *Aqsin(@)
s Low-pass A/D-Converter
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Figure 31 — Block diagram of the custom-made impedance spectrum analyzer.
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Signals are transferred to the measurement computer via serial port (RS-
232). The microprocessor will relay this information together with the
frequency to the computer. The software communicating with the
electronics is a terminal program (Terminal V1.9b) which reads the input
from the electronics in regular intervals and saves it in a text file.

3.3 Connection strategies

Several different connection techniques were used to connect the planar
gold electrodes to the measurement electronics. Soldering cables
directly to the planar electrodes damaged them and did not provide a
suitable electrical connection. Initially metallic pins were glued to the
substrate and by means of a conductive silver paste electrically
connected to the planar electrodes (see Figure 32 a). These metallic pins
can be inserted in their respective female connectors which are soldered
to the cables attached to the electronics. This was complex and time
consuming (included several baking steps for the silver paste). Therefore
this connection strategy was replaced by a custom made conductive
silicon pad which contained silver particles. These pads were perforated
by wires soldered to metallic pins identical to those used in the previous
strategy, therefore electrically connecting each other. The metallic pins
could then be connected to the measurement electronics (see Figure
32 b). By pressing the silicon pads against the planar gold surface electri-
cal contact was established. However, after several connections and
disconnections procedures the silicone pads showed signs of wear and
damage and had to be replaced. Therefore a third (and preferred)
concept was developed, using spring-loaded connector slots as found in
computers mother boards (see Figure 32 c). This approach is convenient
to implement and allows fastest connection time.
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Figure 32 — Comparison between the three electrode connection strategies
developed during this work. a) Metallic pins glued to the substrate and
connected to the planar gold electrodes using a conductive silver paste. b)
Conductive silicone pads containing silver particles are pressed against planar
gold electrodes pads. c) Electrode substrate after insertion into spring-loaded
slot connectors. d) A female connector soldered to cables attached to the
measurement electronics is responsible for connecting the electronics to the
metal pins seen on all strategies.

3.4 Microfluidic flow cell

The planar electrodes need to be individually probed and therefore a

microfluidic channel structures, a so-called as flow cell, is required. In

this work the PDMS flow cell was directly cast against an epoxy resin

(Accura® 60) which was structured using stereo lithography (by

PROFORM AG). The casting structure was designed in 3D computer aided
design (CAD) software (see Figure 33). The PDMS used was Wacker
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Elastosil 601. According to the manufacturer’s instructions 9 parts by
weight of component A are mixed to 1 part by weight of component B of
the PDMS prepolymer. After degassing the mixture for 5 minutes in
partial vacuum, the PDMS prepolymer was poured into the cast and
tempered for one hour at 60 °C. In order to reduce analyte diffusion into
the material and increase the chemical resistance (as required, e.g., for
the azo coupling) the flow was coated with 100 nm layer of parylene C by
means of chemical vapor deposition.

Several different channel design parameters (height, length, width,
number of channels and distance between channels), were tested
throughout the course of this work and resulted in three main layouts
with one, eight and sixteen channels (see Figure 33). All channels tested
were 100 pum deep and 1 mm wide. The eight and sixteen electrode flow
cells have channels of 4 mm length whilst the one channel and two-
channel flow cells have channel lengths of 53 and 18 mm, respectively.

a) 58

N BCCGhLL
|

b) 72

Figure 33 — 3D CAD drawings of two different flow cells with relevant dimension
indications. All channels are 100 um deep. a) Eight-channel flow cell used
predominantly for the plastic substrates (6 cm long). b) Sixteen-channel flow cell
used predominantly for the glass substrates (7,2 cm long).
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The flow cell is pressed onto the substrate by means of an aluminum
housing which clamped the parts by means of four M4 screws (see
Figure 34). During this work four different housing designs were used
and evaluated according to the current connection strategy.

%99 99 99 9 99 99 99 ¢
§ ]

\
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Figure 34 — Explosion view of the latest measurement cell setup. PDMS flow cell
and electrode substrate are clamped together by means of two aluminum plates
and four M4 screws. The flow cell’s channels are aligned with the electrodes
forming a channel on top of them.

The first housing design (see Figure 35 a) was bulky and was used initially
only with glued contact pins. Due to the disadvantages of this connection
method (see Section 3.3) it was replaced by the conductive silver pads
which could also be used with this first generation housing design. The
second generation (see Figure 35 b) was trimmed on one side in order to
allow usage of spring loaded connectors while also providing backward
compatibility with the first two connection strategies. The change from
plastic substrate to glass also required changes in the flow cell (as the
substrate size was different) and consequently also in the housing design
resulting in the third housing generation. Due to the simplicity and ease

68



3 Development and application of the sensor system

of use the spring loaded connector became the standard electrode
connector and in order to increase the number of electrodes per
substrate the flow cell was further adapted to host sixteen electrodes in
the third generation (see Figure 35 c). The fourth generation (see Figure
35d) became the standard housing and was implemented because it

provided better mechanical stability due to its thicker metal frame.

Figure 35 — The four different flow cell housing organized chronologically. a) First
housing for 60 mm length flow cell using glued contact pins or conductive silicon
pads. b) Second housing generation designed for glued contact pins, conductive
silicone pads and spring loaded connectors. c) Third generation housing
generation suitable for use of spring loaded connectors. d) Forth housing
generation with increased mechanical stability due to increased thickness of the
metal frame.

3.5 Electrode design

Experiments were conducted in order to assess the influence of the
electrode design upon the initial impedance values, sensor sensitivity,
drift behavior and saturation threshold. Four different electrode designs
were conceived and are depicted in Figure 36. An interdigitated elec-
trode with 200 um pitch and 100 um wide fingers (see Figure 36 a) and
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three round electrodes with 600, 400 and 200 um in diameter on a
constant 1 mm circular cutout (see Figure 36 b, ¢ and d respectively) are
shown.

Figure 36 — 3D CAD view of the four different electrode designs tested.

a) Interdigitated electrode with 200 um pitch and 100 pm wide fingers. b) Round
electrode with a 600 pm diameter and a 200 pm gap. c) Round electrode with a
400 um diameter and a 300 um gap. d) Round electrode with a 200 um diameter
and a 400 um gap.

The experiments firstly evaluated the initial impedance and drift
behavior of each electrode by conducting two measurements in a five
minute interval. Afterwards the electrodes were probed with 0.01 pg/ml
and 1 ug/ml of BSA in PBS (300 ul at 50ul/min), respectively, in order to
assess sensitivity and saturation threshold of the electrodes. All
measurements were carried out in electrolyte solution (25 mM of
Ks[Fe(CN)s], 25 mM of K4[Fe(CN)¢] - 3H,0 and 100 mM of KCI) as
opposed to performing the binding event and measurement in the same
solution (e.g., analyte solved in electrolyte solution). The measurements
took place after purging the electrode with the electrolyte solution for
one minute at 50 pl/min. This was done for three reasons; to purge
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unbound BSA molecules from the surface, to stop the binding process
after 6 minutes of sample probing (300 ul at 50 pl/min) and to provide a
reproducible solution conductivity for each measurement (independent
from the analyte concentration). All these measures were taken to
increase result reproducibility. Exemplary results of these measurements
can be seen in Figure 37. As expected, the electrodes with smaller gaps
showed smaller overall impedances values (see Figure 37).

The impedance is shown in a Nyquist diagram where the vertical axis
represents the module of the imaginary impedance component
(reactance) and the horizontal axis the real part (resistance). The
interdigitated electrode showed the smallest initial impedance values
and highest sensitivity but also the highest drift and the lowest
saturation threshold (see Figure 37 a). The electrode with 600 um in
diameter showed the second lowest initial impedance, comparable
sensor sensitivity, a small drift and a high saturation threshold (see
Figure 37 b). The electrode with 400 um in diameter showed higher
initial impedance, low sensitivity, small drift and high saturation
threshold (see Figure 37 c). The impedance of electrodes with 200 um in
diameter electrodes (Figure 36 d) was much larger than all of the other
electrodes and is not shown. A larger gap between the round electrode
and the working electrode results in high impedance values in lower
conductivity media (e.g., electrolyte solution in comparison to gold).
Based on this data, the largest round electrode (Figure 36 b) design was
chosen as the standard electrode format for this work.
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Figure 37 — Nyquist diagrams for the nonspecific adsorption assay of bovine
serum albumin (BSA) in PBS on the bare gold surface of different electrode
geometries from Figure 36 a, b and c, respectively. 300 ul BSA samples in PBS
pl/min into the channel for 6 minutes. After one minute of
purging the channel with electrolyte solution at 50 pl/min the pump was turned
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off and the measurement was carried out.
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3.6 Measurement setup

The measurement setup (see Figure 38) contains the measurement cell
which consists of the electrode substrate with the flow cell clamped to it
by the flow cell housing. The measurement cell is connected to the
measurement electronics and its power supply. The measurement
electronics is connected to the computer via a R$232 connection. The
liquid is pumped via a peristaltic pump from a reservoir through the
measurement cell into a waste reservoir. Two different EIS methods
could be used with this system, faradaic and non-faradaic (see Section
2.1.7). Faradaic EIS systems allow the current to flow through the
electrode-electrolyte interface, thus providing additional kinetic
information about the biochemical binding reaction taking place on the
surface of the electrode. Therefore, a faradaic method was chosen which
in turn required the use of an electrolyte solution during the EIS
measurements. This solution consists of 25 mM of K5[Fe(CN)e], 25 mM of
K4[Fe(CN)¢] - 3H,0 and 100 mM of KCI. As previously mentioned (see
Section 3.5), the measurements were carried out in electrolyte solution
in order to increase the reproducibility of the measurements.
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Power supply

Figure 38 — Measurement setup consisting of a peristaltic pump, measurement
electronics with power supply, measurement cell (flow cell housing, flow cell,
electrode substrate), electrolyte reservoir and waste. Tygon pump tubing with
0.76 and 2.46 mm inner and outer diameter, respectively, was used. All other
tubings were polytetrafluoroethylene (PTFE) tubing with 0.8 and 1.6 mm inner
and outer diameter, respectively.

