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Abstract

Biosensors provide a powerful tool to detect the concentrations of various analytes. Since
1962, when the first glucose test for diabetes patients was introduced, numerous other
attempts have been designed. A wide variety of (future) applications are constantly being
developed, whereas one main focus of today’s research is on the increasing number of
people suffering from cancer. Currently, when the disease is diagnosed, it is seldom in an
early stage. Therefore, it is essential to provide possibilities for early diagnoses that are
cheap and fast. Ideally, such biosensors are built in a way that can easily be multiplied
because nowadays more and more cancer (and other) antigens are being identified. The
task is now to construct sensors which enable highly sensitive detection of such antigen

molecules at very low concentrations.

Most approaches are based on fluorescent or enzymatic detection of the target mole-
cules. Fluorescence is widely spread in high-throughput screening applications, but also
enzymes are often used (e.g. in ELISA). Enzymatic detection, however, is dominating the
point-of-care and home diagnostics market. The enzymatic sensors can be classified into
two categories. Either they perform a reaction causing a colour change, or they generate
products that can be detected with electrochemical techniques. In order to be detectable,
the antigens need to be connected to enzymes. The most common techniques are sand-
wich based assays, where the antigen is captured by a surface immobilized antibody and
detected by an enzyme labelled, secondary antibody. The sensitivity of such assays is
based on the amplification by the enzyme, because that way many enzymatic reaction
cycles can be coupled to a single recognition event. However, sometimes even this am-
plification is not enough and further improvement is necessary, e.g. by linking more than

one enzyme to a single recognition event.
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This thesis deals with such novel concepts that should allow for bridging the gap be-
tween the mM detection limit of existing hand-held enzymatic biosensors and the required

pM sensitivity for a future cancer marker sensor.

As an introduction to the field, the most common electrochemical detection tech-
niques are listed along with other emerging electronic sensors, such as nanowires. Al-
though the long-term goal of this work is to achieve a hand-held electronic sensing de-
vice, during the development it is often necessary to obtain additional information about
the system. Therefore, complementary biosensor techniques that can be combined with
electrochemical detection are also described and the most common biosensing surface

architectures are introduced.

The first biosensor type presented in this thesis is based on a sandwich assay with
vesicles for signal amplification. Vesicles, coupled to secondary antibodies, significantly
increased the QCM-D signal because of their large mass and accordingly high viscoelas-
ticity. With this quite simple setup, sensitivities in the critical concentration range of the

cancer marker prostate specific antigen (PSA) could be achieved.

In order to benefit from the signal enhancement principle from the QCM-D sensor,
enzymes have been implemented into our system to allow for electrochemical detection.
These requirements have been achieved by covering the vesicle surfaces with enzymes,
meaning every detected antigen finally induced a signal corresponding to thousands of
enzymes. With this electrochemically detectable signal enhancement method even lower
detection limits than with the vesicle amplified QCM-D biosensor could be achieved.
Thus, this system has the potential to be used in biosensors detecting cancer antigens with

even much lower abundance than PSA.

For potential applications the stability, the compatibility with biological samples and
the shelf-life of the sensor are essential parameters. In order to improve these aspects,
the fragile lipidic vesicles were exchanged with more robust polymeric vesicles or solid
particles. Besides from their improved shelf-life through better chemical stability and re-
sistance, the polymeric vesicles offer the possibility of incorporating enzymes, accessible

through membrane pores.

Another sensor type, situated at the interface between electroactive polymers and
polyelectrolyte multilayers (PEMs), has been developed within the frame of this the-
sis in addition. PEM films containing ferrocyanide ions, were found to show a

swelling/deswelling behaviour upon application and removal of a low electric potential.
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The deformation occurs instantly and is completely reversible. This setup also allowed
for incorporation of the enzyme glucose oxidase into the film or on top of the latter. Like
this, the swelling/deswelling effect could be combined with electrochemical detection and

activation of enzymes.

Overall, in this thesis a biosensor platform for highly sensitive enzymatic detection

of antigens from serum or glucose in sophisticated environments has been developed.






Zusammenfassung

Biosensoren sind ein aussagekriftiges Instrument, um Konzentrationen verschiedener
Analyten zu messen. Seit 1962 der erste Glukosetest fiir Diabetiker eingefiihrt wurde,
sind viele weitere Versuche unternommen worden. Eine breite Palette von Anwendun-
gen wird laufend entwickelt. Ein Hauptfokus der aktuellen Forschung liegt dabei auf der
steigenden Anzahl von Menschen, die an Krebs leiden. Da die Krankheit heutzutage nur
selten in einem frithen Stadium erkannt wird, ist es wichtig, schnelle und kostengiinstige
Methoden fiir frithe Diagnosen zu entwickeln. Idealerweise sind solche Sensoren so ge-
baut, dass sie einfach multipliziert werden konnen; insbesondere, weil immer mehr Krebs-
(und andere) Antigene identifiziert werden. Die Aufgabe ist nun, Sensoren zu entwickeln,
die es ermdglichen, Antigene in sehr tiefen Konzentrationen mit hoher Sensitivitit zu

detektieren.

Die meisten Ansdtze basieren auf fluoreszenter oder enzymatischer Detektion der
Zielmolekiile. Fluoreszenz wird hdufig in Anwendungen mit hohem Durchsatz einge-
setzt, aber auch Enzyme sind weit verbreitet (z.B. in ELISA). Bei tragbaren Biosensoren,
oder solchen die zu Hause verwendet werden, dominieren jedoch die enzymbasierten Sy-
steme. Dabei gibt es zwei Arten von enzymatischen Sensoren; die einen induzieren eine
Farbinderung, wihrend die anderen eine chemische Reaktion auslosen, deren Produkte
anschliessend elektrochemisch detektiert werden. Um Antigene zu detektieren, miissen
sie an Enzyme gebunden werden. In den meisten Féllen werden auf der Sandwichtech-
nik basierende Assays verwendet. Dabei wird das Antigen von einem auf die Oberfldche
adsorbierten Antikorper gebunden und von einem zweiten Antikorper, welcher an ein En-
zym gebunden ist, detektiert. Die Sensitivitit eines solchen Sensors basiert auf der Ver-
vielfachung des Signals, da ein einzelnes Enzym mehrere Reaktionszyklen durchliuft. In

manchen Fillen reicht diese Signalverstidrkung jedoch nicht aus, und es miissen weite-



xii ZUSAMMENFASSUNG

re Massnahmen getroffen werden, z.B. indem man mehrere Enzyme an einen einzelnen

Antikorper bindet.

Heutige tragbare Geridte mit integrierten enzymatischen Biosensoren operieren im
mM-Detektionsbereich. In dieser Dissertation wurden neue Konzepte entwickelt, um in

den pM Sensitivitdtsbereich zukiinftiger Sensoren fiir Krebsmarker zu gelangen.

Als FEinleitung ins Gebiet werden die gebrduchlichsten Detektionsverfahren vorge-
stellt, sowie neuere elektronische Sensoren wie z.B. Nanodrihte besprochen. Obwohl das
langfristige Ziel dieser Arbeit ein tragbares, elektronisches Gerit ist, ist es wihrend der
Entwicklungsphase oft notwendig, zusitzliche Informationen iiber das System zu erhal-
ten. Daher werden auch alternative Biosensortechniken beschrieben, welche mit elektro-
chemischer Detektion kombiniert werden konnen. Ausserdem werden die gebrduchlich-

sten Architekturen von Biosensor Oberflichen vorgestellt.

Die erste Art von Biosensoren, welche in dieser Dissertation vorgestellt wird, ba-
siert auf einem Sandwichassay mit Vesikeln zur Signalverstirkung. Lipide Vesikel, die
an die sekundédren Antikorper gebunden sind, erhohen durch ihre grosse Masse und die
entsprechend hohe Viskoelastizitit das Signal der Quartzkristall Mikrowaage (QCM-D)
erheblich. Gleichzeitig wird beim QCM-D auch die Dissipation gemessen, welche durch
die Vesikel ebenfalls signifikant erhoht wird. Mit diesem einfachen Versuchsaufbau konn-
ten Sensitivitdten erreicht werden, die ausreichen, um den Krebsmarker PSA (Prostata-

spezifisches Antigen) zu messen.

Um die elektrochemische Detektion zu ermoglichen, wurde das Prinzip der Signal-
verstarkung vom QCM-D Sensor weiter entwickelt, indem das System mit Enzymen er-
weitert wurde. Diese Auflagen wurden durch Funktionalisierung der Vesikeloberflichen
erfiillt. Dabei induzierte jedes detektierte Antigen ein Signal, welches Tausenden von En-
zymen entspricht. Mit diesem elektrochemisch detektierbaren Signal wurden sogar noch
hohere Sensitivitidten erreicht als mit den Vesikeln im QCM-D. Daher hat die elektro-
chemische Methode das Potential, in einem Biosensor zur Detektion von Krebsmarkern

eingesetzt zu werden, welche in deutlich tieferen Konzentrationen als PSA vorkommen.

Fiir potenzielle Anwendungen sind Kompatibilitit mit anderen biologischen Proben,
Stabilitit, sowie die Haltbarkeit des Sensors wichtige Parameter. Um den Sensor diesbe-
ziiglich zu verbessern, wurden die fragilen lipiden Vesikel durch robustere, polymerische
Vesikel oder Mikropartikel ersetzt. Neben ihrer besseren Haltbarkeit durch verbesserte
chemische Stabilitit ermdglichen es polymerische Vesikel auch, Enzyme in ithrem Innern

einzuschliessen. Diese sind dann via Membranporen zuginglich.
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Eine neue Art von Sensoren, an der Schnittstelle von elektroaktiven Polymeren und
polyelektrolytischen, mehrschichtigen Filmen, wurde im Rahmen dieser Doktorarbeit
ebenfalls entwickelt. Wenn diese Filme aus einer bestimmten Kombination von Polyme-
ren aufgebaut wurden und Ferrocyanid enthielten, zeigten sie eine Anderung der Dicke,
wenn ein kleines elektrisches Potential angelegt und wieder entfernt wurde. Die Ande-
rung der Dicke erfolgte augenblicklich und war vollstidndig reversibel. Im Weiteren war
es auch moglich, Enzyme in diese Filme einzubauen oder sie auf deren Oberfliche zu
adsorbieren. Auf diese Weise wurde der Effekt der Anderung der Dicke mit der elektro-

chemischen Detektion und Aktivierung von Enzymen kombiniert.

In der vorliegenden Dissertation wurde eine Biosensor-Plattform fiir hochsensitive
enzymatische Detektion von Antigenen in Serum oder Glukose in anspruchsvollen Um-

gebungen entwickelt.
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CHAPTER 1

Introduction to Sensor Principles and Architectures of

Electrochemical Biosensors!

Quantification of biological or biochemical processes are of utmost importance for med-
ical, biological and biotechnological applications. However, converting the biological in-
formation to an easily processable electronic signal is challenging due to the complexity
of connecting an electronic device directly to a biological environment. Electrochemical
biosensors provide an attractive means to analyze the content of a biological sample due to
the direct conversion of a biological event to an electronic signal. Over the past decades
several sensing concepts and related devices have been developed. In this chapter, the
most common traditional techniques, such as cyclic voltammetry, chronoamperometry,
chronopotentiometry, impedance spectroscopy, and field-effect transistor based methods
are presented along with selected promising novel approaches, such as nanowire-based
biosensing. Additional measurement techniques, which have been shown useful in com-
bination with electrochemical detection, are also summarized, such as the electrochemical
versions of surface plasmon resonance, optical waveguide lightmode spectroscopy, ellip-

sometry, quartz crystal microbalance, and scanning probe microscopy.

The signal transduction and the general performance of electrochemical sensors
are often determined by the surface architectures that connect the sensing element to
the biological sample at the nanometer scale. The most common surface modification
techniques, the various electrochemical transduction mechanisms, and the choice of the

recognition receptor molecules all influence the ultimate sensitivity of the sensor. New

ID. Grieshaber, R. MacKenzie, J. Vords, and E. Reimhult, Electrochemical Biosensors - Sensor Princi-
ples and Architectures, Sensors, 8(3): 1400-1458, 2008.
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nanotechnology-based approaches, such as the use of engineered ion-channels in lipid
bilayers, the encapsulation of enzymes into vesicles, polymersomes, or polyelectrolyte

capsules provide additional possibilities for signal amplification.

In particular, this chapter highlights the importance of the precise control over the
delicate interplay between surface nano-architectures, surface functionalization and the
chosen sensor transducer principle, as well as the usefulness of complementary charac-

terization tools to interpret and to optimize the sensor response.

1.1 Introduction

Biosensor-related research has experienced explosive growth over the last two decades. A
biosensor is generally defined as an analytical device which converts a biological response
into a quantifiable and processable signal [1]. Figure 1.1 shows schematically the parts
comprising a typical biosensor: a) bioreceptors that specifically bind to the analyte; b)
an interface architecture where a specific biological event takes place and gives rise to
a signal picked up by c) the transducer element. The transducer signal (which could
be anything from the in-coupling angle of a laser beam to the current produced at an
electrode) is converted to an electronic signal and amplified by a detector circuit using
the appropriate reference and sent for processing by, e.g., d) computer software to be
converted to a meaningful physical parameter describing the process being investigated.
Finally, the resulting quantity has to be presented through e) an interface to the human
operator. Biosensors can be applied to a large variety of samples including body fluids,

food samples and cell cultures and can be used to analyze environmental samples.

In order to construct a successful biosensor for the non-specialist market, a number

of conditions must be met:

1. The biocatalyst must be highly specific for the purpose of the analysis, be stable

under normal storage conditions and show a low variation between assays.

2. The reaction should be independently manageable from physical parameters such as
stirring, pH and temperature. This will allow analysis of samples with minimal pre-
treatment. If the reaction involves cofactors or coenzymes these should, preferably,

also be co-immobilized with the enzyme.
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Figure 1.1: Elements and selected components of a typical biosensor [1-3].

3. The response should be accurate, precise, reproducible and linear over the concen-
tration range of interest, without dilution or concentration. It should also be free

from electrical or other transducer induced noise.

4. If the biosensor is to be used for invasive monitoring in clinical situations, the probe

must be tiny and biocompatible, having no toxic or antigenic effects. Furthermore,

the biosensor should not be prone to inactivation or proteolysis.

5. For rapid measurements of analytes from human samples it is desirable that the

biosensor can provide real-time analysis.

6. The complete biosensor should be cheap, small, portable and capable of being used

by semi-skilled operators.

Designed for the purpose, biosensors are generally highly selective due to the possi-
bility to tailor the specific interaction of compounds by immobilizing biological recogni-
tion elements on the sensor substrate, that have a specific binding affinity to the desired
molecule [4]. Typical recognition elements used in biosensors are: enzymes, nucleic
acids, antibodies, whole cells, and receptors. Of these, enzymes are among the most
common [3]. To fully exploit the specific interaction through biorecognition, the surface
architecture of the sensor also must suppress any non-specific interaction. A tremendous

research effort has been invested to find surface modifications with specific interaction

capabilities over prolonged periods of time in biological fluids [5].
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Today, a multitude of instruments referred to as biosensors can be found in labs
around the world and there is a growing number of biosensors being used as diagnos-
tic tools in point-of-care testing, but the realization of cheap handheld devices is so far
limited to one well-known example: the glucose sensor [6]. In many cases the main lim-
itation in realizing point-of-care testing/sensing devices is the ability to miniaturize the
transduction principle and the lack of a cost-effective production method. Thus, they have
to be confined to expert users of high-cost equipment in a lab environment and cannot be

used by patients themselves or doctors in the field.

The whole area of biosensors started with the introduction of the first generation glu-
cose oxidase (GOx) biosensor in 1962 [7]. The GOx sensor is still the most widely used,
although many improvements (generations) have been added since the 1960’s [8]. As
exemplified by the glucose sensor, electrochemical biosensors do not suffer the drawback
of high sensor setup complexity and cost. This is due to their close link to developments
in low-cost production of microelectronic circuits and their easy interface with normal
electronic read-out and processing. Other inherent advantages of electrochemical biosen-
sors are their robustness, easy miniaturization, excellent detection limits, also with small
analyte volumes, and ability to be used in turbid biofluids with optically absorbing and
fluorescing compounds [9, 10]. However, several aspects could be considered to have
held back the emergence of additional breakthrough applications built on electrochemical

biosensing.

Electrochemical biosensors have suffered from a lack of surface architectures allow-
ing high enough sensitivity and unique identification of the response with the desired bio-
chemical event. For example, pH and ionic strength in biofluids can differ significantly,
which affects the response of important classes of biosensors such as immunosensors [10].
Thus, there has recently been an increased emphasis on using nanotechnology to shrink
the dimensions of electrochemical sensor elements to sizes which can increase the signal-
to-noise ratio for processes designed to occur at the interface of the device and to find ways
of using e.g. multiple enzymatic labels to increase the signal per event. The combination
of knowledge in bio- and electrochemistry, solid-state and surface physics, bioengineer-
ing, integrated circuit silicon technology and data processing offers the possibility of a
new generation of highly specific, sensitive, selective and reliable micro (bio-)chemical
sensors and sensor arrays addressing these remaining issues [11]. It is thus timely to
summarize recent progress in this diverse field and to discuss its future prospects for de-

velopment.



1.2. DEVICES 7

After introducing the many incarnations of electrochemical biosensors we will dis-
cuss how electrochemistry has been and can be combined with complementary sensor
techniques to enhance data interpretation. The latter we believe to be very important to
optimize given biosensor designs and also for the increased use of electrochemical sensors
to characterize biointerfaces. Emerging devices for electrochemical biosensors inspired
by advances in microelectronics and nanotechnology like the bio-field effect transistors,
nanowires and other "near-molecular scale devices" will be introduced. The last part of
this chapter will address surface architectures and modifications used in electrochemical
biosensors to improve sensitivity and biospecificity, as well as discuss the emergence of
new devices from the multi-disciplinary field where nanotechnology, material science and

biology converge.

1.2 Devices

Biosensor-related publications were sparse in the early 20th century. The early era of
biosensing research and development was first sparked with the defining paper by Clark
[12, 13] and his invention of the oxygen electrode in 1955/56. The subsequent modifica-
tion of the oxygen electrode led up to another publication in 1962 [7], which reported the
development of the first glucose sensor and the enhancement of electrochemical sensors
(e.g. polarographic, potentiometric and conductometric) with enzyme-based transducers.
Clark’s work and the subsequent transfer of his technology to the Yellow Spring Instru-
ment Company led to the successful commercial launch of the first dedicated glucose
biosensor in 1975 [14].

Since then, various forms of glucose biosensors have been developed, as well as many
other sensing technologies and biosensing devices. This section attempts to describe op-
erating principles of electrochemically-based biosensors by reviewing representative de-
vices and their techniques from the aforementioned categories. Although the general topic
of this chapter is electrochemical biosensing devices, a detailed overview is given in this
section of various combinations of electrochemical sensing with other well-established
sensing techniques and biosensor devices. Therefore, special attention is given to aspects
of complementary techniques and their advantage of independent, simultaneous measure-
ments with (bio-)electrochemistry. A selection of specific biorecognition elements, struc-
tural components and various forms of surface architectures will be summarized in the

following section.
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1.2.1 Electrochemical Detection Techniques

In biosensing the measurement of electrical properties for extracting information from
biological systems is normally electrochemical in nature, whereby a bioelectrochemical
component serves as the main transduction element. Although biosensing devices employ
a variety of recognition elements, electrochemical detection techniques use predominantly
enzymes. This is mostly due to their specific binding capabilities and biocatalytic activ-
ity [3, 10, 11]. Other biorecognition elements are e.g. antibodies, nucleic acids, cells
and micro-organisms [3, 4]. An immunosensor uses antibodies, antibody fragments or
antigens to monitor binding events in bioelectrochemical reactions. Detailed information

about surface architectures and biorecognition elements is provided in Section 1.3.

Typically, in (bio-)electrochemistry the reaction under investigation would either gen-
erate a measurable current when a constant (amperometric) or a cyclic (cyclic voltamme-
try) potential is applied, a measurable potential or charge accumulation (potentiomet-
ric) or measurably alter the conductive properties of a medium (conductometric) between
electrodes [4]. References are also made to other types of electrochemical detection tech-
niques, such as impedimetric, which measures impedance (both resistance and reactance)
[15, 16], and field-effect, which uses transistor technology to measure current as a result

of a potentiometric effect at a gate electrode [2].

Since reactions are generally detected only in close proximity to the electrode sur-
face, the electrodes themselves play a crucial role in the performance of electrochemical
biosensors. Based on the chosen function of a specific electrode, the electrode material,
its surface modification or its dimensions greatly influence its detection ability. Electro-
chemical sensing usually requires a reference electrode, a counter or auxiliary electrode
and a working electrode, also known as the sensing or redox electrode. The reference
electrode, commonly made from Ag/AgCl, is kept at a distance from the reaction site
in order to maintain a known and stable potential. The working electrode serves as the
transduction element in the biochemical reaction, while the counter electrode establishes
a connection to the electrolytic solution so that a current can be applied to the working
electrode. These electrodes should be both conductive and chemically stable. Therefore,
platinum, gold, carbon (e.g. graphite) and silicon compounds are commonly used, de-
pending on the analyte [4, 17]. An excellent summary of the characteristics, such as the
varying detection limits, of electrochemical biosensors is provided in a review by Mehrvar
etal. [18].
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Synergies in nanotechnology and bioelectronics have revealed new possibilities to
miniaturize and to optimize existing microscale devices at the nanoscale. It is becom-
ing possible to more accurately measure specific electrical properties in combination with
various electrochemical transducers. The higher surface-to-volume ratio of nano-objects
makes their electrical properties increasingly susceptible to external influences, especially
as these structures continue to shrink toward the atomic limit. Since the nanometer di-
mensions of these objects are comparable to the size of the target biomolecules, higher
measurement sensitivity may result [19], and sensitivity may also increase due to higher
capture efficiency [20]. Nanostructures already represent important new components in
recently developed electrochemical biosensors, such as the use of nanoparticles as elec-
trochemical labels for DNA sensing [21, 22]. Nanowires, carbon nanotubes, nanoparticles
and nanorods are merely some of the familiar objects that are emerging as candidates to
become crucial elements of future bioelectronic devices and biosensors [23, 24]. The use

of nanowires in biosensing is described in detail in Section 1.2.2.

Amperometric devices are a type of electrochemical sensor, since they continuously
measure current resulting from the oxidation or reduction of an electroactive species in
a biochemical reaction [3, 6]. Clark oxygen electrodes perhaps represent the basis for
the simplest forms of amperometric biosensors, where a current is produced in proportion
to the oxygen concentration. This is measured by the reduction of oxygen at a platinum
working electrode in reference to an Ag/AgCl reference electrode at a given potential
[4]. Typically, the current is measured at a constant potential and this is referred to as
amperometry. If a current is measured during controlled variations of the potential, this is

referred to as voltammetry.

Cyclic Voltammetry (CV) belongs to a category of electro-analytical methods,
through which information about an analyte is obtained by varying a potential and then
measuring the resulting current. It is, therefore, an amperometric technique. Since there
are many ways to vary a potential, there are also many forms of voltammetry, such as:
polarography (DC Voltage) [25], linear sweep, differential staircase, normal pulse, re-
verse pulse, differential pulse and more [3, 26]. Cyclic voltammetry is one of the most
widely used forms and it is useful to obtain information about the redox potential and
electrochemical reaction rates (e.g. the chemical rate constant) of analyte solutions. In
this case, the voltage is cycled between two values at a fixed rate, however, when the
voltage reaches V; the scan is reversed and the voltage is swept back to Vi. The scan

rate, (Vo —V1)/(t2 —11), is a critical factor, since the duration of a scan must provide suf-
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ficient time to allow for a meaningful chemical reaction to occur. Varying the scan rate,

therefore, yields correspondingly varied results [3, 27].

The shape of the voltammogram for a given compound depends not only on the scan
rate and the electrode surface, which is different after each adsorption step, but can also
depend on the catalyst concentration. For example, increasing the concentration of reac-
tion specific enzymes at a given scan rate will result in a higher current compared to the

non-catalyzed reaction [27-29].

Potentiometric devices measure the accumulation of a charge potential at the work-
ing electrode compared to the reference electrode in an electrochemical cell when zero
or no significant current flows between them [3, 4, 10]. In other words, potentiometry

provides information about the ion activity in an electrochemical reaction [30].

Conductometric devices measure the ability of an analyte (e.g. electrolyte solutions)
or a medium (e.g. nanowires) to conduct an electrical current between electrodes or ref-
erence nodes. In most cases, conductometric devices have been strongly associated with
enzymes, where the ionic strength, and thus the conductivity, of a solution between two
electrodes changes as a result of an enzymatic reaction. Thus, conductometric devices
can be used to study enzymatic reactions that produce changes in the concentration of

charged species in a solution [10].

Electrochemical Impedance Spectroscopy (EIS) The first publication of electro-
chemical impedance spectroscopy dates back to 1975 [31]. Through the application of
a small sinusoidally varying potential U, one measures the resulting current response /
[26, 32]. By varying the excitation frequency f of the applied potential over a range of
frequencies, one can calculate the complex impedance, sum of the real and imaginary
impedance components, of the system as a function of the frequency (i.e. angular fre-
quency @). Therefore, EIS combines the analysis of both real and imaginary components
of impedance, namely the electrical resistance and reactance, as shown in Equation 1.1
[29, 33].

Z(jo) = =Z,(0) +jZi(w); ©=21f (1.1)
Field-Effect Transistor (FET) is a type of transistor that uses an electric field to
control the conductivity of a channel (i.e. a region depleted of charge carriers) between

two electrodes (i.e. the source and drain) in a semiconducting material. Control of the
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conductivity is achieved by varying the electric field potential, relative to the source and
drain electrode, at a third electrode, known as the gate. Depending on the configuration
and doping of the semiconducting material, the presence of a sufficient positive or neg-
ative potential at the gate electrode would either attract charge carriers (e.g. electrons)
or repel charge carriers in the conduction channel. This would either fill or empty the
depletion region of charge carriers and thus form or deform the effective electrical di-
mensions of the conducting channel. This controls the conductance between the source
and drain electrodes. In linear mode, when drain-to-source voltage is much less than the
gate-to-source voltage, an FET operates much like a variable resistor to switch between
conductive and non-conductive states. Alternatively, in saturation mode an FET oper-
ates as a constant-current source and is often used as a voltage amplifier. In this mode
the level of constant current is determined by the gate-to-source voltage. FET devices are
preferred for weak-signal and/or high impedance applications, hence their widespread use

in the growing field of electrochemical biosensing [6, 34].

1.2.2 Nanowires

Nanowires belong to a growing family of nano-objects, which also includes e.g. nano-
tubes, nanoparticles, nanorods, nanobelts, nanosprings, thin films and more [21-23, 35—
37]. Nanowires are not only used in electrochemical biosensing, but also in bio- and
nanoelectronic applications. They are increasingly being used as building blocks for
biosensing techniques. Their implementation as highly-sensitive electrodes is one obvi-
ous example, such as the platinum electrode network proposed by Wang et al. for glucose
detection [38]. As immediately suggested by their name, nanowires have diameters in the
nanometer range. Thus, their diameters have a length scale comparable to the atoms of
which they are comprised and are sometimes referred to as quantum wires. Additionally,
nanowires are referred to as one-dimensional structures, since their lengths are orders of
magnitude larger than their diameters. Nonetheless, one might still pose the question why
wires with nanometer dimensions are more suitable or more sensitive than larger wires
for sensing applications. As a wire decreases in diameter to the nanometer regime, the
ratio of surface atoms compared to interior atoms, i.e. the surface-to-volume ratio, drasti-
cally increases. Therefore, external influences by charged particles or biological species

increasingly influence the conduction both on the wire surface and in the wire interior.

Nanowires represent very attractive bioelectrochemical transducer components since

their diameters are comparable to the size of the biochemical analytes under analysis and
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since their conductance is sensitive to surface perturbations. They have already been in-
corporated into FET devices for biosensing purposes, such as the detection of pH, protein
and DNA binding, viral and cancer markers. The Lieber group has also reported attempts
to interconnect nanowires with neurons to study their electrical behaviour [19, 39, 40].
Yeh et al. have used a combination of gold nanowires and nanoparticles to increase
the electron transfer rates in redox enzymes [41]. To overcome the problems of large-
scale nanowire production electrically insulating pore-suspending membranes on highly
ordered porous alumina obtained from vesicle spreading have combined Extreme Ultravi-
olet Light Interference Lithography (EUV-IL) with biological patterning to produce high
density line arrays of self-assembling DNA-tagged gold nanowires.[24]

1.2.3 Electrochemistry in Combination with Complementary

Biosensor Techniques

Obviously, all sensing techniques demonstrate specific strengths in different, yet some-
times overlapping, areas of application. For example, both, electrochemical and optical
sensing techniques, can allow for real-time, in situ, non-destructive and label-free analy-
sis of solutions, biolayers, surfaces, thin films, bulk materials and interfaces [42—44]. On
one hand, electrochemical techniques, such as CV, enable the in sifu monitoring of e.g.
redox reactions, system electrical response and reaction reversibility. On the other hand,
optical techniques are known for their ability to measure mass adsorption kinetics (e.g.
optical waveguide lightmode spectroscopy (OWLS), surface plasmon resonance (SPR)
and ellipsometry). Gravimetric techniques like the quartz crystal microbalance with dis-
sipation monitoring (QCM-D) and imaging techniques like scanning probe microscopies,
such as AFM, and fluorescent microscopies, such as confocal laser scanning microscopy
(CLSM) can also be successfully combined with electrochemical techniques to enhance
understanding of biointerfacial phenomena. These techniques provide high sensitivity
close to the surface of the transducing element (electrode, waveguide, tip, etc.). The
shared high interfacial sensitivity of electrochemical and other types of biosensor results
in the simultaneous extraction of a richer set of initial data in addition to the benefit of

increased control over the sensing environment.

The following paragraphs will provide an overview of the combination of electro-

chemical sensing setups with representative biosensor techniques.
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Electrochemical Surface-Plasmon Resonance (EC-SPR)

In SPR configurations the surface between two mediums of differing refractive indexes
is coated with a thin film of conducting material, which is often a noble metal, such as
Ag, Au or Cu. If this thin film is irradiated by light of a certain wavelength at a specific
incident angle, termed the SPR angle, the evanescent field wave from Total Internal Re-
flection (TIR) can excite an electron wave, known as a surface plasmon, which propagates
along the metal surface [45, 46]. The coupled electromagnetic evanescent field extends
typically ~200 nm from the conductive surface (e.g. Au excited at red wavelengths) as its
intensity decays exponentially. Therefore, the sensing mechanism of SPR spectroscopy
is based on the measurement of small changes in the refractive index in the vicinity of the
surface of a conductive thin film [45, 47—49].

For use as a biosensor, the changes in refractive index in the vicinity of the conduc-
tive thin film surface (i.e. within the evanescent field) can be induced by the presence of
biomolecules. The surface concentration or mass coverage of them can then be calculated
using the de Feijter formula [50, 51]. SPR biosensors can be used in the determination of
a number of surface binding interactions, such as: small molecule adsorption [49], pro-
tein adsorption on self-assembled monolayers, antibody-antigen binding, DNA and RNA
hybridization [52, 53], protein-DNA interactions [46], binding kinetics, affinity constants,
equilibrium constants, as well as receptor-ligand interactions in immunosensing [45, 54]

and many more.

In EC-SPR, the combination of electrochemistry and SPR, the thin metal film on the
substrate serves not only to excite surface plasmons, but also acts as a working electrode
for electrochemical detection or control [55]. One advantage of the EC-SPR configuration
is the ability to simultaneously obtain information about the electrochemical and optical
properties of films with thicknesses in the nanometer range. EC-SPR has often been
applied to study the formation and the properties of thin films and mono-/multi-biolayers

using, for example, self-assembly or electro-polymerization methods [56—58].