3.7 Biofilm detection

Another application field which was investigated during the course of
this work was the monitoring of biofilm (see Section 2.4) using EIS and
amperometry. The detection of biofilm growth by means of EIS is,
compared to an affinity assay, more straightforward as it does not
require a specific surface modification of the electrodes (see Section
2.5.2). As the bacterial film colonizes the electrode surface it gradually
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hinders the electron transfer between the electrodes resulting in an

Figure 39 — Diagram of two electrode systems during two different biofilm
colonization stages. a) The current between the electrodes flows unhindered in
the absence of biofilm. b) The formation of a biofilm on top of the electrode

hinders the charge transfer between the electrodes, thus increasing the
measured impedance.

impedance increase (see Figure 39).

f"\

Monitoring the growth of the biofilm is just one parameter relevant to
understanding the behavior of bacterial colonies. Information about the
respiratory activity of the biofilm provides crucial information for the
development of treatment procedures for the disintegration or
deactivation of these bacterial colonies. The respiratory processes of
bacteria can be assessed by monitoring the resulting extracellular and
membrane associated charge transfer [86]. In order to do so an
additional amperometric module was developed to monitor the
extracellular current resulting from these respiratory processes. This
two-pronged approach (see Figure 40) allows for real-time monitoring of
the biofilm film growth and respiratory activity.
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3.7.1 Setup

The setup for this combined measurement approach consists of a flow
cell which contains two independent channels, each housing three
amperometric electrodes and four planar EIS gold electrodes, a custom
made electronics and a flow cell housing. One microfluidic channel
(reference) was not probed with bacteria solution, the other microfluidic
channel (measurement) was probed in order to allow biofilm growth in
this channel. Having a reference and a measurement channel allows
reducing signal drifts caused by ambient temperature variations by
subtraction of the two signals over time. The measurements were
carried out using gram-negative, rod-shaped, and opportunistic
pathogen Pseudomonas aeruginosa type UCBPP-PA14. The biofilm was
monitored during seeding, growth and treatment with a biocide (sodium
azide). The results obtained by means of EIS and amperometry were
confirmed by fluorescence microscopy after live/dead staining of the
bacteria.
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Figure 40 — Measurement setup schematic. Two independent fluidic channels are
shown: reference channel (left) and measurement channel (right). During
experiments a biofilm was seeded only in the measurement channel. Each
channel features four electrodes for EIS and three for amperometry
measurements. This setup enables the measurement of the biofilm growth (EIS
electrodes) and its respiratory activity (amperometry electrodes). Published in
[87].

EIS can determine the presence of a biofilm on top of the electrodes and
asses the film thickness but it gives no information on whether or not
the biofilm is alive or dead. This is problematic because many biofilm
colonies do not detach from the surface after being killed which results
in dead biomass being deposited potentially serving as feeding ground
for further biofilm development. Bacteria whose respiratory processes
are linked with membrane-associated enzymes or exoenzymatic
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activities (oxidases, reductases) enable the monitoring of their respirato-
respiratory activity by measuring the created extracellular and
membrane-associated charge transports, i.e., currents. Amperometric
methods enable the monitoring of a current over time and are therefore
a suitable measurement technique for respiratory activity assessment.
The combination of EIS and amperometry allows gaining insight into the
dynamics of biofilm behavior when treated with different biocides.

3.7.2 Measurements

Measurements were carried out with the aim of monitoring the biofilm
behavior during repeated biocide (sodium azide) probing (see Figure 41).
Firstly, a bacterial suspension solution of Pseudomonas aeruginosa was
seeded in the measurement channel during the biofilm seeding phase
(interval A in Figure 41) for 3 hours. As can be seen there is a clear
increase in the measured impedance which correlates with the biofilm
seeding on the surface. Furthermore, a significant increase in the
amperometric signal can be observed which results from the high
concentration and thus high respiratory activity of the bacteria in close
contact with the electrode. After seeding the biofilm was grown for 72
hours by probing brain heart infusion (BHI) broth through the
microfluidic system. As can be seen both EIS and amperometric signal
increase over time (interval between A and B in Figure 41). After the
growth phase the measurement channel is probed with a solution of
1 m% sodium azide for 4 hours (interval B in Figure 41). As can be seen
the impedance reaches a plateau whereas a clear decline in the current
curve is shown. This indicates that the biofilm significantly reduces its
respiratory activity which indicates that the bacteria are dying. However,
based on the non-declining EIS data it can be established that the overall
biomass is not reduced. Directly after this biocide probing a second
growth interval (between B and C in Figure 41) of 40 hours was applied
during which the biofilm regrew as clearly indicated by the rise of the EIS
signal (increase in biomass) and the increase in the amperometric signal
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(increase in respiratory activity). After the second growth phase a second
biocide probing of sodium azide (1 m%) for 6 hours took place (interval C
in Figure 41) analogous to the previous biocide injection. Again the EIS
signal shows a plateau whereas the amperometric signal decreases. As
discussed, the bacteria are largely affected by the biocide but the dead
biomass does not dissolve from the substrate. After this second biocide
probing a final growth phase of 24 hours took place (between C and D in
Figure 41) which again is marked by a slight increase in both monitored
parameters. A final biocide (sodium azide 1 m%) injection phase after 24
hours of growth took place for the remaining 20 hours of the experiment
(interval D in Figure 41) which shows a drastic current decrease and
almost unaltered impedance values again indicating a strong decline of
biofilm respiratory activity and no biofilm disintegration.

This experiment efficiently demonstrated the suitability of this combined
electrochemical measurement system for characterizing mass and
activity of a biofilm on a technical substrate. The use of this system
demonstrated that sodium azide as a treatment agent is inefficient due
to the fact that although it kills the bacteria of the biofilm it is unable to
dissolve the biofilm. Quickly after the end of biocide probing the biofilm
recovers and accumulates more biomass over time. This trend could
neither be prevented nor reverted by sodium azide.
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Figure 41 — Experimental results for combined electrochemical impedance
spectroscopy (a) and amperometric biofilm growth characterization (b) during
three (B, C and D) injection periods of sodium azide (1 m%). A — Initial injection of
Pseudomonas aeruginosa suspension (approximately 10° colony forming units
per ml) during 3 hours. Three growth intervals took place during this
measurement, between A and B, B and C and C and D; for 72, 40 and 24 hours
respectively. A constant flow of BHI was probed across both channels during
these intervals. B, C and D represent three sodium azide (1 m%) injections for 4,
6 and 20 hours, respectively. Published in [87].
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surface modifications

Surface modification encompasses a range of different methods to
modify a surface in order to provide functional groups for the
immobilization of analyte specific molecules whilst simultaneously
suppressing the nonspecific adsorption of unwanted molecules (see
Section 2.5 for details). This section highlights the surface modification
techniques implemented in the course of this work and the experimental
results obtained from electrode systems modified using the respective
surface modification technique. Advantages and disadvantages of each
method will be indicated. The method of choice is a process based on
photobleaching which has been developed and adapted to biosensing
during the course of this work. This method is not known from literature
and this work is the first to report usage of this versatile technique.

4.1 Adsorption experiments on unmodified
electrodes

The first experiments carried out were based on protein adsorption on
unmodified gold electrodes. These experiments were carried out in
order to assess the sensor’s sensitivity. Different concentrations of a
protein (bovine serum albumin, BSA) in PBS ranging from 1 ng/ml to 1
ug/ml were probed across a bare gold electrode (see Figure 42). The
initial measurement (Figure 42, blue curve) establishes the initial imped-
ance of the sensor. The frequency range chosen was from 10 Hz to
5.000 Hz (and later extended to 50.000 Hz). The flow rate was set to 50
pl/min. In order to perform faradaic EIS measurements (see
Section2.1.7) an electrolyte solution (25 mM of K3[Fe(CN)e¢], 25 mM of
K4[Fe(CN)¢] - 3H,0 and 100 mM of KCI) was probed through the
microfluidic channel for one minute at 50 pl/min, the pump was then
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turned off and a measurement was carried out assessing the changed
surface impedance. Performing the EIS measurements in pure
electrolyte solution (as opposed to analyte solved directly in the
electrolyte solution) has many advantages. Firstly, the purging step
removes unbound molecules from the electrode surface, thus
minimizing the effects of unbound molecules onto the measurement.
Secondly, it limits the binding process to the sample probing interval
(300 upl at 50 pl/min) and finally, it provide a reproducible solution
conductivity for each measurement (independent from the analyte
concentration). All these measures were taken to increase result
reproducibility.

As can be seen the impedance increases gradually after each probing
with increasing concentration.

7
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Figure 42 — Nyquist diagram of the nonspecific adsorption of bovine serum
albumin (BSA) on bare gold surfaces. All measurements were carried out in
electrolyte solution in stationary flow and from 10 Hz to 5000 Hz. All EIS

measurements were preceded by a one minute electrolyte solution purge.
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This experiment showed that the sensor is able to clearly detect a
protein of 1 ng/ml concentration. This sensitivity threshold gives a rough
estimate for further experiments. This detection limit is in the same
range as found for reference methods based, e.g., on gel electrophoresis
(for instance, sodium dodecyl sulfate polyacrylamide gel electrophoresis
— SDS-PAGE). However, the sensor is not specific. Using unmodified
electrodes, the sensor would react to any protein in an identical fashion
thus rendering discrimination of analytes impossible. As stated, in order
to transform this system into a biosensor it is necessary to modify the
electrode surface such that it can fulfill the requirements described in
2.5.

4.2 Cleaning procedures

Before applying surface modifications the sensor surface must be
sufficiently cleaned from impurities. Several cleaning methods are
known from literature and have been evaluated. It is of paramount
importance to have the cleanest gold surface possible before starting the
surface modification procedure as contaminants may hinder the
formation of the surface modification and may increase the initial sensor
impedance considerably. This not only decreases the sensor’s sensitivity
but usually increases electrode-to-electrode variations significantly (see
Figure 43).

Several methods listed in literature [88] were tested throughout this
work, e.g., plasma cleaning, cyclic voltammetry (CV) in sulfuric acid, CV in
KOH and immersion in piranha solution. Plasma cleaning is a very simple
procedure but the method was found to yield electrodes with high
variations in surface impedance. Cyclic voltammetry in a 10 mM sulfuric
acid aqueous solution was tested as an alternative method. However,
before a stable cyclic voltammogram could be reached (around the
second cycle from -400 to 1400 mV versus Ag/AgCl) the electrodes
showed signs of strong corrosion. Alternatively cyclic voltammetry (-200
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to 1200 mV versus Ag/AgCl) in a 50 mM solution of KOH was carried out
and yielded good cleaning results with small electrode-to-electrode
variations. The disadvantages of this method are two-fold. Firstly, it is
time-consuming (around one hour) as the electrodes have to be washed
thoroughly afterwards. Secondly, it requires the application of Ag/AgCl
paste to the reference electrodes which in turn adds 30 minutes to the
electrode fabrication procedure due to the necessity of baking the paste
(see Section 3.1.8). Immersing the whole substrate in piranha solution
was found to be the best method as it is fast (30 minutes for a batch of
up to 10 substrates) and produced substrates with minor electrode-to-
electrode variations (see Figure 44).
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Figure 43 — Nyquist diagram of eight gold electrodes from the same substrate
functionalized with a substance which was used for creating unsaturated
surfaces used for photobleaching (see Section 4.6), i.e., allyl mercaptan. All EIS
measurements were preceded by a one minute electrolyte solution purge and
carried out in electrolyte solution.
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The EIS frequency range was extended to 50.000 Hz in order to provide
more information about the electrode at high frequencies. It is im-
portant to note that the last step of the electrode manufacturing (see
Section 3.1.7) also consists of immersing the substrate in piranha
solution. However, the electrodes were usually not used directly after
manufacturing but rather stored for varying amounts of time before
being used. This rendered this additional cleaning step prior to surface
modification necessary.
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Figure 44 — Nyquist diagram of eight gold electrodes from the same substrate
functionalized with allyl mercaptan (see Section 4.6), which were cleaned with
piranha solution before the application of allyl mercaptan. All EIS measurements
were preceded by a one minute electrolyte solution purge and carried out in
electrolyte solution. Very low initial impedance values can be obtained and the
Warburg impedance dominated region is clearly visible. Electrodes show good
electrode-to-electrode reproducibility.

Measuring the contact angle on glass and gold surfaces is another
method to assess the cleanness of the surfaces. After immersing glass in
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piranha solution it becomes superhydrophilic as piranha solution readily
oxidizes the surface creating high concentrations of surface-bound
silanols. According to literature, ordinary gold has a contact angle of 60°
to 65° [89]. Contact angle measurements after the cleaning with piranha
solution resulted in values around 61°.

4.3 Self-assembled monolayer (SAM)

One of the most common methods found in literature for surface
modification is usage of substances that form SAMs. This technique is
appealing due to its simplicity and ease of use (see Section 2.5.5 for
details). Several SAM-forming compounds, i.e., 3-Mercaptopropionic
acid (3-MPA), 6-Mercaptohexanoic acid (6-MHA), 8-Mercapto-octanoic
acid (8-MOA), 11-Mercaptoundecanoic acid (11-MUA) and 4-
Mercaptobenzoic acid (4-MBA) were investigated during the course of
this work (see Table 2). A 2 mM solution of the SAM-forming substance
in ethanol was pipetted onto the cleaned gold electrode and incubated
overnight. Afterwards, the electrode was washed with ethanol and
bidistilled water and dried under nitrogen. All substances underwent the
same initial characterization using EIS. After SAM formation the
electrodes were probed three times with a highly concentrated
(1 mg/ml) BSA in PBS (300 ul at 50 pl/min) solution to assess the
presence of holes or imperfections in the formed SAMs. As BSA readily
adsorbs and adheres to gold surfaces measurable increases in the
surface impedance will indicate imperfections on such layers (see
Section 4.1 and Figure 42 which discuss an adsorption experiment).

Experiments with 3-MPA showed a very low initial combined impedance
(magnitude of the resistance and reactance) of 61 kQ which was
expected given the fact that this is a short molecule and not expected to
introduce highly insulating layers. However, BSA adsorption was found to
be very high, probably due to an insufficiently dense SAM which may
have resulted from low Van der Waals forces displayed by such a short
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carbon chain and thus low self-ordering effects in the SAM (see Figure
45).

3-Mercapto [6-Mercapto[8-Mercapto[l1-Mercapto |4-Mercapto
propionic |hexanoic |octanoic |undecanoic |benzoic
acid acid acid acid acid
o
\ OH
o
£ OH
>
g O
= OH
[%2]
8 Os_ _OH
£ AN
210
(@]
OH
HS SH SH HS SH
©
T o 61 kQ 430 kQ 769 kQ 1600 kQ 220 kQ
—

Table 2 — Overview of the SAM-forming substances tested during this work. The
values present in the bottom part of the table represent the magnitude of the
impedance at 10 Hz for each tested substance.
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Figure 41 — Experimental results for combined electrochemical impedance
spectroscopy (a) and amperometric biofilm growth characterization (b) during
three (B, C and D) injection periods of sodium azide (1 m%). A — Initial injection of
Pseudomonas aeruginosa suspension (approximately 10° colony forming units
per ml) during 3 hours. Three growth intervals took place during this
measurement, between A and B, B and C and C and D; for 72, 40 and 24 hours
respectively. A constant flow of BHI was probed across both channels during
these intervals. B, C and D represent three sodium azide (1 m%) injections for 4,
6 and 20 hours, respectively. Published in [87].
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Table 2) was found at 10 Hz which is almost twice as much as obtained
for 6-MHA.
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Figure 46 — Nyquist diagram of the nonspecific adsorption characterization of
SAM layers created from 6-Mercaptohexanoic acid (6-MHA) by means of BSA
adsorption experiments. All EIS measurements were preceded by a one minute
electrolyte solution purge and carried out in electrolyte solution.