Waveguide based Techniques and Electrochemistry

Waveguide based optical evanescent sensors have equivalent sensitivity to small numbers
of adsorbed analytes compared to most other biosensors. However, because of the need

for both, an optically transparent substrate and a conductive interface (electrode), fewer
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combinations of waveguide spectroscopy and electrochemistry to SPR and electrochem-
istry have been made, since optically transparent electrodes are rare. Optical Waveguide
Lightmode Spectroscopy (OWLS) is a label-free technique that allows for in sifu measur-
ing of adsorption, desorption, adhesion and biospecific binding processes [51, 59]. This
technique is based on linearly polarized laser light that is coupled into a waveguide at two
well-defined incident angles. These incoupling angles are sensitive to changes in the re-
fractive index within the evanescent field above the surface of the waveguide. Monitoring
of the changes in the incoupling angles enables determination of the adsorbed mass and

the number of adsorbed molecules [59] using de Feijter’s formula [50, 51].

Electrochemical OWLS (EC-OWLS) combines evanescent-field optical sensing with
the electrochemical control of surface adsorption processes. It gives the possibility to

directly observe mass adsorption as a function of an applied potential [60, 61].

An example of such a combined experiment is given in Figure 1.2. First, cyclic
voltammetry was performed in order to get stable electrochemical conditions. Then, a
three step adsorption was performed. Poly(L-lysine)-grafted-poly(ethylene glycol) with
50 % of the side chains conjugated with biotin was adsorbed first, followed by neutravidin
and biotin conjugated GOx. Subsequently, a potential of 1 Volt was applied several times
in order to measure the current generated by the enzymes at different substrate concentra-

tions.

Ellipsometry and Electrochemistry

Classic ellipsometry is focused on the external reflection of a light beam from a reflective
surface, where linearly-polarized light of a known orientation is reflected as elliptically-
polarized light. From the changes in the ellipsometric angles (¥, A), the optical properties,
thickness, morphology or roughness of layers or films on the surface can be calculated

[6,42,43] and used to determine e.g. the amount of adsorbed protein on a surface [43, 44].

Since ellipsometry can be performed on most reflective substrates it can be easily con-
ducted on an electrode surface and combined with electrochemistry. Ying et al. have used
ellipsometry and electrochemical methods to study protein adsorption on metal surfaces
and specifically human serum albumin on gold surfaces [62]. Chronoamperometry and
ellipsometry were combined for the study of immunosensor interfaces based on methods

of Immunoglobulin G adsorption onto mixed self-assembled monolayers [63].
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Figure 1.2: EC-OWLS curve showing adsorption as a function of time. Additionally, the signal
also reacts to an applied potential. Prior to the adsorption steps the system was electrically
cycled to obtain stable conditions. PLL-g-PEG/biotin, neutravidin and biotin conjugated GOx
were adsorbed in three steps with buffer rinsing in between. After completing the adsorption,

a potential of 1 V was applied several times in order to measure the current generated by the
enzymes at different substrate concentrations.

Electrochemical Quartz Crystal Microbalance with Dissipation Monitoring (EC-
QCM-D)

The Quartz Crystal Microbalance with Dissipation monitoring measures changes in the
frequency f and dissipation factor D of an oscillating quartz crystal upon adsorption of a
viscoelastic layer [64]. The oscillation is based on the piezoelectric effect and the crystals
typically have a fundamental resonance frequency of 5 MHz, which decreases upon mass
adsorption. Modern versions of QCM, like the QCM-D, are insensitive to potentials ap-
plied at the solution interface and to local changes in ionic strength [65] and can thus be

readily combined with electrochemical sensing.

The measured mass includes hydrodynamically coupled water such as water asso-
ciated with the hydration layer of e.g. proteins and/or water moved in cavities or by
rough features in the film [66, 67]. The dissipation factor is a measure of energy loss
and increases with higher viscosity of the solution or of adlayers. The main advantages
compared to other common methods for measuring biomolecule adsorption, such as ellip-
sometry or surface plasmon resonance, are the flexibility to use virtually any surface coat-

ing and the information about the viscoelastic properties of the adlayer obtained through
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simultaneous measurements of both f and D. This includes any electrode material of

interest. As with SPR or ellipsometry no labelling is required [64].

By using a conductive surface coating on the working electrode of the crystal itself,
QCM allows for simultaneous electrochemical experiments [64, 68]. For electrochemical
QCM a specially designed flowcell is required; typically the QCM-crystal acts as the
working electrode, Ag/AgCl on the upper side of the flowcell as the reference electrode
and a platinum wire in the outlet tube as the counter electrode [64, 69]. The same setup is

also used for adsorption steps that are sensitive to an applied potential [64].

The main applications to date have been in the fields of polyelectrolyte multilayers

[70], corrosion [71], enzymatic and nucleic acid based biosensors [64].

Scanning Probe Microscopy (SPM)

The invention of the scanning tunnelling microscope (STM) [72, 73] in the early 1980’s
has inspired various forms of SPM techniques. Despite the now diverse palette of SPM
techniques, STM remains a promising technique for experiments combined with electro-

chemistry, such as used by Bae et al. [74].

Perhaps the most commonly employed techniques of SPM for imaging and char-
acterization is Atomic Force Microscopy (AFM) [75]. AFM devices have evolved into
versatile and powerful tools, which enable the investigation and imaging of surfaces with
even molecular resolution. This is accomplished by monitoring the interaction force be-
tween the sample surface and a probe, i.e. a sharp tip, which is attached to the end of
a force-sensing cantilever. For further details and theory of AFM operation the reader
is referred to other sources [76-78]. One area of investigation with generic EC-AFM
methods is the study of electrode surface modification or performance under certain elec-
trochemical conditions [56, 79, 80], which is important in application-specific electrode

development for bio- and chemosensors.

The development of ultramicroelectrodes (UMEs) and their combination with the
SPM also paved the way for an SPM technique known as scanning electrochemical mi-
croscopy (SECM) [81-83]. SECM is used to locally investigate the electrochemical ac-
tivity and/or the topography of a surface. Designed for either amperometric or potentio-
metric measurements, a UME probe, which is normally in the shape of a tip, is scanned

along the surface of interest and is used to induce chemical changes and to collect electro-
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chemical information. SECM has proven useful in the detection and imaging of hetero-
geneous electron transfer reactions at metal/solution interfaces, electron transfer kinetics
at solid/liquid interfaces, various electrocatalytic reactions, predominately the hydrogen
oxidation reaction (HOR) and the oxygen reduction reaction (ORR), lateral charge and

mass transfers and biological cells.[84-86]

AFM-SECM is capable of obtaining simultaneous electrochemical and topographi-
cal information at high spatial resolution through the integration of an electrode into the
AFM probe. In other words, the structural information is simultaneously correlated with
chemical activity of the substrate [87]. These hybrid probes are, therefore, quite effective
for the identification and chemical mapping of active surface sites [88]. Critical to the
resulting synergy of AFM-SECM is the proper modification of the probe. Kreung et al.
have mapped glucose oxidase (GOx) activity on a micropatterned surface and through
a synthetic membrane [89, 90]. The same group has imaged immobilized horseradish

peroxidase with the same techniques [91].

1.3 Surface Architecture

In this section the different components of an electronic biosensor are discussed. It starts
with the sensor surface that needs to be conductive and, depending on the detection tech-
nique, also transparent. A surface coating has to provide inertness and/or functional
groups for tethering of the recognition element, which is often an antibody. The recog-
nition elements are surface immobilized to specifically catch biologically relevant mole-
cules (antigens for an antibody based sensor) that need to be detected. Many biosensors
with some notable exceptions employ labelling to quantify the binding, e.g., the binding
of an additional antibody with a fluorescent label in the case of ELISA. In electrochemical
biosensors the label is usually an enzyme that catalyzes certain reactions in cases where
the bound molecule in itself does not significantly alter the charge transfer process across
the electrode interface. Finally, the electrons, generated during the recognition event or
usually the enzymatic label reaction with a substrate, also need to be detected. If the re-
action takes place away from the electrode interface, mediators can be used to shuttle the

electrons between the reaction site and the surface.
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1.3.1 Surface Materials and Modifications

Nowadays, a wide variety of different materials is used for the preparation of surfaces for
biosensing applications. Depending on the measurement technique, they need to fulfill
special requirements, such as electrical conductivity for electrochemical techniques or
transparency for optical devices. Most commonly used are glass and other oxide surfaces
because of their favourable characteristics, especially their optical characteristics [92].
Widely used are also gold, microporous gold, graphite, glass carbon [93, 94] and Indium
Tin Oxide (ITO) [95].

Electrodes are increasingly screen printed. This approach has advantages such as

simple and low cost fabrication as well as easy mass production [93].

Another class of materials used for fabricating electrochemical biosensors are various
conducting polymers. These include polyaniline, polypyrrole and polystyrene, which can
be coated onto other sensor substrates. Typically, the polymers are adsorbed to gold
surfaces. This leads to surfaces with good stability, excellent redox recyclability and easy
handling [4, 92, 96].

Gold and other metallic surfaces are also coated with self-assembled monolayers
(SAMs) of sulfides (thiols) and disulfides. Molecules with a thiol foot can form highly or-
dered and well-organized structures functionalized with an organic linker [27, 97]. Differ-
ent end-functionalizations are used to couple biological recognition elements. For exam-
ple, carboxyl groups often serve for antibody immobilization, esters form amine couplings
and biotin coupling can be used to bind streptavidin and further biotin-functionalized bio-
molecules [27]. In electrochemical applications it is essential that the SAM allows elec-

tron or analyte diffusion [97].

Carbon nanotube (CNT) modified electrodes have advantages in terms of their high
surface area, mechanical strength, excellent electrical conductivity and good chemical
stability. They are especially interesting because enzymes can be entrapped in the inner
cavity [98, 99].

In a more unique approach, glassy carbon electrodes were modified with gold
nanocrystals. Gold nanoparticles were then bound via cysteamine. The whole proce-
dure leads to high efficiency of the enzyme immobilization [100]. Others have used gold
nanorods, which can be flat on a surface or perpendicular to it. They have a diameter of

about 20 nm and a length of up to 2 um [101, 102]. Also semiconductors such as ZnO
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have been used to fabricate nanorods. They have been functionalized with e.g. biotin
[103].

1.3.2 Electrochemical Signal Transduction

Electrochemical biosensors are mostly based on the principle of direct transduction of
the reaction rate into a current [4]. The way has been long from the first electrode-based
biosensors to today’s state of the art. The first generation were simple oxygen based
sensors. In the presence of glucose oxidase (GOXx) glucose and oxygen undergo a reac-
tion in which gluconic acid and hydrogen peroxide are formed. The drawback of this
electrode setup is the dependence on the oxygen concentration which is difficult to main-
tain at a constant level. In the second generation, the oxygen was replaced by other,
reversible, oxidizing reagents also known as mediators. They are often based on iron, e.g.
ferro/ferricyanide. In the third generation, denaturation of the enzymes was taken into
account. In order to prevent unfolding and inactivation, they were directly coupled to the

electrode. In such a configuration no more mediators are required [3].

In general, it is preferable to have the reaction take place as close to the electrode as
possible, because the products diffuse in all directions, also away from the surface. This
results in a decreasing signal with increasing distance to the surface [104]. Depending on
whether or not a mediator is used, one talks about direct or indirect transduction. These

are elaborated in the following paragraphs.

In biosensors that are based on direct electron transduction the redox enzyme acts as
an electrocatalyst. They are also known as third generation biosensors. Such systems do
not require a mediator. The surface immobilized enzyme selectively catalyzes the trans-
formation of a specific substrate. The electrons are directly transferred from the electrode
to the substrate molecule or vice versa, as shown in Figure 1.3a. A high efficiency of the

enzymatic reaction is required [4, 105].

The direct electron transfer slows down with increasing distance between the en-
zyme and the electrode surface. This effect reduces the sensitivity of mediatorless sen-
sors. Kuznetsov ef al. estimated the decrease upon an increasing distance by having a
hemoglobin layer between the electrode surface and laccase molecules. They found an
exponential decrease of the signal with increasing distance to the surface. Because of
charge accumulation, the signal is still detectable also at very low concentrations in the
range of 1 nM [104].
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In the indirect transduction, the electron transfer mediator shuttles the electrons be-
tween the redox center of the enzyme and the electrodes (see Figure 1.3b). Such mediators
are defined as artificial electron acceptors with a low oxidation potential. Usually, they
can freely diffuse in solution. It is also possible to co-immobilize them with the enzymes
[4, 8]. Mediators are small and mobile molecules, which are able to react rapidly with the
enzyme. They are oxidized at the electrode and reduced at the reaction site of the enzyme
or vice versa. Therefore, they should exhibit reversible heterogeneous kinetics, not react
with oxygen and ideally be pH independent. Most commonly used are ferrocene and its

derivates, ferrocyanide, methyleneblue, benzoquinone and N-methyl phenazine [4].

In a similar approach the mediator was replaced by carbon nanotubes (CNTs). Patol-
sky et al. [106] used CNTs to guide electrons between the enzyme and the surface. They
immobilized CNTs in an upright position. On the upper end they covalently bound GOx

(see Figure 1.3c). In this setup the spacial separation prevents tunnelling effects.

1.3.3 Enzymes

Enzymes are proteins that act as powerful catalysts to convert substrates into products
[107]. Some enzymes, also known as redox-enzymes, catalyze reactions that produce
or consume electrons. Thereby, the substrate is recognized by a binding pocket of the
enzyme, similar to the antibody-antigen interaction. Enzymes with such specific bind-
ing pockets are used in enzymatic biosensing - where the electrons are detected. Subse-
quently, from the current density through the interface, the enzyme- or substrate concen-

tration and/or activity can be calculated [32, 108].

The most commonly used enzymes in biosensing are glucose oxidase (GOx) [8] and
horseradish peroxidase (HRP) [109]. The corresponding reaction schemes are given in
Equation 1.2 for GOx and Equation 1.3 for HRP. Donors for the reaction with HRP are
molecules such as phenols, aromatic amines, thioaminosoles or iodide [109]. Other, less

commonly used enzymes comprise beta-lactamase [110], and urease [10].

O, + glucose GOx H,0O; + gluconic acid. (1.2)
H,0O; + donor HRE 2H,0O + oxidized donor. (1.3)

One of the major issues when working with enzymes is their stability. This includes

shelf life as well as operational stability. Enzymes are very sensitive to their environment.
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Figure 1.3: Scheme of direct and indirect electron transduction. a) Direct transduction: the
electrons only generate a measurable current if the reaction takes place close to the surface. b)
Indirect transduction: with the help of a mediator, that shuttles the electrons between the reaction
site and the surface, much larger distances can be overcome. c¢) Enzyme bound via conducting
CNT. d) ELISA-like sandwich setup, where an enzyme labelled antibody binds to the detected
antigen.

Deactivation, inhibition or unfolding upon adsorption and chemical or thermal inactiva-
tion are common if no special precautions are applied [111, 112]. The main immobiliza-
tion strategies that retain the enzymatic activity include encapsulation, covalent immobi-
lization and site-specific mutagenesis. Compared to direct immobilization, encapsulation
provides several advantages. This method provides a more natural environment which
causes less inactivation. Furthermore, encapsulation opens the possibility to increase the
concentration of immobilized enzymes [111-114]. Due to these advantages and major ef-
forts towards their implementation, strategies for encapsulation of enzymes will be treated
in more detail in Section 1.3.5. Other stabilization techniques include: enzymes bound to

nanoparticles/-fibers or single enzyme nanoparticles [114-116]. Depending on the treat-
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ment, different strategies are favourable to inhibit enzyme degradation: e.g. salts, such
as sodium chloride, are added to protect the enzymes during freezing processes. Large
polyelectrolytes and low molecular weight electrolytes improve the operational stability
[111]. The lifetime of enzymatic biosensors is limited by the loss of enzyme activity over

time; typically it is limited to 2-8 weeks [10].

1.3.4 Recognition Elements
Antibodies

Among other recognition elements, antibodies are most widely used because of the high
specificity of the antibody-antigen binding. However, they are also very sensitive to their
environment. In order to detect antigens, antibodies are surface-immobilized, which can
cause a severe loss of their biological activity. Since the activity of surface immobilized
antibodies depends on their orientation, it is advantageous to assure that they are not
randomly oriented. Other reasons for inactivity include steric hindrance in cases where
the density is too high as well as denaturation due to non-specific interactions with the
surface [117]. Immobilization techniques include microcontact printing [118], biotin-
streptavidin binding [119-122], direct spotting [119], adsorption to a conductive polymer

matrix such as polypyrrole or polyaniline [115] as well as covalent binding [123].

Most commonly used is Immunoglobulin G (IgG) which, like typical antibodies,
consists of one Fc and tow Fab’ binding sites. It becomes inactive when the Fab’ fragment
binds to the surface [117]. Often antibodies help to discover new disease markers [124].
In typical applications, monoclonal antibodies are used as specific capture antibodies for
e.g. prostate cancer marker (PSA). In such, so called sandwich assays, one antibody acts
as a capture antibody while the second, enzyme-labelled antibody is bound to the PSA
[125].

Electrochemical enzymatic biosensors can be built up similar to the enzyme-linked
immunosorbent assay (ELISA). After immobilizing antibodies to a surface, an analyte
is introduced, to which the antibodies bind specifically. In the most common detection
scheme a secondary, labelled antibody then binds to the analyte in order to detect its con-
centration (see Figure 1.3d). The detection antibodies are coupled to an enzyme, which
allows quantitative measurements of the amount of bound antigens by monitoring the

electrical signal generated by an enzymatic reaction [126].
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A wide variety of antigens, usually in diagnostics, can be detected this way. It is e.g.
possible to diagnose Hepatitis C already in an early stage [127]. More recently, capture
antigens have also been used to detect cancer markers. Among the most important ones
are carcioembryonic antigen (CEA) [94], carbohydrate antigen 19-9 (CA19-9), carcinoma
antigen 125 (CA125), alpha-fetoprotein (AFP), CA15-3, human chorionic gonadotropin
(hCG) [93] and prostate specific antigen (PSA) [125], which are used to detect various

types of cancer.

Antibody Fragments

Nowadays, antibody fragments are emerging as credible alternatives to antibodies. They
provide the same specificity as whole antibodies. Furthermore, they are smaller which
can be an advantage for biosensor applications. In their main application field, biosensors
and therapeutics, these small, highly specific reagents against target antigens are often

used as bi- or trimers [128].

Most commonly used are IgG fragments [117, 118]. Such small, recombinant anti-
body fragments can be linked to other molecules, for example lipids, drugs and proteins
[128]. An antibody that is naturally composed of only heavy chains is the camel antibody.
Even though the light chains are missing, it binds very specifically [129]. For other ap-
plications, biotinylated fragments are adsorbed to streptavidin coated surfaces [120]. As
already mentioned for antibodies, the orientation is of great importance. Lu ef al. [117]
reported on a threefold increase of activation upon proper/controlled orientation. In a
more complex approach Vikholm et al. adsorbed Fab’ fragments directly to gold but em-
bedded them in a protein repellant polymer such that only the antigen binding site stuck

out of the polymer [130].

Aptamers

Aptamers are folded single stranded DNA or RNA oligonucleotide sequences with the
capacity to recognize various target molecules. They are generated in the SELEX (sys-
tematic evolution of ligands by exponential enrichment) process which was first reported
by Ellington [131] and Tuerk [132] in 1990. In this approach suitable binding sequences

are first isolated from large oligonucleotide libraries and subsequently amplified [6, 133].

The main application for aptamers is in biosensors. While antibodies are used in

ELISA, the similar process for aptamers is called ELONA (enzyme linked oligonucleotide
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assay) [134]. Aptamers have many advantages over antibodies such as easier deposition
on sensing surfaces, higher reproducibility, longer shelf life, easier regeneration and a
higher resistance to denaturation. As antibodies, they are characterized by both, their

high affinity and specificity to their targets [6, 133].

1.3.5 Encapsulation of Enzymes

Several different strategies for enzyme encapsulation to increase signal response and
specificity have been envisioned and pursued. Some of the most interesting ones are

introduced below.

Polyelectrolyte Multilayer (PEM) Capsules

These microcapsules were first presented by Caruso and Donath in 1998 [135, 136]. They
are fabricated by coating a microparticle with alternating layers of oppositely charged
polyelectrolytes, such as the negatively charged poly(sodium styrenesulfonate) (PSS) and
the positively charged poly(allylamine hydrochloride) (PAH). The shell thickness can be
varied by adjusting the number of layers. Subsequently, the core is dissolved and the
material diffuses through the shell into the surrounding solution. The capsules usually
have a diameter of 1-10 micrometers [136, 137]. Optionally, coating of poly(L-lysine)-
grafted-poly(ethylene glycol) can be applied to make them protein resistant [138].

For applications towards electrochemical biosensing, enzymes can be incorporated
into PEM capsules. This could be accomplished by adsorbing the enzymes inside the
pores of CaCO3 microparticles where their stability and catalytic activity was successfully
maintained [139, 140].

Vesicles

Liposomes or lipid vesicles consist of bilayer forming amphiphilic molecules such as
palmitoyl-oleoylphosphocholine (POPC), called lipids. Liposome sizes vary between
20 nm and several hundred micrometers. Applications are in e.g. drug delivery, cosmetic
emulsions, and optical electrochemical biosensing. In the latter case they are loaded with
enzymes. Many different encapsulation methods have been developed during the last

decade. Among them, the extrusion technique and dehydration-rehydration have been
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the most successful ones. The entrapped enzymes catalyze the conversion of substrate
molecules into products. Having stable vesicles and enzymes, as well as low enzyme
permeability and high substrate permeability are prerequisites for their use in biosens-
ing [141]. However, substrate permeability is typically low, which drastically limits the
turnover rate of encapsulated enzymes. To overcome this drawback, membrane channels
such as the outer membrane protein F (OmpF) from Escherichia coli were incorporated
into the membrane [142]. They allow for diffusion of molecules with a molecular weight
of up to 400 Da [143]. Hill et al. incorporated glucose oxidase, horseradish peroxidase
and the combination of both into vesicles. There was no major loss in enzymatic activity
[144]. In another application, the enzyme beta-lactamase was incorporated into POPC
vesicles [143].

Another class of vesicles are polymeric vesicles made of the triblock copolymer
PMOXA-PDMS-PMOXA. They were shown to have a high stability, especially when
they are cross-linked [145]. Various functionalizations, such as biotinylation or fluores-
cent labels can be introduced [146]. Furthermore, they offer the possibility to incorporate
OmpF channels [147], which has e.g. been used for substrate diffusion when enzymes

were incorporated in the interior [148, 149].

Polymeric Micelles

Polymeric micelles are built from amphiphilic block copolymers. The inner, hydrophobic
side usually consists of poly(acrylic acid) (PAA) or polyesters coupled to e.g. hydropho-
bic drugs; for the outer, hydrophilic shell poly(ethylene glycol) (PEG) is most widely
used. Their size can vary between 10 and 100 nm [150-152]. Thurmond et al. cross-
linked the shells to increase their stability [153]. Even though the main application is in
drug delivery where drugs are enclosed, enzymes have also successfully been embedded
in the core through electrostatic interaction with polyion complex (PIC) block copoly-
mers [154]. Another way is to PEGylate the enzymes, whereas the PEG is part of the PIC

[155]. This allows for potential use in enzymatic biosensing.

Hydrogel

Since encapsulated enzymes do not need to be mobile, hydrogels offer a suitable immo-

bilization technique. Thus, cross-linked polymers form a biocompatible hydrogel that



261 . INTRODUCTION: PRINCIPLES & ARCHITECTURES OF ELECTROCHEMICAL BIOSENSORS

entraps the enzymes. The water soluble redox polymer should not cross-link too much in
order to allow swelling in water. At the same time it mediates electron transfer between
the enzymes and the electrode via electron diffusion through electron exchange between
mobile polymer segments. In applications, such as electronic biosensors, it is important
that the entrapped enzymes are not denaturated and remain in their active state. Otherwise,
the sensitivity and selectivity of the biosensor is decreased drastically [156—159]. Mao et
al. introduced a new redox hydrogel, consisting of a polymer with 13-atom-long tethers
between the redox centers and the polymer backbone. This led to an electron diffusion

coefficient one order of magnitude higher than for previously known systems [160].

Sol-Gel

Like hydrogels, the sol-gel technique is applied directly on surfaces. In the first experi-
ments porous SiO; glass was used. Braun et al. were the first ones to report about suc-
cessful enzyme entrapment in a sol-gel matrix [161]. The material is formed via partial
or complete hydrolysis of a suitable precursor, usually silanes, mixed with biomolecules.
Subsequently, gelation and aging follows. Aging strengthens the network and the dry-
ing process simultaneously leads to shrinkage [162, 163]. Tunable pore sizes and pore
size distribution, optical transparency, no need of a mediator, mechanical rigidity, chem-
ical inertness, permeability and thermal stability gives them highly desirable properties
[163, 164]. Typical applications include selective coatings for optical and electrochemical
biosensors [163], for example carbon ceramic composite electrodes (CCE) for ampero-

metric biosensors [164].

1.3.6 Supported Lipid Bilayer Sensor Architectures

Lipid bilayers can be used to build biosensors that make use of the transport process
across the membrane. Functional lipid membranes have not yet found as extensive use in
biosensor applications [165] as the enzyme or antibody systems described above and are
not yet competitive with other screening methods [166]. However, there is a strong desire
to use them in particular to probe function of membrane proteins, e.g. in drug screening
applications. Lipid bilayers provide the only alternative for sensors aiming to probe or
to make use of membrane proteins, which currently comprise > 50% of all drug targets,
and many of these proteins are directly involved in charge transfer processes across the

membrane [167]. A direct electrical readout of ionic currents generated by ion channels,
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Figure 1.4: Schematics of supported lipid bilayer architectures used for sensor applications in-
cluding electrochemical biosensors: a) hybrid bilayer, b) solid-supported lipid bilayer (SLB),
c) tethered lipid bilayer (t-SLB), d) polymer-supported bilayers (pSLB), e) pore-spanning lipid
bilayers (nano-BLM) and f) a nano-BLM with an incorporated protein for single channel record-
ings.

for example, bears the advantage of an amplification of the readout signal of membrane
functions without need for labelling compared to current state-of-the-art techniques for

membrane protein screening.

While most electrochemical measurements utilizing lipid membranes have been con-
ducted using, so called, black lipid membranes (BLMs), which are formed across aper-
tures separating two aqueous compartments, we will focus on lipid bilayer architectures
stabilized by a solid support. Only these can be formed free from solvents and detergents,
in a miniaturized format and with sufficient stability to be viable for commercial biosen-
sor applications. There are recent examples of advances in combining nanostructures with
lipid bilayers which effectively fuse the approaches of aperture spanning membranes with
solid supported lipid bilayers [168, 169]. This combination exploits the advantages of the
two approaches. For a further overview of recent advances see Reimhult et al. [170]. The
main techniques to form lipid bilayers on various, also porous, surfaces include vesicle
fusion, painting, detergent dilution and Langmuir-Blodgett deposition [170, 171]. The
membranes can be directly adsorbed or tethered to the surface, but also separated from
the sensor substrate by a hydrogel [171-173]. When a lipid membrane is adsorbed in
close proximity to a solid substrate like an electrode, it is generally referred to as a sup-

ported lipid bilayer (SLB), but several different classes can be identified in terms of the
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surface architecture. They can be divided into hybrid lipid layers (Figure 1.4a), solid
SLB (Figure 1.4b), tethered lipid bilayers (tSLB, Figure 1.4c), polymer-supported lipid
bilayers (pSLB, Figure 1.4d) and pore-spanning lipid membranes (nano- or micro-BLM,
Figure 1.4e). Of these, the hybrid lipid bilayers have been the ones used the most for
electrochemical measurements, because of the ease with which they can be prepared on
electrode materials like Au [174]. However, in recent years they have been replaced by
the more advanced tSLBs [175, 176], which have two leaflets of lipids and a hydrophilic
spacer group between the electrode and the lipid bilayer. This allows incorporation of

smaller transmembrane proteins and produces membranes with high resistance.

Using SLBs to study transmembrane protein function or to construct the ion-channel
sensors discussed below, requires a lipid bilayer of high integrity to provide a good elec-
trochemical seal. Without a good seal the current to the underlying electrode (or the im-
pedance) is dominated by conduction through defects in the membrane instead of charge
transport through the integrated proteins. Incorporation of membrane proteins like ion
channels and pumps, which enable the diffusion of charged molecules, allows the study of
their transport properties through electrochemical measurements in configurations rang-
ing from cyclic voltammetry to impedance spectroscopy and membrane-FET. Among
these, impedance spectroscopy has been the most common characterization method due
to the possibility to model the membrane from the impedance characteristics. Examples
of such peptides incorporated into the membrane are gramicidin, melittin, alamethicin,
and valinomycin [177-181]. Larger proteins forming ion channels, like Outer membrane
protein F (OmpF) from E. Coli, and other peptides have also been investigated [180, 182—
185]. Incorporation is mostly achieved by direct insertion of the small hydrophobic chan-

nel proteins directly from solution.

Ion-channels in SLBs have also been exploited as a means of amplifying biorecogni-
tion events for electrochemical sensing [173]. Ion channels are membrane proteins with
highly selective pores that regulate the transport of inorganic ions, for example K+, Na™
or Ca>*, and/or charged molecules creating electrochemical gradients of cell membranes
[186]. When an ion channel is triggered to open, the selective pore allows the transport of
only the channel-specific ion through the channel. Dependent on the trigger mechanism,
this process continues until the potential difference across the membrane (voltage and/or
ion concentration) is sufficiently equalized or until the pore closes in response to another
stimulus [187]. The most well-known biosensor of this type is the ion channel switch
(ICSTM ) biosensor, developed by Cornell er al. [188, 189]. The ion channel switch uses a

tSLB and an underlying gold substrate as the working electrode to measure the change in
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admittance when dimerization occurs for anchored and gated gramicidin ion channels in a
two-dimensional sandwich assay. This clever construction utilizes the fluidity of the lipid
bilayer to achieve a 107 times higher sensitivity to a capture event than if direct binding to
the antibody would be used for gating. Since each active gramicidin ion channel allows
very high flux of cations (~ 107 ions per second), the amplification per recognition event
by the tethered Fab’ fragments is amplified by many orders of magnitude. Gramicidin
has also been used to construct biosensors by, e.g., Nikolelis et al. [190] and Blake et al.
[191].

1.4 Summary of the Biosensor State of the Art

The development and research of (bio)sensors is becoming one of the most popular sci-
entific areas at the intersection of the biological and the engineering sciences. Semi-
conducting technology has matured so much that we see now a rapid infiltration of new
nanotechnology-based approaches in the field of sensors. The resulting new discipline of
nano-biosensing is a good example of how engineering sciences, physics, chemistry, and
biology coincide at the nanometer scale: The traditional separation between transducers
and bioreceptors is being replaced by an integrative approach as the nano-transducers start
to take part in the recognition event and as the receptors start to become active transducing

elements of the sensors (Figure 1.1).

Another explanation to why (nano)biosensing cuts out a major piece of the nano-bio
cake is the need for it. Early, low-cost point-of-care detection of markers for diseases is
crucial to diagnose and to manage health problems world wide, especially in the develop-
ing world. This has been evident already from the inception of the field when the need for
distributed monitoring of diabetes mellitus was - and is - driving both academic and com-
mercial efforts towards developing glucose biosensors. Nanotechnology now promises a
solution for integration and high throughput for a vast range of electrochemical sensor
applications. Miniaturization, functional sensitivity, simplified read-out and multiplexing
are the answers for many current challenges of drug discovery and personalized medical
care. In addition, nanotechnology provides new physical phenomena that can be utilized
for sensing with a potential to reach the ultimate, single molecule sensitivity. For example,

nanowires directly convert a binding event to an electrical signal.

Recently, gene-chip technology has become another prospering industry, which is

growing at an impressive rate and opening new areas of application ranging from sys-
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tems biology, drug discovery and forensics, to diagnostics [10]. In addition, the first
nanobiosensors are also already on the market illustrating that the advancement of nano-
technology also brought a paradigm change into the already mature field of biosensing.
It is easy to imagine how related technologies will have a further impact on formats for
electrochemical biosensing. The fusion of electrochemical biosensing with nanotech-
nology and the growing need for inexpensive, mass production of single-use biosensors
promises to change the fact that glucose test strips are the sole product of the electrochem-

ical biosensor industry to have achieved commercial success.