The last alkane SAM forming reagent tested was 11-MUA. This substance
is very prominent in literature and used as modification layer for EIS.
Examples include detection of cholera toxin [90] by coupling protein A,
detection of infection markers by coupling protein G [91], and detection
of tumor markers by directly immobilizing 1gGs [92]. Its long alkane chain
contributes to good self-alignment capabilities and high layer density
due to stronger Van der Waals forces can be obtained. On the other
hand, its lengthy chain is strongly electrically insulating. In the course of
this work, freshly prepared SAM layers from 11-MUA showed initial
impedance magnitude values of 1,6 MQ at 10 Hz. This impedance is so
high that EIS based detection could not be carried out. The reason why
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11-MUA can be used by other researchers for creating layers of suffi-
sufficiently low impedance is the fact that most of these systems use
significantly lower frequency ranges (typically in the range of 50 mHz to
1 Hz). Chebil et al. [93] used frequencies down to 50 mHz, Chiriaco et al.
[94] and Montrose et al. [91] used a frequency span down to 100 mHz
during EIS based biosensing, Chen et al. [95] used frequencies of 1 Hz. In
the course of this work, EIS was operated at higher frequencies in order
to allow fast biosensing. Operating the measurement electronics at
significantly lower frequencies would be an option to work with these
high impedance layers, however, the measurement intervals would then
be extended to several hours. This was deemed unsuitable and therefore
lower impedance layers were sought.

One option tested was usage of an aromatic SAM-forming substance. 4-
MBA, being the smallest aromatic thiol was deemed a suitable choice.
Using this substance lower initial impedances layers should be
achievable due to the presence of delocalized pi-electron systems in the
benzene ring. This was verified experimentally (see Figure 47). Compared
to 3-MPA (which was the SAM with the lowest impedance found) 4-MBA
showed higher initial impedance values but slightly lower nonspecific
adsorption. The still considerable nonspecific adsorption level for this
compound can be attributed to its bulky characteristic, thus not allowing
the formation of very densely packed layers.
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Figure 47 — Nyquist diagram of the nonspecific adsorption characterization of
SAM layers created from 4-Mercaptobenzoic acid (4-MBA) by means of BSA
adsorption experiments. All EIS measurements were preceded by a one minute
electrolyte solution purge and carried out in electrolyte solution.

As an attempt to obtain a low impedance layer which also blocks the
nonspecific adsorption, a combination of two different SAM-forming
compounds was carried out. Initially, a solution containing equimolar
amounts (2 mM) of 4-MBA and 3-MPA in ethanol was applied to the
electrode surface with the objective to fill the spaces between the bulky
4-MBA molecules with 3-MPA. This approach yielded a low impedance
layer but no significant improvement regarding the nonspecific
adsorption. Mixing 4-MBA with 6-MHA resulted in a layer with
significantly higher initial impedance (760 kQ at 10 Hz). Therefore this
combined SAM approach did not yield an improvement over usage of
just a single SAM forming reagent.

In order to demonstrate the specific binding sensitivity of this method
(see Figure 48) an electrode was modified with the best SAM-forming
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compound determined in the previous experiments (i.e., 4-MBA). After
modification the carboxyl groups were activated by active ester
chemistry (for details see Section 2.5.6). Then a streptavidin solution
(125 pg/ml in PBS) was pumped at 50 pl/min into the channel and
incubated on electrode surface for one hour, thus covalently
immobilizing streptavidin to activated carboxyl group of 4-MBA via
peptide bond formation (blue curve in Figure 48). PBS solution was
pumped for 5 minutes at 50 pl/min in order to remove not bound
streptavidin molecules from the surface. The electrode was then probed
with a 300 pl BSA solution (25 pg/ml in PBS) at 50 pl/min to evaluate the
degree of nonspecific adsorption (red curve in Figure 48). As can be seen,
a slight shift in the curve can be observed indicating that nonspecific
adsorption did occur. Subsequently biotin-modified BSA (biotinylated-
BSA, b-BSA, 25 pug/ml, 300 ul at 50 pl/min) was probed across the
electrode. Another PBS rinsing step was carried out (5 minutes at
50 pl/min) in order to remove loosely bound BSA molecules from the
surface. Electrolyte solution was pumped into the system, allowing EIS
measurements to take place. As can be seen (green curve in Figure 48)
there is distinct signal increase. The value shift is bigger than the value
obtained for nonspecific adsorption. However, as can also be seen, the
signal shift is very small. The highest specific sensitivity achieved with
this method was found to be 25 pug/ml of b-BSA using SAM layers from 4-
MBA and streptavidin as covalently linked ligand. This limit is still orders
of magnitude higher than the established threshold and therefore
further surface modifications had to be investigated.
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Figure 48 — Nyquist diagram of a specific binding assay of an electrode coated
with 4-MBA. All EIS measurements were preceded by a one minute electrolyte
solution purge and carried out in electrolyte solution.

4.4 Conductive polymer

The low sensitivity obtained by SAM-modified electrodes is mainly
attributed to the insulating characteristic of these layers. This motivated
investigating the usage of conductive polymers as interface layers. The
polymer of choice in this work was polypyrrole due to its ease of
synthesis (chemically or electrochemically), stability and high electrical
conductivity. As discussed in Section 2.5.7 pyrrole derivatives with
function groups suitable for ligand immobilization are commercially
available. Therefore copolymers of pyrrole and pyrrole-3-carboxylic acid
were investigated. Polypyrrole can be polymerized chemically (in
solution) and electrochemically (on top of an electrode). Since the layers
were required to be applied to the electrode anyway, polypyrrole was
electrochemically polymerized directly on top of the measurement
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electrode. Electrochemical polymerization requires a three-electrode
setup (see Section 2.1.4 for details) since it is very important to
determine precisely the voltage being applied to the monomer solution.

Additional tests were carried out in order to assess the nonspecific
adsorption levels on both pure polypyrrole and a copolymer containing a
3:1 molar ratio of pyrrole to pyrrole-3-carboxylic acid.

In a typical polymerization process, a solution containing 120 mM of
pyrrole, 40 mM of pyrrole-3-carboxylic acid and 100 mM of potassium
chloride (required to increase the solution conductivity) was prepared.
This solution was probed into the PDMS low cell thus probing the
electrodes. Polymerization was initiated by applying a triangular shape
excitation signal ranging from -800 mV to 800 mV at a speed of 40 mV/s
[96]. Preliminary experiments were carried out with the aim of
determining the optimized number of cycles as a compromise between
layer thickness (thicker layers result in higher initial impedance) and
layer homogeneity (holes in the layer enable high nonspecific
adsorption). The optimal number of cycles was determined to be three.

The formed polymer could be visually seen as a dark layer forming on
top of the working electrode electrodes. Experiments done in order to
optimize the polymer film homogeneity (characterized visually in the
light microscope) under various flow rates (ranging from 50 pl/min to
0.5 pl/min) during the electropolymerization did not show to have
considerable influence upon the quality of the polymerized layers.

In order to assess the layer characteristics fluorescence microscopy (see
Section 2.9 for details) was used. A fluorescence marked (alexa fluor®
488 dye) antibody (rabbit anti-goat IgG) was used to evaluate the
nonspecific adsorption levels. The results can be seen in Figure 49. The
electrode coated with pure polypyrrole (Figure 49 a) shows higher
nonspecific adsorption levels as polypyrrole provides a non-polar surface
to which the antibodies can adhere by hydrophobic interaction. The
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electrode coated with the copolymer (Figure 49 b) shows lower nonspe-
nonspecific adsorption levels. Further experiments with higher
concentrations of pyrrole-3-carboxylic acid led to very inhomogeneous
and high impedance polymer films. Experiments trying to polymerize
pure pyrrole-3-carboxylic acid solutions failed as it was found to be

impossible to polymerize this solution.

Figure 49 — Fluorescence microscopy images of two electrodes coated with two
different polypyrrole (co)polymers. Each electrode was incubated for 60 minutes
in a 100 pg/ml solution containing rabbit anti-goat 1IgG marked with alexa-488. a)
Electrode coated with 100% pyrrole. b) Electrode coated with a copolymer with
1:3 molar ratio of pyrrole-3-carboxylic acid to pyrrole. The bright spot on both
electrodes represents the reference electrode which consists of Ag/AgCl paste.
This paste is very porous and adsorbs promptly the secondary antibody, creating
the bright spots.
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Two different substances (TRIS and an amine-functionalized PEG - a,w-
Bis-amino PEG with a molecular weight of 2000 g/mol) were coupled to
the carboxyl groups on the copolymer’s surface in order to reduce the
nonspecific adsorption (see Figure 50). As discussed in [48] increasing
the hydrophilicity of the surface should reduce the potential of
hydrophobic interaction and therefore the nonspecific adsorption. As
can be seen TRIS (see Figure 50 b) did result in significant reduction of
nonspecific adsorption. Furthermore, the PEG-modified layer also shows
significantly reduced nonspecific adsorption (see Figure 50 c). However,
initial experiments with EIS using PEG-modified polypyrrole copolymers
showed initial impedances of over 1 MQ at 10 Hz which renders these
surfaces unsuitable for analytical applications.
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Figure 50 — Comparison of fluorescence microscopy pictures of two different
nonspecific adsorption blocking compounds coupled a copolymer with 1:3 molar
ratio of pyrrole-3-carboxylic acid to pyrrole. After the coupling of these
compounds the electrode was incubated for 60 minutes in a solution containing
100 pg/ml of antibody (rabbit anti-goat IgG marked with alexa-488). a) Electrode
coated with pure polypyrrole from Figure 49 a as control. b) Coupling of TRIS to
the copolymer surface. c) Coupling of an amine-functionalized PEG (a,w-Bis-
amino PEG with a molecular weight of 2000 g/mol).
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In the next step, EIS experiments were carried out using BSA as a block-
blocking agent in order to assess the nonspecific adsorption. Three cycles
polymerizing a 3:1 molar ratio solution of pyrrole and pyrrole-3-
carboxylic acid (see Figure 51 a) resulted in the best compromise be-
tween layer thickness and layer homogeneity established by EIS-based
characterization.
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Figure 51 — Schematic diagram of the surface modification based on polypyrrole
and the assay performed. a) After the electropolymerization of the copolymer
(3:1 pyrrole to pyrrole-3-carboxylic). b) Immobilization of streptavidin by means
of active ester chemistry. c) BSA blocking of the surface in order to reduce
nonspecific adsorption (d). e) Specific detection of biotin.

For this, substrates were prepared and coated by electropolymerization
as described (see Figure 51a). After the electropolymerization
streptavidin was immobilized via active ester chemistry (EDC/NHS) (see
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Section 2.5.6 for details) onto the polymer surface (see Figure 51 b).
Subsequently solutions of 1 mg/ml BSA in PBS (300 pl volume at
50 pl/min) were probed through the flow cell with the aim of assessing
the unspecific adsorption and blocking subsequent samples from
interacting nonspecifically with the electrode (see Figure 51 c). Samples
containing biotin (either conjugated to BSA or in pure form) were used to
test the sensor’s sensitivity to the specific binding of a high and low
molecular weight analyte, respectively (see Figure 51 d and e). The high
molecular weight conjugated analyte b-BSA (biotinylated BSA, 66.500
g/mol) could be detected at a detection limit of 1 ng/ml which is in the
expected range for analytical applications. Based on this result an
analogous assay was carried out with the aim of specifically detecting
biotin (see Figure 52) which is a low molecular weight analyte
(244 g/mol). The  impedance  was measured after  the
electropolymerization (see blue curve in Figure 52), after immobilization
of streptavidin via active ester chemistry (see red curve in Figure 52),
after two blocking injections of 1 mg/ml of BSA in PBS (see green and
yellow curve in Figure 52), and after probing of a sample containing
10 and 100 ng/ml of biotin in PSB (see purple and black curve in Figure
52).
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Figure 52 — Nyquist diagram of a specific binding assay of an electrode covered
with a conductive polypyrrole copolymer (pyrrole and pyrrole-3-carboxylic acid,
3:1 molar ratio). All EIS measurements were preceded by a one minute
electrolyte solution purge and carried out in electrolyte solution.

Surface modifications based on the described approach using
copolymers of polypyrrole allowed significant increases of sensor
sensitivity. For the best SAM a limit of detection of 25 pug/ml of b-BSA
was achieved. Using polypyrrole copolymers this value was reduced by 4
orders of magnitude down to 1ng/ml. However, the nonspecific
adsorption is still considerably high as can be seen by the increase in
impedance after BSA probing in Figure 52. This is mainly due to the fact
that polypyrrole, being a nonpolar polymer, gives rise to significant
hydrophobic interactions. However, experiments using reagents for
reducing nonspecific adsorption (TRIS and amine-functionalized PEG -
a,w-Bis-amino PEG with a molecular weight of 2000 g/mol) coupled via
active ester chemistry did not result in significant improvements. This
may be due to the fact that the molar ratio of pyrrole to pyrrole-3-
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carboxylic acid was found to be at an optimum at 3:1 molar ratio which
results in polymers with a high percentage of nonpolar pyrrole.
Increasing the amount of functionalized monomers led to a gradual
decrease of the layer conductivity. Creating polymers solely from
pyrrole-3-carboxylic acid failed due to the fact that the monomer did not
form by electropolymerization.

Since increasing the concentration of surface functional groups beyond a
1:3 molar ratio was impossible using polypyrrole copolymers another
surface modification method was investigated which allowed creating
functional layers with stoichiometric amounts of function groups.

4.5 Chemical grafting

In order to create a surface modification which offers a high density of
functional groups chemical grafting was chosen. This method enables
the direct immobilization of small molecules to an electron rich surface
(for details see Section 2.5.4) by means of cyclic voltammetry.

Initially an aqueous solution (8.3 ml) containing 2 M of sodium nitrite
and a 0.1 M 4-aminobenzoic acid (4-ABA) in 0.5 M HCI solution (50 ml)
were prepared. 4-ABA consists of a benzene ring substituted with an
amino and carboxyl group at opposite positions, thus providing the
required groups (amino group for the chemical grafting and carboxylic
group for posterior functionalization) and a delocalized pi-electron
system which increases the grafted layer’s conductivity. Both solutions
were initially stirred and cooled down to 5°C in an ice bath. Slowly
adding the sodium nitrite solution to the 4-ABA solution resulted in slight
temperature increases and a shift of solution color to light yellow. This
procedure was repeated until both solutions were completely mixed.
The temperature of this solution was tightly controlled at 5°C
throughout this procedure in order to avoid the rapid emission of
nitrogen gas and to avoid the deterioration of the highly instable aryl
diazonium compounds (see Section 2.5.5 for details). The solution was
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stirred for 20 minutes at 5°C after which the whole electrode was
submerged in the solution and cyclic voltammetry was performed for
two cycles from 0,2V to -0,6 V at a speed of 50 mV/s. A clear color
change was observed on the working electrode as it acquired a darker
tint. The number of cycles was a compromise between electrode
corrosion (resulting from electrochemical oxidation of the working
electrode in acidic media) and electrode color change (as an indicator of
the successful chemical grafting procedure) evaluated optically. During
this procedure the creation of gas (nitrogen) bubbles was observed as
sign that the reaction has taken place. After the cycles were completed
the electrode was thoroughly washed in bidistilled water and dried
under nitrogen flow. The electrode was then inserted into the flow cell
for further surface functionalization.

The preparations for this method, e.g., weighing all substances, cooling
and stirring, are time consuming. The tight temperature control requires
constant monitoring. Trying to reduce the time required for cooling
down the solution and the amount of necessary reagents by reducing
the total solution volume and performing the reaction inside the flow
cell resulted in two disadvantages. Firstly, the flow cell hinders the
dissipation of heat resulting from the chemical grafting, thus
destabilizing the reaction. Secondly, the nitrogen gas produced during
the reaction fills up the microchannel thus interrupting the reaction.
Early experiments carried out in the flow cell showed low electrode-to-
electrode reproducibility. Pumping the grafting solution during the cyclic
voltammetry did not improve the reproducibility significantly.

Again, fluorescence microscopy (see Section 2.9 for details) was used in
order to assess the characteristics of the layers created. Using
fluorescence microscopy two cases were characterized in order to verify
that the created layer fulfilled both requirements of an ideal surface
modification, i.e., binding of the analyte of interest (positive control, see
Figure 53) while suppressing the nonspecific interaction (negative con-
trol, see Figure 54).
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The assay used to verify the capability of the layer to immobilize the
ligand of choice was based on the immobilization of a primary antibody
which binds to a fluorescently labeled secondary antibody. This assay
configuration was chosen as it demonstrates that the immobilization
procedure based on active ester chemistry can be carried out as
expected. In these experiments the ligand immobilized by active ester
chemistry was a rabbit anti-goat IgG which was used as the primary
antibody (see Figure 53). The secondary antibody was a fluorescently
labeled goat anti-rabbit IgG. A solution containing 100 pg/ml of the
primary antibody in PBS was incubated on the freshly grafted electrodes
for 60 min. Incubation was performed using the flow cell and the
microfluidic channel in order to reduce sample evaporation. The
fluorescence label present in the secondary antibody was Alexa fluor®
488 dye (absorption and maximum maxima at 495 nm and 519 nm,
respectively). After coupling the primary antibody the electrode was
thoroughly washed with PBS and incubated in a solution containing
1 ug/ml of secondary antibody in 5 m% BSA in TBST (TRIS-Buffered Saline
and Tween 20 — 50 mM Tris, 150 mM NaCl and 0.05 vol% Tween 20)
overnight. Afterwards the electrode was thoroughly washed in PBS
before being examined under the fluorescence microscope.

The results of this assessment are shown in see Figure 55. As expected,
the electrode shows up as a bright rectangular area in the form of the
microfluidic channel used during probing (see Figure 55a). This
demonstrates that the layer is capable of effectively binding the analyte
in question.
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Figure 53 — Schematic diagram of an antibody immobilization process onto a
grafted layer of 4-Aminobenzoic acid (4-ABA) and subsequent coupling of the
primary antibody by means active ester chemistry. The secondary antibody is
fluorescently labeled with alexa-488 and binds to the primary antibody
(incubated overnight in TBST and 5 m% BSA). This surface preparation protocol
generates electrodes which show strong fluorescence if binding occurs (positive
control).