This chapter focused on the interplay between the sensors and the corresponding
transducer surface nano-architectures with special focus on electronic sensing. In the first
section traditional electrical measuring methods that have largely contributed to the cur-
rent advanced understanding of the existing transduction mechanisms were introduced.
After this the use of field-effect transistor technology for biosensing with special focus on
the efforts being invested into the combination of existing FET technology and nanotech-

nology, such as nanowires and carbon nanotubes was discussed [19, 23].

As we approach the nanoscale, the characterization and optimization of the devices
becomes more and more difficult. Novel tools that combine different sensing methods can
provide the necessary complementary information that is needed to understand the limi-
tations and to optimize the performance of the new techniques. Therefore, we introduced
existing methods (e.g. electrochemical SPR, QCM, optical waveguides and AFM) which
allow parallel complementary investigations of the biochemical processes that take place
at the interface between the devices and the biological sample. Besides their importance
in characterization, these techniques also provide unique possibilities for research. It is
now possible to manipulate interfaces with electric fields, to study the effect of applied
fields onto binding affinities of charged molecules and to control the release of drugs from

polyelectrolyte layers or other embedded systems by electronic means [53, 192].

The enormous interest in microarray-based assays originally arose from work using
DNA chips [193]. On the other hand, protein microarrays are of general interest for all
diagnostic applications where the parallel analysis of several parameters is required [193].
They are mainly used to measure abundances of multiple proteins, usually to discover
associations with disease or new biomarkers or to improve the selectivity and specificity
of tests [126]. In general, arrays allow for the detection of whole cells and enzyme activity
and allow for measuring changes in modification or expression levels of cancer-related

proteins [194].
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The various generations of enzymatic glucose sensors beautifully demonstrate the
integration of transducers, biochemistry, and nanotechnology. In order to eliminate de-
pendence on oxygen levels, the mediator concept was introduced; later nanotechnology-
based approaches help to overcome problems with low efficiency of the electron transfer

between the enzyme and the sensor electrode (Figure 1.3).

Furthermore, supramolecular architectures enabled unprecedented signal amplifica-
tion schemes, e.g., incorporating the enzymes into vesicles, polyelectrolyte capsules, sol-
gel films or particles. This not only enhanced the stability and improved the shelf-life of
sensors, but also improved the sensitivity. However, further new ideas are needed if we
want to address new target molecules in the future. While glucose is present in mM con-
centrations in blood, the diagnosing of cancer markers requires the detection of analytes
at pM concentrations. Nanotechnological approaches, both artificial and biologically in-
spired, which have been demonstrated down to single-molecule sensitivities, are likely to

provide the detection schemes that will make this possible.

Natural receptor schemes that operate at such low concentrations (e.g. taste sensing
or hormone action) usually involve membrane-based amplification schemes. Ion-channels
and G-protein coupled receptors are highly sophisticated nanomachines that successfully
solve the problem of selective and efficient amplification of a binding event. Such con-
cepts can be borrowed from nature and used for engineered purposes. Engineered ion-
channels embedded in a supported lipid bilayer can be used to amplify the signal of a
biosensor. Future approaches include the use of nanoporous substrates to increase the sta-
bility of membranes by spanning apertures only 10-100 nm in diameter [170, 195, 196].
These can be miniaturized in a chip format and also allow very sensitive recording of
single protein activity by e.g. voltage-clamp electrochemical setups. Such systems are
promising for drug discovery since they directly measure membrane protein functionality

when they are e.g. exposed to drug candidates.

At present, biosensor research is not only driving the ever-accelerating race to con-
struct smaller, faster, cheaper and more efficient devices, but may also ultimately result
in the successful integration of electronic and biological systems. Thus, the future de-
velopment of highly sensitive, highly specific, multi-analysis, nanoscale biosensors and
bioelectronics will require the combination of much interdisciplinary knowledge from
areas such as: quantum, solid-state and surface physics, biology and bioengineering, sur-
face biochemistry, medicine and electrical engineering. Any advancement in this field

will have an effect on the future of diagnostics and health care. Personalized and pre-
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ventive medicine, bedside diagnostics, and drug discovery will all benefit from the novel

electronic sensing technologies that were summarized in this chapter.



CHAPTER 2

Scope of the Thesis

Biosensors are analytical devices composed of a biological recognition element, a trans-
ducer and a readout system. They are used in various fields such as clinical screening and

diagnostics [197] or environmental monitoring and detection of pesticides [198, 199].

Because of their ability to detect reagents in very low concentrations, biosensors
have a big potential in early diagnostics of cancer and other diseases [200]. Currently,
an increasing number of signalling proteins are being identified, e.g. for cancer [93] or
for the Alzheimer’s disease [201]. An overview of the currently best known and most
used cancer antigens, together with their clinically relevant concentrations, is presented
in Table 2.1. Normally, biosensors are based on the sandwich principle, where primary
antibodies are adsorbed to the surface and specifically capture antigens. In fluorescent
assays the antigen concentration is then determined by a fluorescently labelled secondary
antibody, specifically binding to the antigen [124]. In enzyme-linked immunosorbent
assays (ELISAs) the secondary antibody is coupled to an enzyme which performs an
enzymatic reaction that leads to a colour change or drives an electrochemical reaction [4,
202]. Furthermore, these immunoassays can be miniaturized and parallelized to achieve
high-throughput devices [124, 197, 203-205].

Several methods exist which require no fluorescent or enzymatic labels. Most of
them are highly useful for research, but have a format that is not really suitable for point-
of-care diagnostics. Recently, a promising CMOS compatible platform based on film
bulk acoustic resonance (FBAR) has emerged which has the potential to enable acoustic
techniques to enter the point-of-care diagnostics market [211]. In this study, we used a

similar technique, the quartz crystal microbalance with dissipation monitoring (QCM-D).
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Table 2.1: Overview of critical concentrations and cancer types of the nowadays most investigated cancer

antigens.

|

| Concentrations

| Cancer types

|

PSA (prostate specific anti-
gen)

Normal range: 0-4 ng/ml
[206, 207]

Prostatic cancer [206, 207]

CA-125 (carcinoma anti-
gen)

Normal up to 35 units/ml
[208], 1.6 ng/ml [209];
>80% of patients have en-
hanced level [208]

Ovarian cancer; also
elevated for endometrial,
pancreatic, lung, breast
and colon cancer [207]

CA19-9 (carbohydrate anti-
gen)

Healthy up to 35 units/ml
[210]

Gastrointestinal cancer;
together with CEA also
gallbladder neoplasm
[210]

CA15-3 (carbohydrate anti-
gen)

Changes in the level to de-
tect breast cancer recur-
rence (therefore more sen-
sitive than CEA) [207,
210]

Breast cancer; also in-
creased level for
colon, lung and hepatic
tumours [210]

AFP (alpha-fetoprotein)

High risk patients 100-
350 ng/ml, disease >350
ng/ml [210]; up to

10 ng/ml (healthy adult)
[207]

Hepatocellular carcio-
noma [207, 210]

hCG (human chorionic go-
nadotropin)

Gestational tumours [207]

With the QCM-D surface adsorption can be measured in situ with a similar sensitivity as

with FBARs.

However, the sensitivity of the label-free techniques, including QCM-D and FBAR

is not sufficient to detect cancer markers. Therefore, new technique specific amplification

systems need to be developed before such devices could enter the point-of-care diag-

nostics market [204]. The goal of the thesis was to overcome this issue by amplifying

the generated signal through a mass increase (QCM-D) or electrochemically with a high

number of enzymes per detected antigen. Recently published results with promising sen-

sitivities usually suffer from assay times from hours to days [206]. Thus, another focus

of this thesis is to reduce the assay time to allow the use of the sensor in point-of-care

diagnostics.
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A first approach to go one step further and thereby reach the required sensitivity as
well as a reduced assay time is described in Chapter 4. It is essential to increase the signal,
reduce the background and increase the sensitivity of the detection method itself [212].
Thus, the goal of the presented approach was to lower the detection limit to a sensitivity
that is sufficient to assess e.g. cancer antigens, such as prostate specific antigen (PSA),
where the diagnostically relevant concentration is in the range of ng/ml [125]. Therefore,
the high sensitivity of the QCM-D to dissipative losses was combined with the specific
detection strategy of a sandwich assay. In Chapter 4 the signal of the secondary antibod-
ies was increased by coupling them to lipid vesicles. The larger mass and especially the
increased viscoelasticity of the vesicles compared with a single antibody pushed the de-
tection limit down to the sub-ng/ml range in human serum. With this it was demonstrated

that the detection of cancer markers is possible also with acoustic, label-free techniques.

In order to transfer the approach of the signal enhancement through the vesicles to
electrical sensing techniques, the idea was to functionalize the vesicles with a high number
of enzymes. Here, we focussed on electrochemical detection because of the availability of
non-expensive and small readout systems like the ones already used for glucose monitor-
ing in diabetes care. Within the electrochemical techniques, a suitable detection method
was evaluated. Its performance to amplify the signal when enzymes were bound to vesi-
cles needed to be assured before the technique could be transferred to the vesicle based

sandwich assay (see Chapter 5).

In summary, the enzyme functionalized vesicles worked similarly to the vesicles for
mass amplification in the QCM-D. One drawback of this system is the limited stability of
the lipidic vesicles. To improve the shelf-life and the chemical stability of the sensor, we
replaced the lipidic- by polymeric vesicles with incorporated enzymes (see Section 5.3.3).
Another possibility, where enzymes are bound to microparticles, is shortly introduced in
Section 5.4.

In order to further simplify the biosensor, the idea was to include the mediator in the
system to prevent an additional injection step. We chose the approach to incorporate it into
a polyelectrolyte multilayer (PEM) film, built by the versatile and inexpensive layer-by-
layer (LbL) deposition technique. Thereby, films are formed by the alternating adsorption
of positively and negatively charged species from aqueous solutions. Because they are
hold together mainly by electrostatic interactions, we expected the charged mediators to
remain in such films. During the development of this system we discovered that these

mediator-loaded PEM films showed electroactive behaviour. Upon application of CV
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they expanded and contracted reversibly. Furthermore, this shape change was observed
under mild conditions, meaning no drastic pH change or high potentials were required
(see Chapter 6). Unfortunately, the mediator working for the electrochemical enzyme
detection could not be incorporated into the film. Thus, for the enzymatic reaction in and
on the film the mediator needed to be present in solution. Nevertheless, the here developed
system has the potential to induce a shape deformation of the film without applying an
electric potential. With the right parameters, the mediator in the film could be reduced or

oxidized by the enzymatic reaction instead.

To conclude, in this thesis a highly sensitive sandwich based biosensor was de-
veloped. It allows for the detection of antigens through vesicles for mass enhancement
or electrochemical sensing with a high number of enzymes coupled to one binding event.
Additionally, an alternative enzymatic biosensor including electroactive PEM films was

introduced.



CHAPTER 3

Materials and Methods

3.1 Materials

3.1.1 Buffer

All measurements were carried out in a 10 mM 4-(2-hydroxyethyl)piperazine-1-ethane-
sulfonic acid (Sigma, Switzerland) solution containing 100 mM KCI. The pH of the buffer
solution was adjusted to pH = 7.4. The buffer was prepared with ultrapure water (Milli-Q
gradient A 10 system, Millipore Corporation, USA) and filtered (0.2 m) prior to use.

3.1.2 Proteins

Albumin from bovine serum (BSA) (Sigma, Switzerland) was used to inhibit unspecific
adsorption to the surface. When nothing else is indicated, it was applied at a concentration

of 10 mg/ml.

Serum (Precinorm U) was purchased from Roche, Switzerland. To check the speci-
ficity of the antigen binding it was applied 10 times diluted. It was only used in the

measurements where it is specifically mentioned.

Neutravidin (NA) (Molecular Probes, Netherlands) was used to couple biotinylated
reagents together. When nothing else is mentioned, it was applied at a concentration of

20 pug/ml.
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Open membrane proteins F (OmpF) were used in the membranes of polymeric vesi-
cles with incorporated enzymes. They allow for the diffusion of molecules with a mole-
cular weight of up to 400 g/mol [148]. The OmpF proteins were supplied by Prof. W.

Meier.

3.1.3 Enzymes and Substrate

For the various sensors in this thesis the enzyme Glucose oxidase (GOx), Type X-S
from aspergillus niger, lyophilized powder was chosen (Sigma, Switzerland). It con-
tains 100°000-250000 units/g solid (used batch: 146’000 units/g) and is without added
oxygen. 1 mg corresponds to 140 units. One unit is defined as the amount that oxidizes
1.0 mmol of B-D-glucose to D-gluconic acid and hydrogen peroxide per minute at pH 5.1
and 35 degrees Celsius. For some experiments biotinylated GOx (GOx/b) was used (Bio-
Concept, Switzerland). The supplier does not give any information about the number of
biotins per enzyme (usually there are multiple); for calculations no multiple binding was
assumed. The variable concentrations (in the range of @ g/ml) for the individual measure-

ments are given in the experimental part.

The substrate, 3-D-glucose (Sigma, Switzerland), was used at a concentration of
200 mM. When a lower concentration was used, it is stated in the corresponding experi-

mental part.

3.1.4 Antibodies

For the immunoassay experiments an antibody-antigen-antibody sandwich system was
used. The primary antibody (AB) was an Fc specific anti-mouse IgG, the antigen (AG)
a purified mouse IgG and the second antibody (2nd AB) an Fab specific anti-mouse 1gG
biotin conjugate. They were all ordered from Sigma, Switzerland. Unless mentioned

differently in the text, they were used at a concentration of 20 ug/ml.

3.1.5 Lipids

All lipids were purchased from Avanti (Avanti Polar Lipids Inc., USA). Neutral, un-
saturated 1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphocholine (POPC) lipids were used.
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Figure 3.1: Molecular structure of a POPC lipid, with hydrophobic tails (left) and hydrophilic
head (right).

They have a molecular weight of 760 g/mol and a sum formula of C4,Hg,NOgP. Their
structure with the hydrophilic head and the hydrophobic tails is shown in Figure 3.1.

Depending on the application different functionalities, such as biotinylated
or fluorescent lipids, were introduced by adding 1 % 1,2-Dioleoyl-sn-Glycero-3-
Phosphoethanolamine-N-(Biotinyl) (DOPE/biotin) and/or 2 % 1,2-Dioleoyl-sn-Glycero-
3-Phosphoethanolamine-N-(Lissamine Rhodamine B Sulfonyl) (PE-rhod) lipids.

3.1.6 Polymers for Multilayers
The following polymers were used to build polyelectrolyte multilayers:
- Polyethyleneimine (PEI), MW 25’000 g/mol, branched, initiator layer (positively
charged)
- Poly(L-glutamic acid) (PGA), MW 15°000-50°000 g/mol (negatively charged)
- Poly(allylamine hydrochloride) (PAH), MW 70’000 g/mol (positively charged)
- Poly(sodium 4-styrenesulfonate) (PSS), MW 70’000 g/mol (negatively charged)
- Poly(L-lysine) (PLL), MW 15’000 g/mol (positively charged)

- Poly(L-lysine(20 kDa))-g[3.5]-poly(ethylene glycol)(2 kDa)/PEG(3.4 kDa)-biotin
(50 %) (PLL-g-PEG/biotin)

- Poly(L-lysine(20 kDa))-g[3.5]-poly(ethylene glycol) (2 kDa)/PEG(3.4 kDa)-
TRITC (red label) (PLL-g-PEG/TRITC)

The first five on the list were purchased from Sigma, Switzerland, the last two from
SurfaceSolutionS AG, Switzerland. All polyelectrolyte solutions were applied at a con-

centration of 1 mg/ml buffer. They were filtered (0.2 ptm) prior to use.
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3.1.7 Mediators

For the electrochemical measurements two iron based mediators were used. Ferrocyanide
and ferricyanide have the same molecular formula, but are differently charged. Fer-
rocyanide ([Fe(CN)e]*7) is the reduced form, ferricyanide ([Fe(CN)s]*") the oxidized
form. Ferrocyanide can be ordered as potassium ferrocyanide, in the form of a salt. The
other mediator was (dimethylaminomethyl)ferrocene (Ci3H7FeN), a ferrocene with a

dimethylaminomethyl group to make the molecule water soluble.