The second assay used to test the suitability of the created layers was
implemented with the aim of assessing the degree of nonspecific
adsorption. This assay is based on the immobilization of TRIS (see Section
2.5.3 for details) by means of active ester chemistry. For this an aqueous
solution (300 ul) of TRIS 100 pug/ml was incubated in the flow cell for 60
minutes. After probing the surface is thoroughly rinsed with bidistilled
water. Creating a dense TRIS-modified surface layer renders the
electrode hydrophilic. As discussed hydrophilic surfaces are less prone to
nonspecified adsorption by means of hydrophobic interaction (see Figure
54). Afterwards, a solution containing 1 ug/ml in TBST and 5 m% of the
secondary antibody was incubated in the flow cell overnight.
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Figure 54 — Schematic diagram of the suppression of nonspecific adsorption
using TRIS coupled to a grafted 4-Aminobenzoic acid layer (4-ABA). After the
grafting of 4-ABA the carboxyl groups were activate by active ester chemistry and
TRIS was coupled onto the surface. The secondary antibody is fluorescently
labeled with alexa-488 and has no specific affinity to TRIS. This surface
preparation protocol generates electrodes which show low fluorescence due to
the absence of adsorbed secondary antibody (negative control).

The result of this assay can be seen in Figure 55 b. The TRIS-modified
electrode remained considerably darker than the electrode modified
with the primary antibody. This indicates that the hydrophilic TRIS layer
significantly reduces adsorption effects thus decreasing the fluorescence
signal. In order to further decrease the nonspecific binding a SAM
forming reagent, i.e., 11-Mercaptoundecanol (11-MUE) a polar alkane
thiol was used (2 mM solution in ethanol overnight). Adding this SAM
forming reagent allowed blocking areas of the electrode with
inhomogeneously grafted surface layers. Using this mixed grafted/SAM
layer it was possible to further improve the suppression of the
nonspecific adsorption as can be seen in Figure 55 c.

In all images, the porous Ag/AgCl paste (required for the cyclic
voltammetry during grafting) can be seen brightly (see white circle). The
paste absorbs the secondary antibody strongly thus creating the bright
spots seen in the images.
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Figure 55 — Fluorescence microscopy pictures of three different surface
preparations after the grafting of 4-Aminobenzoic acid layer. a) The
immobilization of the primary antibody (100 ug/ml in PBS for 60 minutes) —
positive control. b) The coupling of TRIS (100 ug/ml aqueous solution for 60
minutes) to the grafted (negative control). c) Combined grafting/MUA layer
extending the modification show in b. White circles mark the Ag/AgCl paste used
for the reference electrode.

Unfortunately, a bad electrode-to-electrode reproducibility was obtained
among the fluorescence microscopy experiments due to the instability
and sensitivity of the electrochemical grafting process. Even tightly
controlling the temperature and stirring did not lead to a considerable
improvement.

EIS measurements confirm the results obtained by fluorescence
microscopy. The partial suppression of the nonspecific adsorption on
surfaces created from grafting only can be seen in Figure 56. The blue
curve shows the bare electrode impedance (see Figure 56). The
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considerable increase seen in the red curve (see Figure 56) is due to the
high concentration of carboxylic acids which protonate leaving the
surface highly negatively charged. This in terms reduces the current flow
thus increasing the impedance. After TRIS coupling (100 pg/ml in
bidistilled water for 60 minutes) the carboxylic groups are bound to the
ligand thus the surface charge reduces and, consequently, the
impedance reduces as well. TRIS is coupled by means of active ester
chemistry using EDC/NHS. The impedance measured after TRIS coupling
can be seen in the green curve (see Figure 56). The impedance measured
after incubating the electrode in a solution with 100 pug/ml in PBS of the
primary antibody is shown in the yellow curve. This experiment confirms
the results obtained from fluorescence microscopy seen in Figure 55 b.
Even coupling TRIS to the grafted electrode does not completely
suppress the nonspecific adsorption which is represented by the
impedance increase between the green and yellow curves of Figure 56.
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Figure 56 — Nyquist diagram of the nonspecific adsorption characterization of an
electrode modified by grafting of 4-Aminobenzoic acid (4-ABA).
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EIS experiments combining chemical grafting with SAM showed no
significant improvement of the high nonspecific adsorption seen in
grafted layers.

Fluorescence microscopy experiments showed no considerable
improvement of layer homogeneity with tight temperature control and
stirring, thus leading to high nonspecific adsorption. Initial attempts to
perform the reaction in the flow cell (in stationary and in flow systems)
and therefore to reduce the total volume of the grafting solution and
accelerate the solution cooling down led to no improvement.

4.6 Photobleaching

The final surface modification method uses a novel approach based on
photobleaching fluorophore-containing ligands to an unsaturated
surface, in this case gold coated with allyl mercaptan. Holden and
Cremer [56] showed how to use photobleaching to immobilize ligands
coupled with a fluorophore to BSA-coated surfaces. Waldbaur et al. [57]
used this technique to create protein patterns using visible light
structured using a maskless projection lithography system (see Section
2.5.5 for details). This approach does not require the use of coupling
methods such as active ester chemistry to immobilize the ligands to the
surface. Ligands labelled with fluorescein can be acquired pre-purified to
ensure the label does not interfere with the ligand’s binding sites. To the
best of the author’s knowledge this work is the first to report usage of
photobleaching as ligand immobilization technique.

The first step is to create the unsaturated surface by means of SAM
formation. Initial experiments using allyl mercaptan solubilized in
ethanol and methanol did not produce monolayers compatible with this
method. Due to the high vapor pressure of allyl mercaptan it is possible
to create the SAM in the gas phase. For this about 1 ml of allyl
mercaptan was pipetted into a glass vial which was placed in a desiccator
together with the electrode substrate. The desiccator was sealed and
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kept in the dark overnight allowing formation of the SAM (see Figure
57 a). After washing the substrate with acetone and ethanol and drying
with nitrogen the photobleaching procedure was carried out.

In order to determine the effectiveness of this method two different
surfaces had to be created by means of photobleaching as positive and
negative control. The successful immobilization of a ligand to the surface
(see Figure 57 c, positive control) and the creation of a surface which
suppresses nonspecific adsorption (see Figure 57 e, negative control) can
be created using this method. These surfaces were created by
photobleaching fluorescein-biotin and fluorescein-TRIS, respectively.
Fluorescein-TRIS stock solution was obtained by mixing equimolar
amounts (2 mM) of FITC and TRIS in 1 ml dimethyl sulfoxide (DMSO) and
vigorous agitation overnight. All further dilutions were done by adding
PBS to the stock solution. The isothiocyanate group is reactive toward
the nucleophilic primary amine present in TRIS resulting in the formation
of a fluorescein-TRIS compound. As described in Section 2.5.3 it is very
important for EIS to generate surfaces sparsely immobilized with ligands.
The dense immobilization of ligands could lead to high impedance values
and therefore to low sensor sensitivities. A fluorescence scanner (Gene
Pix 4000B from Axon Instruments) was used to complement the analysis
of the electrodes modified using this method.

In a typical photobleaching modification, 30 pul of an 80 uM fluorophore
solution in PBS was pipetted onto the electrode and covered with a glass
coverslip in order to reduce evaporation. The surface was irradiated
using the UV system used for lithography. Fluorescein (excitation
maximum at 494 nm) was bleached using filter position 7 (450 nm to
535 nm with maximum at 487 nm, see Section 3.1.4). The bleaching was
carried out at maximum intensity (approximately 4 mW/cm?2) for
10 minutes. Afterwards, the substrate was washed with ethanol and
bidistilled water and agitated in a chamber with 6 ml of PBS three times
for 5 minutes each. The substrate was then washed with bidistilled water
and dried with nitrogen.
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Figure 57 — Schematic diagram of the photobleaching-based immobilization
technique. a) A SAM of ally mercaptan formed in the gas phase. b) Fluorescein-
biotin is photobleached. c) Immobilization of biotin to the non-saturated surface
(positive control). d) Fluorescein-TRIS is immobilized by photobleaching. e)
Immobilization of TRIS to the unsaturated surface (negative control).

As fluorescein is bleached during the immobilization and thus cannot be
detected directly in the fluorescence scanner the electrode was stained
in the flow cell using 30ul of a solution containing 5 ug/ml of
streptavidin coupled to cyanine-3 (excitation from 450 to 580 nm with
maximum at 552 nm) per channel. The solution was incubated for
60 minutes in the dark (see Figure 58 a). Streptavidin-cy3 was also used
for assessment of nonspecific absorption on the TRIS-coated electrodes
(negative control). If the layers are sufficiently non-adsorbing
streptavidin should not adsorb on the hydrophilic surface and thus the
electrode should remain dark in the fluorescence scanner images (see
Figure 58 b). After staining the flow cell was removed and the electrode
was washed with bidistilled water and agitated in a chamber with PBS
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for 5 minutes three times. The substrate was then placed in the fluores-
fluorescence scanner and scanned.
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Figure 58 — Schematic diagram of the staining protocols using streptavidin-cy3. a)
The biotin coated surface allows the specific binding to streptavidin-cy3, thus
creating brightly fluorescent areas. b) The TRIS coated surface blocks nonspecific
adsorption of streptavidin-cy3 thus remaining dark during fluorescence
microscopy.