3.1.8 Substrates, Surfaces

For electrochemical measurements, where the substrate acts as the working electrode,
only electrically conductive surfaces can be used. QCM-D measurements were performed
with 50 nm gold coated sensor crystals (Q-Sense AB, Sweden). Indium tin oxide (ITO)
coated surfaces (Microvacuum, Budapest, Hungary) were used for AFM and CLSM mea-
surements. Small interfacial potential differences between ITO and Au were not relevant
for the here presented results, because it was only important whether the applied potential

was above or below the oxidation potential of the mediator.

Before the experiments a cleaning protocol was applied to the sensor surfaces. They
were soaked in a 2% sodium dodecyl sulfate (SDS) (Sigma, Switzerland) solution for
30 minutes, rinsed with Milli-Q water and blown dry under nitrogen. Subsequently, they
were put into the UV/Ozone cleaner for another 30 minutes. At the end of the measure-
ment cleaner (Cobas Integra, Roche, Germany) was injected into the flowcell. After half
an hour the flowcell was properly rinsed with Milli-Q water. For storage the sensors were

removed from the flowcell, rinsed again with Milli-Q water and blown dry under nitrogen.

3.1.9 Particles

Polystyrene (PS) particles with a diameter of 1 and 10 um as well as weakly crosslinked
melaminformamid (MF) particles with a diameter of 5 um were used for particle based
assays. They were obtained from Microparticles GmbH, Germany. Calcium carbonate

(CaCO3) particles (5 um diameter) were ordered from PlasmaChem GmbH, Germany.
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3.2 Methods

3.2.1 Electrochemistry

Together with the QCM-D and the CLSM an IPS Jaissle PGU10V-1A-IMP-S poten-
tiostat/galvanostat (Jaissle Elektronik GmbH, Germany) was used. An AMEL poten-
tiostat/galvanostat (model 2053, AMEL electrochemistry, Italy) was combined with the
AFM.

Independent of the instruments, for our measurements flowcells with a three-
electrode setup were used (see Figure 3.2). Thereby, the sensor surface was at the same
time used as working electrode (WE). The Ag/AgCl reference- (RE) and the platinum
counter electrode (CE) were situated on the upper side of the flowcell. The potential was
applied between the working and the reference electrode whereas the counter and the
working electrode were used to read out the current. In the mode open circuit potential
(OCP) the cell potential is monitored, but no current is allowed to flow. According to
the convention, a positive current means electrons are entering the flowcell through the
working electrode; a negative current corresponds to electrons leaving the flowcell at the

working electrode.

C ter Reference
electrode electrode

Measures current
Controls potential

Figure 3.2: Setup of our three-electrode flowcells. The working electrode, corresponding to the
sensor surface, is connected to the reference electrode to control the potential and to the counter
electrode to measure the generated current.

Cyclic voltammetry (CV) was performed prior to the measurements to condition the
reference electrode. Therefore, a scan rate of 50 mV/s was used. For the measurements we
used CV and/or chronoamperometry. For the former, a cyclic potential was applied with

a scan rate ranging from 2-100 mV/s. Normally, 5 cycles were performed, whereas the
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last cycle was used for data evaluation. An exception is the CV in ferrocene biosensors,
where only 3 cycles were performed when the scan rate was 3 mV/s. For lower scan
speeds the system has more time to stabilize, thus 3 cycles are sufficient. The current is
plotted as a function of the applied potential. In case of the latter, the chronoamperometry,
a constant potential was applied and the output current was recorded as a function of time
(see Section 5.1).

3.2.2 Instruments

Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D)

The Quartz Crystal Microbalance with Dissipation monitoring was used to measure the
adsorption of small masses. A detailed description of the technique is given in the Intro-

duction (1.2.3). A schematic view of our EC flowcell is given in Figure 3.3.

The thickness of the PEM layers was estimated by using the viscoelastic Voigt model
[213, 214]. As opposed to the Sauerbrey equation [215] this model takes into account the

viscoelastic losses obtained from the dissipation monitoring (see Section 6.1).

Atomic Force Microscope (AFM)

The Atomic Force Microscope (AFM) is a scanning probe microscope with high reso-
lution. AFM allows to obtain a three-dimensional surface profile of the sample. This is
accomplished by monitoring the interaction force between the sample surface and a probe
(e.g. a sharp tip), which is attached to the end of a force-sensing cantilever. Therefore, no
special surface treatment or probe preparation is required. The AFM experiments in this

thesis were performed in liquid.

Experiments were run using a NanoWizard I BioAFM (JPK Instruments, Germany)
instrument. A home built EC-cell provided the possibility to perform EC measurements.
As shown in Figure 3.4, there is a round cavity for the liquid. The surface on its bottom
acts as working electrode. The two circles around the basin are an Ag reference- and a

Platinum counter electrode (see Section 6.1).

For the characterization of PEM layers the AFM was used to measure the surface

topography and the film thickness in liquid state. For the latter, the film was scratched
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a) Reference electrode (RE)
(AgCl) Counter electrode CE)
Inlet I ' Outlet
O- rlng \borklng eIectrode (WE) Inlet / outlet
(QCM crystal) niet/outle

Figure 3.3: Electrochemical flowcell of the QCM-D. a) Schematic cross-section of the flowcell.
b) Expanded view of the upper side of the flowcell. In the center of the transparent flowcell, that
is surrounded by an o-ring, is the reference electrode (RE). The counter electrode (CE) is placed
in a groove with the shape of a half circle. Inlet and outlet tubes are on the left and right sides.
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Figure 3.4: Schematic view of the EC-AFM cell. The surface acts as WE (blue), counter and
reference electrodes (red and green) are around the liquid filled basin.

with a razor blade. In order to prevent damage of the soft film, the AFM was run in the
tapping mode. The electrochemical setup allowed us to apply CV and chronoamperome-

try parallel to the scanning [216].

Confocal Laser Scanning Microscope (CLSM)

A Zeiss LSM 510 confocal laser scanning microscope (CLSM) was used (Zeiss, Ger-
many). Fluorescent images were taken from samples illuminated with the DPSS-Laser
(10 mW, A = 561 nm). The instrument also allows to take conventional bright field im-
ages, which were used to obtain information about particle density and agglomeration.
The instrument is equipped with 10x (0.3 NA), 20x (0.5 NA), 40x (LD, 0.7 NA) and 63x
(oil, 1.4 NA) objectives and the corresponding filter sets. For more detailed information
about the basics and the development of the CLSM technique the reader is referred to
Jones et al. [217].
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The CLSM was utilized to test the polymer adsorption on microparticles. Therefore,
a fluorescent polymer was adsorbed on top of the others and its presence confirmed by

photobleaching experiments (see Appendix A).

Like for the other instruments, a home built EC-flowcell was used in combination
with the CLSM. ITO coated, transparent sensor surfaces were used for adsorption and
as the working electrode. On the upper side of the polycarbonate cell, thin Ag and Plat-
inum wires were placed as counter- and reference electrode, respectively. Inlet and outlet
channels were placed at the short end of the 2 cm x 1 cm sized flowcell. Their special
geometry assured the equal distribution of the injected solution in the entire cell. This

setup allowed for parallel in situ microscopy and EC measurements.

Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) was measured with an Equinox 55
(Bruker, France). The films were deposited on a trapezoidal ZnSe crystal (Graseby-
Specac, Orpington, UK) located on the bottom of a flow cell (Graseby-Specac, Orping-
ton, UK) by allowing each polyelectrolyte solution to circulate over the substrate during
5 min. Two polyelectrolyte adsorption steps were separated by buffer rinse for 10 min.
Polyelectrolyte and buffer circulation was allowed through Tygon tubings by means of
a peristaltic pump. The infrared spectra of the film were acquired during each buffer
rinse step in the total attenuated reflection mode by accumulating 512 interferograms at
a resolution of 2 cm~!. The signal transmitted through the ZnSe crystal was collected
with a liquid nitrogen cooled mercury-cadmium telluride detector. During the deposi-
tion of the PEI-(PGA-PAH)s multilayer film, the absorption spectrum was calculated as
-10g(T;ayer/TPer), Where Ty, and Tpgy are the transmissions in presence of the consid-
ered film and when PEI is adsorbed on the native ZnSe crystal, respectively. FCIV ions
and PSS/PLL multilayers were adsorbed the same way. The spectra were acquired as for
the deposition of the PEI-(PGA-PAH)s underlayer. The absorbance was now calculated
by taking the transmission of the PEI-(PGA-PAH)s stratum as a reference in order to
measure the change in ferrocyanide content (the cyanide groups give rise to a strong band
centered at 2033 cm™!) as well as the deposition of PSS layers (giving rise to elongation
peaks due to the sulfonate groups at 1035 and 1007 cm™ 1) (see Section 6.1). The FTIR

measurements were performed by Vincent Ball.
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3.2.3 Vesicle Fabrication

Lipidic Vesicles

To prepare the vesicles, lipids, dissolved in chloroform and stored at -20°C, were used.
A solution containing 99 % POPC and a 1 % DOPE/biotin was mixed in a round bottom
flask. For fluorescent vesicles 2 % PE-rhod lipids were added. Then, the chloroform
was evaporated from the lipids using nitrogen gas. Subsequently, buffer was added and
the lipid bilayers were removed from the flask by vortexing to form big, multilamellar
vesicles. These vesicles were 31 times extruded through polycarbonate membranes with
pore sizes of 100, 400 or 1000 nm, whereas only the 100 nm vesicles are unilamellar.

Throughout the text lipid vesicles are referred to as vesicles.

Polymeric Vesicles

The synthesis of the polymeric vesicles is performed in two steps; first some
of the polymer is biotinylated, then the vesicles themselves are formed [145].
(Poly(2-methyloxazoline)-b-poly(dimethylsiloxane)-b-poly(2-methyloxazoline), a tri-

block copolymer was used to synthesize the vesicles.

Synthesis of biotinylated amphiphilic polymer: Further details for the synthesis of
amphiphilic polymers can be found in U.S. Patent No. 6,916,488. 1.0 g of the amphiphilic
polymer (HO-PMOXA 13-PDMS¢0-PMOXA3-OH), 200 mg of biotin, and 300 mg of
hexamethylenetetramine were added to a 100 ml 2-neck flask and dried under vacuum
for 24 h. Then 50 ml of dry trichloromethane was added under nitrogen and the reaction
carried out at room temperature for 60 h. Trichloromethane was evaporated under reduced
pressure and the polymer was dissolved in an ethanol/water mixture (4/1, v/v). This
solution was diafiltrated through a membrane (MW 1000 cut off) to remove unreacted
biotin. The solvent was evaporated under reduced pressure. The polymer was dried under
vacuum for 24 h and characterized by 1H NMR (1.2-1.4 ppm, -CH3- of biotinyl group).

Synthesis of nanoreactors: 15 mg of HO-PMOXA7-PDMS;,-PMOXA7-OH + 1.5 mg
of the above biotinylated polymer were placed in a 10 ml flask and dissolved in 2 ml of
ethanol, then 20 ul of a solution of the bacterial porin OmpF (1.5 mg/ml) was added. The
solution was vortexed for 1 min before ethanol was evaporated under reduced pressure.
On the top of the film, an additional 10 ul of OmpF solution was placed, and dried under
high vacuum. After film drying for approximately 45 min, 5 ml of GOx (1 mg/ml, or
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200 units/ml) in 100 mM acetate buffer pH 5.5 was added. The film was hydrated under
shaking for about 12-15 h at 0 C. After film hydration, the vesicle solution was filtered
through a 1 um filter once and 11 times through 400 nm filter (Agilent) with a syringe
drive system (Agilent) and placed on a Sepharose-4B column for the separation of the

nanoreactors from unencapsulated GOx and OmpF. Once prepared, the nanoreactors were
kept at 4 C.

Activity testing: 10 mM glucose in 100 mM acetate pH 5.5 buffer, 100 units/ml
horseradish peroxidase (in 100 mM AcH/AcNa pH 5.5 buffer), and 100 uM Amplex-Red
were mixed. The solution was colourless to slightly pink depending on the freshness of
the Amplex-Red. 50 ul of the nanoreactor formulation was added to the above mixture
and the solution turned purple within 1-3 min. Throughout the text these vesicles are

referred to as polymeric vesicles.

The polymeric vesicles were synthesized by Svetlana Litvinchuk and Arthur Lu from

BioCure Inc.

3.2.4 Biosensing Experiments

Sensing with Enzyme Functionalized Vesicles

Different NA concentrations were adsorbed to the sensor surface, ranging from 0 to
20 ug/ml. To prevent unspecific adsorption of the vesicles, BSA (0.1-10 mg/ml) was
injected. In the last step the enzyme functionalized vesicles followed. Prior to injection
of the vesicles, the biotinylated GOx were premixed with NA for 10 min (if nothing else
is indicated 1:1 ratio). It is possible that several NA and GOx/b are bound to each other
or even have the potential to connect vesicles. However, since this does not change their
total number and thus not their number per binding point this is not expected to influ-
ence the sensor output. Then, the vesicles (100-400 nm, depending on the experiment;
6-250 ug/ml) with 1 % biotinylated lipids were added to this solution. After another
10 min they were finally injected. After each adsorption step the system was rinsed with
buffer. The scheme of such a sensor with high NA concentration is shown in Figure 3.5.
For few experiments no GOx was used. In this case no pre-mixing of the vesicles with

NA was required and they were directly injected after the BSA adsorption (see Section 4).
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Figure 3.5: Scheme of the NA model system with detection through enzyme functionalized
vesicles. First, the NA is adsorbed, followed by BSA (especially important for low NA concen-
trations) and the functionalized vesicles.

Vesicle
(biotinylated)
Neutravidin
2nd AB
< (biotinylated)
Antigen — BSA
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Figure 3.6: Scheme of our biosensor. The primary antibody is adsorbed to the substrate. BSA
is added to prevent unspecific adsorption before the antigen is captured. Subsequently, the sec-
ondary antibody, coupled to the vesicle via biotin/neutravidin, is added. Finally, the vesicles are
functionalized with enzymes.

Enzyme Functionalized Vesicle Enhanced Sandwich Assay (EFVESA)

The assay is built up according to the scheme in Figure 3.6. First, a solution containing
20 pg/ml primary antibodies was injected into the flowcell. In order to inhibit unspecific

adsorption, 10 mg/ml BSA was injected in a next step. Then, the antigen to be detected
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followed in a low concentration. Finally, the secondary antibodies, bound to vesicles via
NA, were injected to enhance the signal of the detected antigens. The last three steps
were either performed individually or the three assay solutions were premixed in different
orders prior to injection. Each mixing step lasted 10 min. Control experiments were run
with serum. In this case, after the BSA adsorption, serum was injected and the antigen
was spiked directly into the serum as well. Between the individual steps the system was
rinsed with buffer. The vesicles adsorbed for 1 hour. For all the other steps we waited
until the adsorption curve reached an equilibrium. A diagnostically relevant assay time of
about 30 min was used for the adsorption of low antigen concentrations that could not be
seen in the QCM-D curve (see Section 5.3).

For electrochemical measurements involving enzymes, the existing biosensor (see
paragraph above) was expanded by introducing enzymes into the system. Therefore,
NA (20 pug/ml) was injected, followed by GOx/b (50 ug/ml) after a rinsing step. There
was also the variation where the enzyme functionalized vesicles were injected in one
step. Therefore, GOx/b and NA were premixed for 10 min. Then these complexes were
mixed with the vesicles for another 10 min prior to injection. The molar mixing ratio of
NA:GOx/b:vesicles(400 nm) was 1000:1000:1. Ratios other than that are indicated in the

results section.