Fluorescence scanner images confirmed the expectations for these
surface preparations (see Figure 59). The images were taken using the
fluorescence scanner (532 nm, photon multiplier voltage 500V, power
100%, pixel size 10 um, 1 line per average). In Figure 59 a the bright area
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in the form of the microfluidic channel used during staining can be
clearly seen confirming that streptavidin-cy3 was bound to the biotin
modified surface. The strong fluorescence exhibited by the glass surface
can be attributed to the nonspecific adsorption of proteins, in this case
streptavidin-cy3, due to electrostatic attraction [97]. Figure 59 b on the
other hand illustrates that the TRIS modified surface was able to block
the nonspecific adsorption of streptavidin-cy3. Very low fluorescence is
seen on the glass surface due to the nonspecific adsorption of
fluorescein-TRIS. Figure 59 c demonstrates the control electrode which
was not modified and consists solely of an allyl mercaptan SAM. One can
clearly see the low nonspecific adsorption of streptavidin-cy3 to allyl
mercaptan functionalized gold surface in contrast to the high nonspecific
adsorption of streptavidin-cy3 onto glass. This experiment reinforces the
successful coupling of fluorescein-biotin to the allyl mercaptan surface
from Figure 59a as the brightness of the gold surface cannot be
attributed to nonspecific adsorption of streptavidin-cy3.
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Figure 59 — Fluorescence scanner images of three surfaces prepared during the
photobleaching protocol. The staining solution was 30 ul of a 5 pug/ml solution of
streptavidin-cy3 in PBS per channel. a) Image of an allyl mercaptan SAM to which
biotin was coupled using photobleaching. b) Image of an allyl mercaptan SAM to
which TRIS was coupled using photobleaching. c) Control electrode which was
not modified after the formation of allyl mercaptan SAM.

After the initial layer characterization tests using fluorescence staining,
experiments using impedance spectroscopy were performed. Since the
coupling of TRIS to the surface blocked the nonspecific adsorption
considerably it was incorporated into the electrode functionalization
protocol.
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Initially 30 pl of an 80 uM of the fluorescein-biotin solution in PBS was
pipetted onto the electrode and covered with a glass coverslip in order
to reduce evaporation. The surface was bleached using filter position 7
at maximum intensity (approximately 4 mW/cm?, see Section 3.1.4) for
10 minutes. Afterwards, the substrate was washed with ethanol and
bidistilled water and agitated in a chamber with 6 ml of PBS three times
for 5 minutes each. The substrate was then washed with bidistilled water
and dried with nitrogen (see Figure 60 a). The same exposure and wash-
ing procedures as described for fluorescein-biotin were also used for
coupling fluorescein-TRIS (see Figure 60 b) in order to further hinder
nonspecific adsorption. After this second bleaching, the electrode is
inserted into the flow cell and the first EIS measurement is carried out.
Afterwards, each electrode was incubated in 30 ul of a solution
containing 5 pg/ml of streptavidin-cy3 in the flow cell for one hour
followed by 1 minute rinsing with PBS and recording of an EIS spectrum
(see Figure 60 c and d).

In order to assess (and subsequently block) the nonspecific adsorption all
electrodes were probed at 50 pl/min with a 300 pl of a 1 mg/ml BSA in
PBS solution in the flow cell before being washed with PBS for 1 minute
in the flow cell. An EIS spectrum was subsequently recorded. This
procedure was repeated twice. Subsequently the samples containing
different concentrations of biotin in PBS (see Figure 61 b and c) or b-BSA
in PBS (see Figure 61 d and e) were probed across the electrode surface
(300 pl at 50 pl/min). After each probing an EIS spectrum was recorded.
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Figure 60 — Schematic diagram of the surface preparation protocol using
photobleaching. a) Fluorescein-biotin is first coupled by means of
photobleaching on the allyl mercaptan functionalized surface. b) Subsequently
fluorescein-TRIS is immobilized. c) The electrode is placed into the flow cell and
streptavidin-cy3 is probed across the electrode resulting in specific binding to the
biotinylated surface (d).
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Figure 61 — Schematic diagram of two EIS assays (continuation of Figure 60) for
the detection of biotin and b-BSA. a) Electrodes are probed with 300 pl of a

1 m/ml BSA in PBS solution in order to assess nonspecific adsorption. b) The
electrode is then probed with solutions containing various concentrations of
biotin in PBS (300 pl at 50 ul/min). c) Biotin binds specifically to the surface-
bound streptavidin/biotin complex. d) The electrode is probed with a solution
containing various concentration of b-BSA in PBS. e) b-BSA binds specifically to
the surface-bound streptavidin/biotin complex.
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Figure 62 (blue curve) exemplifies that the impedance of the electrode
modified by photobleaching still remains relatively small. The addition of
streptavidin-cy3 (see red curve in Figure 62) results in a considerable
increase as expected due to this molecule’s size. The first probing with
BSA (see green curve in Figure 62) shows that the layer still shows
nonspecific adsorption but the second BSA probing (see yellow curve in
Figure 62) confirms that the adsorption quickly saturates as this second
probing causes almost no further signal increase. The first experiment
(Figure 62) was carried out using b-BSA as analyte. After probing the
electrode with 1 ng/ml of b-BSA in PBS (see purple curve in Figure 62) a
clear signal increase can be observed. Further sample injections at
concentrations of 10 ng/ml and 100 ng/ml of b-BSA (see black and
orange curves in Figure 62) could also be successfully detected.
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Figure 62 — Nyquist diagram of electrode modified by means of photobleaching.
These measurements were performed in order to assess the limit of detection
for b-BSA. All EIS measurements were preceded by a one minute electrolyte
solution purge and carried out in electrolyte solution.
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A second analogous experiment was carried out in which b-BSA was
replaced by a low molecular weight analyte, biotin (see Figure 63). The
preparation steps prior to the analyte probing were identical. As can be
seen, there is a high correlation between every curve from a) and b),
starting from the initial measurement up to the final biotin 10 ng/ml
probing. Not only are the curve shapes almost identical but the
impedance increase between the steps are consistent. This indicates a
good electrode-to-electrode reproducibility. It is also important to
highlight the impedance increase between the purple and black curves
from Figure 63, it can be seen that even though the concentration of the
analyte has been increase 10 fold the sensor’s response is quite small,
thus indicating a saturation of binding sites on the electrode’s surface.
This can probably be attributed to the sparsely functionalized (with
analyte specific molecules, e.g., biotin) surface which was required to
maintain the sensor’s initial impedance low.
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Figure 63 — Nyquist diagrams of two different electrodes modified by means of
photobleaching. These measurements were performed in order to assess the
limit of detection for biotin. All EIS measurements were preceded by a one
minute electrolyte solution purge and carried out in electrolyte solution. As can
be seen, there is a high correlation between the curves from a) and b), indicating
a good electrode-to-electrode reproducibility.
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A final experiment based on this surface modification by means of
photobleaching was carried out in order to determine the detection limit
for biotin. For this, surface modification was carried out as described
(see Figure 60). After the immobilization of streptavidin-cy3 to the
electrode’s surface three subsequent injections of 300 ul of a 1 mg/ml
BSA in PBS at 50 pl/min were probed across the electrode (see green,
yellow and purple curves in Figure 64) in order to assess and block
nonspecific adsorption. As can be seen from Figure 64 the blocking is
complete after the second injection as the two curves cannot be
distinguished (the purple curve lies on top of the yellow curve).
Subsequently, a control injection of pure PBS (zero sample, 0 ng/ml, see
black curve in Figure 64) was probed across the electrode. The next
injection was a sample containing 10 pg/ml of biotin in PBS which
resulted in a small impedance increase which is very similar to the shift
of the zero sample and thus cannot be reliably detected (see orange
curve in Figure 64). The next sample injected was a 100 pg/ml biotin in
PBS solution and generated a much higher signal increase (see light blue
curve in Figure 64). The final sample injected contained a concentration
of 1 ng/ml of biotin in PBS and can, again, be clearly distinguished (see
light red curve in Figure 64).

120



4 Development of low impedance surface modifications

[0}
o

~
o

D
o

%
o
|

| Reactance| [kOhm)]
D
o

/\ N e

30
20 +—
i \\M
Biotin [pg/ml]
10 - /\
Photobleachlng
0 ly & Streptavidin-cy3 3 BSA“ mg/mi]

0 20 40 60 80 100 120 140 160 180
Resistance [kOhm]

Figure 64 — Nyquist diagram of an electrode modified by means of
photobleaching. This assay was performed in order to further investigate the
limit of detection for biotin. All EIS measurements were preceded by a one
minute electrolyte solution purge and carried out in electrolyte solution.