3.2.5 Polyelectrolyte Multilayers (PEMs)

PEM Buildup on Flat Surfaces

Polyelectrolyte multilayer (PEM) films were built up by alternating adsorption of posi-
tively and negatively charged polymers onto either a gold or an ITO surface. PEI was
used as an initiator layer for all films regardless of their polymer combinations. Subse-
quently, up to 10 bilayers of PGA/PAH, PSS/PLL or combinations of the two were ad-
sorbed. For multilayers with n repetitions of one bilayer type the sequence is abbreviated
with (polyA-polyB),. Each polymer was injected for 5 minutes. For QCM-D measure-
ments the polymers were adsorbed without a buffer rinse between the steps. For AFM
measurements the excess was removed and subsequently the system rinsed with a pipette.
After extensive rinsing, following the last adsorption step, the film was exposed to 1 mM

ferrocyanide for 10 minutes (see Section 6.1).
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Particle Coating

The positively charged PS particles (see Section 3.1.9) were first coated with PEI. De-
pending on the application, PGA, PAH and PLL-g-PEG/biotin or (PGA-PAH),-FC fol-
lowed. To test whether the polyelectrolytes really adsorbed to the particle surfaces, they
were coated with the fluorescent PLL-g-PEG/rhod as a last layer. PEI, PGA and PAH were
all dissolved in buffer at a concentration of 1 mg/ml, PLL-g-PEG/rhod at 0.1 mg/ml. Prior
to the polymer adsorption, the particles were washed with buffer. The higher concentrated
polyelectrolytes were adsorbed for 5 min, PLL-g-PEG/rhod for 10 min. Between the in-
dividual adsorption steps the coated particles were rinsed with buffer three times. For
rinsing, the particles were centrifuged for 30 s at 2’000 rpm. The supernatant was care-
fully removed with a pipette. After adding the next solution, the mixture was vortexed
to avoid coagulation of the particles (see Sections 5.4 and Appendix A). CaCO3 particles
were also first covered with a PEI layer, while the positively charged MF particles were

directly coated with the negative polyelectrolyte of the film.






CHAPTER 4

Vesicles for Signal Amplification in a Sandwich based

Biosensor!

The sensitivity of biosensors is often not sufficient to detect diagnostically relevant bio-
marker concentrations. This chapter describes how a Quartz Crystal Microbalance with
Dissipation monitoring (QCM-D) can be utilized to detect dissipative losses induced by
the attachment of intact vesicles. We modified a sandwich assay by coupling the sec-
ondary antibodies to vesicles. This resulted in an increase of the detection sensitivity,
achieving a diagnostically relevant detection limit of 5 ng/ml or 30 pM antigens. In ad-
dition, we could combine the individual steps to decrease the total assay time to result
in about 30 minutes. Finally, polymeric vesicles were introduced to overcome potential

problems related to the limited shelf-life of lipid vesicles.

4.1 Sensor Buildup

Prior to the detection of the antigen, the surface was functionalized with a primary an-
tibody and blocked with BSA to prevent unspecific adsorption. Then, the antigen was
injected at a given concentration. To enhance the weak signal of the antigen, a sec-
ondary antibody, specifically binding to the antigen and functionalized with biotin, was
bound, followed by the linker neutravidin and vesicles, functionalized with biotin (see

Figure 4.1). A QCM-D curve of this adsorption sequence is shown in Figure 4.2. The

IParts of this chapter have been published in: D. Grieshaber, V. de Lange, T. Hirt, Z. Lu and J. Vo6ros,
Vesicles for Signal Amplification in a Biosensor for the Detection of Low Antigen Concentrations, Sensors,
8: 7894-7903, 2008.
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Vesicle

NA with biotin
2nd antibody with biotin

Antigen

BSA (brown)
Y Y‘Y 1st antibody (green)

Figure 4.1: Scheme of our biosensor. The primary antibody is adsorbed to the substrate. BSA
is added to prevent unspecific adsorption before the antigen is captured. Subsequently, the sec-
ondary antibody, coupled to the vesicle via biotin/neutravidin, is added.

example represents a curve with an antigen concentration of 400 ng/ml. The adsorption
of the primary antibody gave a signal in both the frequency and the dissipation change.
Some BSA adsorbed as well, but upon rinsing the loosely bound molecules were rinsed
off. The adsorption of the antigen is not visible in the curve because the few molecules
did not yield a high enough signal. The secondary antibodies and the neutravidin resulted
in a signal, but considering that 400 ng/ml antigen was far above the detection limit, it
was quite small (see Figure 4.2 step iv). Finally, the adsorption of the vesicles resulted in
a big signal (see Figure 4.2 step vi); a frequency change of 51 Hz and a dissipation change
of 1.4E-5. Even at low antigen concentrations, which were not directly detectable with
the QCM-D, the vesicles multiplied the signal and allowed for the indirect, quantitative
measurement of the antigen concentration. In control experiments containing all steps

except from the 2nd AB, the signal upon injection of the vesicles was f=-0.8 and D=0.22.

The spikes, appearing upon injection or buffer rinse (marked with dotted arrows in
Figure 4.2), are an artefact from the temporarily enhanced pressure in the flowcell and are

completely reversible.

For different antigen concentrations the changes in frequency and dissipation upon
adsorption of the vesicles are depicted in Figure 4.3. For the saturation concentration,

meaning the maximal number of antigens that can sterically fit on the surface, the anti-
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Figure 4.2: QCM-D curve showing frequency and dissipation changes during the adsorption
steps. 1) Primary antibody, ii) BSA (part of it is removed upon rinsing), iii) antigen (400 ng/ml),
iv) secondary antibody, v) neutravidin, vi) vesicles. The spikes (marked with dotted arrows) are
an artefact upon injection/rinsing.
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Figure 4.3: Vesicle adsorption for low antigen concentrations. A: Frequency change upon ad-
sorption of the vesicles as a function of the antigen concentration. B: Dissipation change upon
adsorption of the vesicles as a function of the antigen concentration. The insets show the detec-
tion limit at low concentrations.
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gens themselves still yielded a small signal in the QCM-D. However, compared to the
signal from the vesicles it was 10-20 times smaller, depending on the different concentra-
tions (see example in Figure 4.2). As soon as the antigen concentration was decreased,
the direct signal was no longer detectable, whereas the enhanced signal through the vesi-
cle binding was still detectable for significantly lower concentrations. For the dissipa-
tion curve, being sensitive to the viscoelastic behaviour of the whole vesicles (including
the entrapped buffer), the detection limit, after 30 min exposure to the antigen and few
minutes of vesicle adsorption, was around 5 ng/ml or 30 pM (see Figure 4.3B, inset). To
recapitulate, the setup of our biosensor made it possible to perform highly sensitive and
reproducible measurements. Because of the comparably low mass of the antigen mole-
cules, the signal was significantly increased by specifically binding secondary antibodies
linked to vesicles. This amplification scheme enabled us to also detect antigen concen-
trations that did not give a sufficient signal in the QCM-D before the signal amplification
through the vesicles. In the concentration range of interest for potential applications (i.e.
ng/ml), the signal increased linearly with increasing antigen concentrations. The curves
only started to level off for higher antigen concentrations, 1.e. ttg/ml (not shown in Fig-
ure 4.3), which is above diagnostically relevant concentrations of cancer markers in blood.
This, together with the fact that we could reach saturation with the vesicle adsorption, sug-
gests that for low concentrations every single antigen was detected by a vesicle, i.e. the
antibodies were separated far enough so that the vesicles had sufficient space to bind to
each of them. The reason why the S/N ratio curves increased fast in the beginning before
levelling off could be that after a while most of the specific binding points are occupied
and the fraction of unspecific binding increased for the adsorption after several hours.
This allows also for the quantitative determination of the antigen concentration. With the
currently used antibody-antigen system, the unspecific adsorption of the secondary anti-
body was the limiting factor. However, this is only a model system and can be further
improved, e.g., by additional blocking steps or by using another antibody-antigen sys-
tem. The direct non-specific adsorption of vesicles or NA was negligible compared to
their secondary binding through non-specifically adsorbed secondary antibodies. If we
were able to lower the unspecific binding below the current limit of the detection method
(e.g. by using an antibody-antigen system with a higher specificity than the current model
system or by introducing blocking steps with IgG), we would expect to further lower the

detection limit.

For potential applications it is essential to obtain the results within a short time, usu-

ally within minutes. To demonstrate the assay time of our sensor, the adsorption of the
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Figure 4.4: The S/N ratio of the vesicle adsorption is shown as a function of the incubation time.
The inset shows a zoom in of the first 15 minutes.

vesicles as a function of incubation time is shown in Figure 4.4; the adsorption is plotted
as a S/N ratio. Signal-to-noise corresponds to a dissipation change upon adsorption of
the vesicles in a system with a certain antigen concentration divided by the background
signal, obtained from unspecific vesicle adsorption. Thus, for no antigens it remains 1
throughout the measurement. The S/N ratio for the frequency was slightly less sensitive.
The main increase in the S/N ratio, and therefore the response of the sensor, occurred
during the first hour. Later on, the increase was only marginal. As it can be seen from
the inset in Figure 4.4, already after few minutes a quantitative result was obtained even
for the low concentration regime. For higher concentrations the curves still had the same

shape, but the signal-to-noise ratio was accordingly higher.

The detection limit of the biosensor was determined by the signal-to-background
ratio of the dissipation change upon adsorption of the vesicles. With our sensor we have
achieved a detection limit as low as 5 ng/ml or 30 pM. To our knowledge, so far the
lowest detection limit reached by QCM-D has been published by Larsson ef al. [218]
who detected cholera toxin down to a limit of 750 pM. Thus, our new system is 25 times
more sensitive than the one reported by Larsson et al. Furthermore, it is 160 times more
sensitive than a DNA recognition sensor by Patolsky ef al. [219] and even 300 times more

sensitive than results presented by Yun et al. [220] some years ago.
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4.2 Optimizing the Sensor

To minimize the analysis time we went one step further towards a one-pot assay and
premixed secondary antibodies, neutravidin and the vesicles. The concentrations and
the order in which the three reagents were mixed together were varied as shown in the
example in Figure 4.5. The first four double-bars correspond to different variations of
concentrations and mixing order, whereas the double-bar on the right shows the sum of
changes in frequency and dissipation when all three reagents were injected separately.
When first NA and the vesicles were mixed for 10 min, before adding the secondary
antibodies for another 10 min, the adsorption was less than 20 % compared to the single-
step adsorption (see first two bars in Figure 4.5). The reason could be that some of the
NA molecules did not bind to a vesicle and therefore later on occupied binding sites on
the secondary antibodies. On the other hand, if only few NA molecules were used, this
would enhance the chance of vesicles being coupled together by NA. In other words,
the vesicles would bind to a NA already coupled to another vesicle instead of binding
to a free NA. Most likely, in the experiments a mixture of the two phenomena occurred.
The procedure was improved by first premixing the NA and the secondary antibodies
for 10 min, before the vesicles were added for another 10 min prior to injection (see
3rd and 4th double-bars in Figure 4.5). This mixing order turned out to be significantly
better than the previously mentioned one. Depending on the ratio of NA and vesicles, the
achieved adsorption ranged between 40 % and 85 % of the multi-step injection. The ideal
concentration mixture was found to be NA:2"¢ AB = 1:1 (in number of molecules). It is
possible that some vesicles were still connected to each other, but this did not interfere
with the measurement. As long as the mixing is always done the same way (mixing order,
concentration, mixing time), the results are reproducible. Furthermore, this effect would
even increase the sensitivity by increasing the attached mass per detected antigen. Control
experiments showed that the unspecific adsorption of premixed NA and vesicles directly
on the primary antibody and BSA (without secondary antibody) was even smaller than in

the normal system including the secondary antibody.

Combining the optimal concentrations and order of mixing, almost the same sensi-
tivity was reached as by the step-by-step assay. Through this change of the protocol we
were able to significantly lower the assay time to 30 minutes. Mixing the NA and the
vesicles prior to the addition of the secondary antibody resulted in a low signal. Overall,
the presented two-step assay could be performed within 30 minutes, whereas most of the

time was needed for the antigen incubation. This means that, although higher vesicle
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Figure 4.5: Frequency and dissipation change upon injection of NA, 2"/ AB and vesicles as a
function of mixing order and concentrations. For the first two measurements (from left to right)
prior to injection neutravidin (NA) was first mixed with the vesicles and ten minutes later the
secondary antibody (2"¢ AB) was added. In the next two experiments, prior to injection NA and
2" AB were mixed before to the addition of the vesicles. The right bar shows the control where
the injection was performed in three individual steps.

concentrations might further decrease the assay time, the limiting factor is already the

adsorption of the low abundant antigen.

To further increase the sensitivity, vesicles with a diameter of 400 instead of 100 nm
were used. For the step-by-step sensor with the larger vesicles the dissipation was in-
creased up to 20-30 %. When the vesicles were premixed with NA or NA and secondary

antibodies, no significant influence of the size was observed.

4.3 Polymeric Vesicles for Increased Stability

To increase performance and stability of our biosensor in complex samples, such as blood,
the lipid vesicles were replaced by polymeric vesicles, which have a better stability with
respect to degradation and against enzymatic attack. Such polymeric nanocontainers were
built from the triblock copolymer PMOXA-PDMS-PMOXA.

The performance of the polymeric vesicles was first tested by adsorbing them to
NA. Different concentrations were used as shown in Figure 4.6. In the low concentra-
tion regime the QCM-D response increased linearly with increasing concentrations; high
concentrations were not investigated, because they are not of interest for potential appli-

cations. Since there was no unspecific adsorption on a surface coated with antibodies and
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Figure 4.6: QCM-D results showing the adsorption of polymeric vesicles on NA as a function
of the vesicle concentration.
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Figure 4.7: QCM-D curve showing the buildup of a sandwich based sensor with polymeric

vesicles as signal amplification target. i) AB, ii) BSA, iii) AG, iv) 2nd AB (biotinylated), v) NA
and vi) biotinylated polymeric vesicles.

blocked with BSA, it is possible to achieve a very low detection limit. From the vesicle
size (1 wm), the membrane thickness (10 nm) and the density (1 g/cm3), a vesicle mass of

3.1%10~'* g was calculated. With the results from Figure 4.6 this results in a sensitivity
of 0.2 pM.

Then, the polymeric vesicles were integrated into the sandwich sensor with vesicle
amplification. The buildup was essentially the same as with lipid vesicles. As it can be
seen in the QCM-D adsorption curve in Figure 4.7, the biosensor behaved the same way
than with lipid vesicles. The sensor was built in the step-by-step way, with the adsorption
steps AB, BSA, AG, 2nd AB (biotinylated), NA and the biotinylated polymeric vesicles.
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Figure 4.8: S/N ratio of vesicle adsorption of polymeric vesicles in a sensor with serum and
lipid vesicles in buffer. Note that polymeric vesicles were used for the detection from serum
experiment because of their enhanced stability.

The overall sensitivity was also similar when the antigen was detected from serum
(see Figure 4.8, serum). Here, a concentration of 50 ng/ml antigen was spiked into 10%
serum. Polymeric vesicles were used because of their better stability, i.e. lipid vesicles

are easily degraded by the lipase molecules present in serum.

These triblock copolymers show in general very low unspecific adsorption to proteins
[146, 221, 222]. In our experiments unspecific adsorption was smaller than the detection
limit of the QCM-D.

4.4 Conclusion

In this chapter we have described a highly sensitive, in situ biosensor. Unlike most exist-
ing sandwich assays we used vesicles as a mass and dissipation amplification tool instead
of an enzyme-labelled secondary antibody. With lipid vesicles this allowed for detecting
antigen concentrations as low as 5 ng/ml or 30 pM, which is sensitive enough to detect
e.g. PSA antigens indicating prostate cancer. Compared to other sensors using the QCM
technology, we significantly decreased the detection limit by a factor of at least 25. Fur-
thermore, we presented a way to decrease the assay time to about 30 minutes. With the
achieved simplicity (easy to use equipment and straight-forward performance), high sen-

sitivity as well as reduced assay time, this type of biosensor has a potential value for
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applications in clinical diagnostics. Polymeric vesicles were successfully implemented to
enhance the stability of the biosensor. They also showed the potential to further improve

the detection limit down to 0.2 pM.



CHAPTER 5

Enzymatic Biosensors with Electrochemical Detection

In the first part of this chapter the electrochemical detection methods that have been used
in this thesis are evaluated. The two mediators, ferrocyanide and ferrocene, and their
reaction schemes are introduced. Solutions containing the species involved in the enzy-
matic reactions are used to show the principle of the detection methods and the influence

of different parameters, such as concentration ratios or scan rates.

A simple model sensor is built to test the enzymatic sensing of adsorbed enzymes,

especially in combination with the signal increase when enzymes are coupled to vesicles.

This sensing technique is then combined with the sandwich assay introduced in Chap-
ter 4. For the proof of principle, i.e. to quantify the amount of enzymes bound to the
vesicles, the sensor buildup is in situ monitored with the QCM-D. Once established, this
sensor will allow for electrochemical detection of the antigen concentration independent
of the QCM-D.