Surface functionalization based on photobleaching of fluorophore-
containing ligands to an unsaturated surface is a new and powerful
technique for electrode surface modification. The photobleaching step
itself requires only a visible light source and 10 minutes. Fluorescence

scanner experiments characterized visually how effective this method
can be. EIS measurements showed a good electrode-to-electrode
reproducibility and established the limit of detection of 100 pg/ml of
biotin, making this the most sensitive technique investigated during this

work.

121






5 Summary and Outlook

This chapter will briefly summarize the result of this work and give an
outlook to each of the topics addressed. Furthermore, the encountered
problems will be analyzed and potential solutions and suggestions will be
outlined.

5.1 Electrode fabrication procedure

One of the objectives of this work was to develop, implement and
optimize the electrode fabrication procedure, thus aiming to achieve a
simple, cost-effective, reliable and high-resolution fabrication method.
UV photolithography was used with two different mask types, printed
masks and dynamic masks created by maskless projection lithography.
Three different substrates were investigated throughout this work:
plastic, ceramics and glass. Plastic was initially used but as the assays
progressively became more complex and time-consuming it became
clear that the gold adhesion was insufficient. This led to the used of
ceramics (Al,O3) which showed a noticeably improved gold adhesion but
possessed a very high porosity which increased the nonspecific
adsorption considerably. Glass substrates using an adhesion promotion
layer consisting of 10 nm of titanium showed an exceptional gold
adhesion and very low roughness. Fabrication steps such as spin coating
and UV exposure had to be adjusted for each substrate and glass
substrates required an additional titanium etching step in order to avoid
short circuiting the electrodes. Even though the fabricated electrodes are
somewhat large (200 um gap) it has been shown in the literature that
1um line resolution is possible [73]. This feature makes
photolithography a suitable fabrication method for the scale-up. Another
advantage of this fabrication method is its flexibility and suitability for
parallelization.
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5.2 Measurement setup

The flow cell fabrication based on casting of PDMS against
stereolithographically fabricated epoxy resins has enabled the
uncomplicated and fast creation of prototypes for this biosensor
platform. The increase of the number of electrodes required analogous
changes in the flow cell design. The custom-made measurement
electronics was constantly improved throughout this work, increasing
the number of channels and the enlarging the operation frequency
range. Recent tests performed showed the successful monitoring of 96
channels in parallel. The combination of these expandability features of
all the required components of this platform (electrodes, flow cell and
measurement electronics) can be used for this electrochemical biosensor
platform as well. Such high degree of parallelization is advantageous as
many assays (e.g., complimentary DNA library scan for matches) have
very large (tens of thousands) sample libraries. The developed platform
could be a cheap and flexible alternative to perform these high-
throughput assays.

5.3 Surface modification

Surface modification turned out to be the most challenging aspect of this
project. Achieving simultaneously all requirements for a very sensitive
electrochemical based biosensor was arduous. This layer had to provide
functional groups for the binding of the analyte, suppress the nonspecific
adsorption while generating only low-impedance layers. These
characteristics were only partially fulfilled by the methods found in
literature. SAMs did not vyield sufficiently low-impedance layers,
conductive polymers were not able to suppress the nonspecific
adsorption and chemical grafting could not generate reproducible and
homogenous layers. The novel photobleaching based surface
modification method could fulfill all of these requirements, achieved
consistently reproducible results and, furthermore, was the fastest
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surface modification procedure. The photobleaching step itself only
takes 10 minutes. These properties enabled this surface modification
strategy to achieve the lowest limit of detection from all the tested
methods measured by EIS. By photobleaching fluorescein-biotin and
using streptavidin-cy3 as an intermediate molecule this method achieved
a limit of detection for biotin of 100 pg/ml (see Figure 64). Further
optimizations in order to determine the optimal parameters (electrode
design, reagents concentrations, exposure length, wash steps, etc.) for
an improved detection limit of this new method still have to be carried
out.

5.4 Affinity assay

The affinity assays shown in this work are based on a biotin-streptavidin
model system. This system has been chosen as an initial test system due
to its known high affinity and robustness. Future experiments should
replace this system by a more realistic and application-centered one, i.e.,
based on antibodies (IgGs) and antigens. The results obtained in this
work indicate strongly that this change to more practical systems should
be possible with small changes in the described procedure.
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6 Conclusion

The objective of this work was to develop an electrochemical biosensor
platform which included the electrode fabrication technique, the design
of the microfluidic integration and the implementation of a surface
modification strategy.

The develop platform consists of a custom made 8-channel
measurement electronics which can perform parallel impedance
spectrum measurements from 10 to 50.000 Hz on all channels in parallel.
The electronics are connected to planar gold electrodes by means of a
spring loaded connector slot. In order to improve adhesion gold was
sputtered on a glass substrate with a titanium adhesion promoting layer
underneath. The electrode structure was created by means of UV
photolithography of a positive photoresist (AZ 1512 HS), a gold etch bath
in a solution of iodine and potassium iodine and a titanium etch step in
piranha solution. The designed microfluidic flow cell has been
implemented to house sixteen channels per substrate. Furthermore, it
was optimized to hinder channel contamination and direct contact of the
tubings with the substrate.

The sensor system was used in measurements which did not require a
specific binding of molecules. A chosen application example was the
detection of biofilm growth. As a bacterial film colonizes the surface of
the electrodes it gradually hinders the current flow between the
electrodes, thus leading to a measureable impedance increase.
Additionally, it was possible to monitor the biofilm’s respiratory activity
by means of amperometry. By combining the information obtained from
EIS with the data from the amperometric measurements it was possible
to implement and test a system which could monitor in real time the
growth and respiratory activity of a bacterial colony of Pseudomonas
aeruginosa [87].
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The bare gold electrodes were evaluated for their sensitivity to adsorp-
tion of a protein, i.e., BSA. The limit of detection was found to be
1 ng/ml. In order to allow specific binding of an analyte four different
surface modification strategies were implemented and evaluated during
the course of this work. Due to the simplicity of the method, SAMs were
evaluated first. For this five different SAM-forming reagents were tested.
The best results were obtained with a short aromatic compound (4-
Mercaptobenzoic acid) which was functionalized with streptavidin by
means of active ester chemistry and allowed detection of 25 pg/ml of b-
BSA using PBS as the buffer. The high layer impedance of this method
was responsible for the low sensor sensitivity. The next method
evaluated was based on conductive polymers. For this a copolymer of
pyrrole and its carboxyl functionalized form (pyrrole-3-carboxylic acid)
was electropolymerized onto the gold electrodes. By immobilizing
streptavidin to the polymer surface it was possible to detect b-BSA and
biotin down to 1 ng/ml and 10 ng/ml, respectively. This method was
investigated using not only EIS but also fluorescence microscopy in order
to assess layer quality parameters. The disadvantages of this method
were the relatively high nonspecific adsorption and the inhomogeneity
of the polymer layers. The third method investigated was based on
electrochemical grafting of small molecules. By using fluorescence
microscopy it was possible to analyze two different surface modification
scenarios: Surfaces with high affinity to one specific analyte (positive
control) and surfaces with low nonspecific adsorption (negative control).
Combining grafting with SAM in order to improve the nonspecific
adsorption led to the considerable increase of the layer impedance
which rendered this approach unsuitable. These results were confirmed
by EIS. Additionally the complexity of the deposition method and the
required stringent temperature control led to low reproducibility and the
formation of inhomogeneous layers.

The last surface modification method was a novel approach based on
photobleaching. By overexposing a molecule labelled with a cheap
fluorophore (fluorescein) it was possible to attach this molecule to an
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unsaturated surface (gold coated with allyl mercaptan). Two different
scenarios were created to test this immobilization by means of
fluorescence microscopy using streptavidin-cy3 as a label. One surface
was functionalized with biotin by photobleaching fluorescein-biotin and
a second was functionalized using fluorescein-TRIS. Fluorescence
microscopy results clearly indicated the success of this approach. EIS
experiments using streptavidin as ligand demonstrated a limit of
detection of 100 pg/ml for biotin. Furthermore, high electrode-to-
electrode reproducibility was achieved using this surface modification
method (see Figure 63).

The developed EIS platform has been successfully applied to affinity
binding assays of streptavidin-biotin. The novel surface modification
based on photobleaching was evaluated using EIS and achieved a biotin
limit of detection of 100 pg/ml when immobilizing streptavidin to the
gold electrode’s surface. Different analyte specific molecules, e.g.,
antibodies, coupled to fluorescein can be immobilized to the electrode’s
surface by means of photobleaching. EIS enables the fast assessment of
the electrode’s surface electrochemical parameters which correlate
directly to a binding event. These properties enable the use of this
system as a flexible platform for label-free affinity assays.
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