Finally, experiments are shown where the lipid vesicles are substituted by enzyme

containing polymeric vesicles or enzyme functionalized microparticles.

An overview of the different sensor types and the tested electrochemical detection
methods is given in Table 5.1.

5.1 Mediators and their Detection Principles

In this section the reaction schemes of the mediators ferrocene and ferrocyanide are in-
troduced. It is shown how they can be used in the measurements of the following sections

and what parameters need to be taken into account.
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Table 5.1: Overview of the different enzymatic sensors and the corresponding electrochemical detection
methods.

| | FC, hold | FE, CV | FE, hold |
Detection principle || Section 5.1.1 | Section 5.1.2 (1) | Section 5.1.2 (2)
(GOx in solution)
Model assay with NA Section 5.2.2 | Section 5.2.2 Section 5.2.2
Sandwich assay with | Section 5.3.2 | Section 5.3.2
enzyme functionalized

vesicles

Polymeric vesicles with || Section 5.3.3

enzymes

Microparticles coated Section 5.4

with enzymes

5.1.1 Ferrocyanide

Hexacyanoferrate(Il) or ferrocyanide (FC) is available as the salt potassium ferrocyanide
K4[Fe(CN)g]. It is water soluble. According to Equation 5.1 it can be oxidized to fer-
ricyanide or hexacyanoferrate(Ill), whereas the oxidation takes place at 194 mV and the

reduction at 110 mV.

[Fe(CN)g]*™ = [Fe(CN)g]*™ + ¢~ (5.1)

In the reaction cycle (see Figure 5.1) glucose reacts with the enzyme GOx, which
is reduced during this reaction. Then, in principle the latter should reduce ferricyanide.
However, depending on the environment, this reaction is in competition to the reduction
of oxygen in the solution. In this case it is converted into H,O,. Independent of the extent
of the side reaction, the open circuit potential (OCP) of the system increases through the
enzymatic reaction. If we now apply a constant potential (below the oxidation potential
of FC) the ferricyanide is constantly reduced to ferrocyanide, which results in a negative
current being detected by chronoamperometry. However, the competition of ferrocyanide

and oxygen did not allow for the enzymatic readout in CV measurements.
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GOXox GOXred
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Figure 5.1: Possible reaction scheme of ferrocyanide mediated systems. During the reaction
with glucose the GOx is reduced, before being oxidized through the reaction with oxygen. The
so produced hydrogen peroxide oxidizes the ferrocyanide, which is subsequently reduced at the
working electrode.

5.1.2 Ferrocene

Ferrocene (FE) is an organometallic compound. As opposed to ferrocyanide it is not
soluble in aqueous solutions. Since our experiments are carried out in a water based
and ion containing buffer, the water soluble (dimethylaminomethyl)ferrocene was used.
The methyl groups slightly shift the oxidation/reduction potential towards the negative or
cathodic direction, but for the here presented application this does not interfere with any
other reaction, especially not the enzymatic one. The scheme of the enzymatic reaction
and the subsequent transport of the produced electrons to the surface via ferrocene is
shown in Figure 5.2a. As opposed to ferrocyanide there is no side reaction where oxygen
is reduced. The enzyme (GOx) catalyzes the reaction of glucose to gluconic acid, during
which it is reduced. In a next step the GOx is oxidized by reducing the ferrocene. The
ferrocene itself is oxidized at the working electrode when a potential below its oxidation

potential is applied. The reaction of ferrocene is given in Equation 5.2:
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[Fe(CsHs)y) = [Fe(CsHs)y] ™ +e~ (5.2)

A cyclovoltammogram of ferrocene indicating the oxidation and reduction peak is
given in Figure 5.2b. The oxidation potential was at 323 mV, the reduction potential at
254 mV. The effect of the enzymatic reaction is illustrated in Figure 5.2c. After adding
GOx to the solution the oxidation peak increased, whereas the reduction peak disappeared.
Since the enzymatic reaction is constantly reducing the ferrocene, a single molecule can
be oxidized more than once during the increase of the potential. While the potential was
decreased to 0 mV, the enzymes were also working and quickly reduced the ferrocene
before it could be reduced through the applied potential. When less enzymes were present
in the solution, the increase of the oxidation peak was only moderate and the reduction
peak was smaller but still present. Thus, provided that an excess of glucose is available,
the extent of the reduction and oxidation peaks is related to the enzyme concentration.
The signal-to-noise (S/N) ratio of such curves is defined as (current with GOx)/(current

without GOXx) at the maximum potential.

The influence of the scan rate was investigated for constant concentrations of all
participating species. We found that the slower the scan rate, the higher the difference
between the curves with and without enzymes (i.e. the S/N ratio). This can be explained
by the fact that the enzymatic reaction reduces more enzymes per potential cycle when
the scan rate is lower, which means, the duration of the individual cycles increased. To
obtain the maximal S/N, we went down to 3 mV/s. For higher enzyme concentrations
10 or even 50 mV/s turned out to be sufficient as well. Furthermore, higher scan rates
decrease the assay time. Therefore, the scan rate should be chosen as high as possible but

as low as necessary.

The other way to influence the generated signal is to adjust the ferrocene concentra-
tion. As it can be seen in Figure 5.2c, the enzymes reduce a certain amount of FE. When
the overall concentration of the mediator is too high, the fraction of the FE molecules
reduced by the enzymes is only small, resulting in a small S/N ratio only. If the mediator
concentration is too low, it becomes the limiting step in the reaction scheme because there
are simply not enough molecules around to be reduced by the enzymes. Thus, ideally the
ferrocene concentration is chosen such that it is as low as possible but still allows for a
small reduction peak. Like that, the enzyme concentration resulting in a linear response

can be adapted individually.
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Figure 5.2: Reaction scheme of ferrocene. a) GOx is reduced during the reaction with glucose.
Then, the reduced GOx is oxidized by reducing the positively charged ferrocene. The ferrocene
itself gives electrons to the working electrode. b) Cyclic voltammogram of ferrocene with the
oxidation and reduction peak around 320 and 260 mV, respectively. ¢) Cyclic voltammogram of
the reaction cycle depicted in a). The ferrocene is constantly reduced by the enzymatic reaction,
which results in a higher oxidation and a lower reduction current.

Like with the ferrocyanide, with the ferrocene it is also possible to perform
chronoamperometry. According to the reaction cycle (see Figure 5.2) the ferrocene is
reduced by the enzymatic reaction. Therefore, in order to oxidize the reduced ferrocene,
a potential above the oxidation peak needs to be applied. Like this, the ferrocene reduced
during the enzymatic reaction is constantly oxidized by the applied potential. The oxida-
tion current is proportional to the amount of enzymes. An example of such a curve, where
the potential was kept at 500 mV, is given in Figure 5.3. The measurement was started
with a buffer rinse (1). At (2) a mixture of 0.5 mM FE and 200 mM GO was injected.
Because of the applied potential the FE is oxidized, resulting in a higher current than be-
fore. For both injections, (1) and (2), there is a current peak with a fast decay. During
the first few milliseconds the current comes from charging the electric double-layer on

the electrode surface. This regime then passes into the diffusion controlled reaction with
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Figure 5.3: Chronoamperometry measurement of an FE mediated enzymatic reaction. The
applied potential was 500 mV. 1) Buffer rinse, 2) 0.5 mM FE and 200 mM GO, 3) 0.5 mM

FE, 200 mM GO and 10 pug/ml GOx. The reducing effect of the enzymatic reaction on the FE
induced a positive oxidation current.

the current density proportional to t=% (t = time).! Finally, FE and GO were injected
at the same concentrations, with additionally 10 pg/ml GOx (3). Upon injection of this

mixture, the current significantly increased as a result of the enzymatic reaction.

IThis equation follows from the Fick’s laws and the Nernst Equation. Details of the derivation can be
found in [223].
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5.2 Enzyme Functionalized Vesicles for Signal Amplifi-

cation

In this section, enzyme functionalized vesicles are used to generate electrical signals in a
model biosensing assay. Lipid vesicles, functionalized with enzymes and carrying biotin
ligands, were specifically adsorbed to neutravidin (NA) coated surfaces. For this setup,
it is first shown how the ideal BSA blocking concentration was determined. The sensi-
tivity of the sensor with enzyme functionalized vesicles as amplification objects is then
compared to the direct adsorption of biotinylated GOx to NA. Two mediator systems,

ferrocyanide and ferrocene, were applied and compared.

5.2.1 Vesicle Adsorption

In order to be able to detect enzyme functionalized vesicles, we first built a simple model
system. Therefore, the enzyme loaded, biotinylated vesicles were bound to NA as de-

scribed in Section 3.2.4.

To find the detection limit of NA (molarity) that can still be detected, different NA
concentrations were adsorbed to the gold surface. The adsorption was monitored by
QCM-D as shown in Figure 5.4. Subsequently, BSA (10 mg/ml) was adsorbed to inhibit
unspecific adsorption of the vesicles. With a higher surface coverage of the NA, the BSA
adsorption decreased. Interestingly, the total adsorption reached a minimum at 5 pg/ml
NA. Because NA is a soft protein, it is likely that it undergoes slight conformational
changes upon adsorption even on a hydrophilic surface. Like this it will proportionally
occupy more surface area and therefore decrease the BSA adsorption. In a last step, the
biotinylated, enzyme functionalized vesicles were injected. However, when adsorbing
low concentrations of NA, e.g. 1 pg/ml, and blocking against unspecific adsorption with
BSA we observed that there was no vesicle adsorption. On the other hand, the BSA is

really required to inhibit unspecific vesicle binding.

To overcome this issue, we first need to know the reason for this behaviour. When
BSA is abundant at a high concentration, a high number of molecules reaches the surface
at once. This means, there is no room for relaxation and many of these molecules are in
their native conformation. In case of a lower BSA concentration, first few molecules reach

the surface. Because BSA is a soft protein, it is partially denaturating upon contact with
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Figure 5.4: Adsorption of NA and subsequent blocking with BSA. a) Shows the absolute fre-
quency change, b) the dissipation change upon adsorption of NA, BSA and the total protein
adsorption (sum of NA and BSA).

the surface if there is enough time and room for relaxation. Since BSA is known to form
only monolayers, this means, fewer molecules adsorb, but the film is more flat. With a
flat BSA film around the NA the biotin on the vesicles can easily reach the binding pocket
of the NA. However, if the BSA molecules are mainly in their native conformation, flat
NAs - adsorbed from low NA concentrations - are not accessible for the biotin any more
because the binding pocket of the NA molecules is 0.9 nm deep (see Figure 5.5) [224].
Another reason why the vesicles did not bind could be that the few NA molecules were

exchanged by BSA when the latter was injected at a high concentration.
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Figure 5.5: Scheme of the vesicle adsorption on a surface functionalized with NA and blocked
with a) a low and b) a high BSA concentration.
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Figure 5.6: Unspecific adsorption of liposomes to a BSA coated gold surface. Minus frequency
and dissipation changes are shown as a function of the BSA concentration. About 100 pg/ml
was required to prevent unspecific vesicle adsorption.

To find the BSA concentration needed to inhibit unspecific adsorption of the vesicles,
different concentrations of BSA were adsorbed, followed by the addition of biotinylated
vesicles. In this case no NA was involved. As it can be seen in Figure 5.6, 100 pug/ml

BSA was sufficient to prevent unspecific vesicle adsorption.

In order to find the highest possible BSA concentration that still allows specific vesi-
cle adsorption, an assay with 1 pg/ml NA was built. The effect on the vesicle binding as a
function of BSA concentration is illustrated in Figure 5.7. The tested BSA concentrations
were 100 pg/ml and higher. However, as soon as the BSA concentration was signifi-

cantly higher, there was almost no vesicle adsorption observed. As such, we concluded



70 5. ENZYMATIC BIOSENSORS WITH ELECTROCHEMICAL DETECTION

— 20 T T T T T T £ T 10
N
T I
o 161 o Frequency | r8
> | @8 e Dissipation | | ©
S 12- 6 W
(&) | | [—
> c
e 8- L4 9
() [ay)
> ] ke
5 4 2 g
= ] L 0O
on
2 04 ' e e O
= 0.0 0.5 1.0 10

BSA [mg/ml]

Figure 5.7: Adsorption of liposomes to a NA functionalized gold surface blocked with BSA.
Minus frequency and dissipation changes are shown as a function of the BSA concentration.
BSA concentrations of more than 100 pg/ml inhibited the specific vesicle binding.

that a BSA concentration of 100 pg/ml, sufficiently inhibits the nonspecific binding of

biotinylated vesicles to NA, while still allowing specific vesicle binding.

What exactly is happening on the surface when high BSA concentrations are ad-
sorbed is further investigated by Andreas Binkert. For this thesis here, it is sufficient
to know the BSA concentration that is required to inhibit unspecific adsorption but still
allows the biotinylated vesicles to bind to the NA.

So far it has only been described how the biotinylated vesicles adsorbed to NA. But
for the EC measurements they need to be functionalized with enzymes prior to adsorption.
Because the enzymes are coupled to the vesicles via biotin-NA, it is not possible to adsorb
the vesicles before functionalizing them, especially when a high NA- and a low vesicle
concentration is used. In this case, there would be unspecific adsorption of the enzymes on
non-occupied NA’s on the surface. For the experiments described in this section, NA and
GOx molecules were premixed in a 1:1 ratio (number of molecules). Assuming that the
vesicles consist of one lipid bilayer, 500 NA/GOx complexes per vesicle will be available.
However, since vesicles of this size are multilamellar, the number of vesicles is lower and
thus, more than 500 enzymes per vesicle; in case of four bilayers, it would already be
2’000, for eight bilayers 4’000. More than eight bilayers are unlikely, since the threshold
between mono- and multilamellar vesicles is around 200 nm diameter [225]. On the other
hand, 400 nm lipid vesicles with 1% biotinylated lipids have around 4’000 biotins on their
surface, corresponding to the number of available enzymes in case of eight lipid bilayers.
The GOx molecules have dimensions of 7.0 x 5.5 x 8.0 nm [226]. Thus, if they were
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densely packed on the vesicle surface, around 8’000 would sterically fit. Because this is
very unlikely, 4’000 binding points are sufficient. In fact, because the NA and the GOx/b
are premixed, it is likely that few NA bind to more than one enzyme, which inhibits them
from binding to a vesicle. If the vesicles are completely covered with GOx/NA complexes,
due to steric hindrance of the biotin on the vesicles, they will not be able to bind to NA
immobilized on a surface. However, it is possible that biotins on the enzymes, bound to

the vesicle, bind to the surface immobilized NA.

5.2.2 Evaluation of Electrochemical Detection Schemes

Here the EC-signals of the different detection methods (as described in Section 5.1) are
compared. Thereby, the focus is on the signal amplification factor through the vesicles as

well as on the detection limit.

For all these experiments 400 nm vesicles were used. To estimate the signal amplifi-
cation factor of the enzyme functionalized vesicles, their signal was compared to GOx/b
molecules directly adsorbed to a surface saturated with NA (20 ptg/ml). Because NA and
the enzymes have about the same size, most of the NA on the surface will bind to a GOx/b
from the supernatant. The vesicles on the other hand are much larger; because of steric
hindrance only few of the surface immobilized NA can bind to a vesicle. Overall, one
vesicle occupies the area of 1°000-2°000 enzymes (both assumed to be densely packed),

which allows for calculating the vesicle induced signal increase.

Ferrocene: Cyclic Voltammetry

In this section CV’s of ferrocene based biosensors are presented. First, the amplification
of enzyme functionalized vesicles is compared to GOx/b directly adsorbed to NA. Then,
the parameters of the vesicle sensor are adjusted to obtain the optimal detection limit of

the sensor.

A comparison between individually immobilized GOx molecules and enzyme func-
tionalized vesicles is given in Figure 5.8. For both systems the saturating NA concentra-
tion of 20 ug/ml NA was adsorbed first, followed by the biotinylated GOx or the enzyme
functionalized biotin vesicles. The graphs in Figure 5.8 were obtained from CV with
0.1 mM FE and a scan rate of 3 mV/s. The green curve indicates the CV of a system
without GOXx, the so called background current from CV of FE. The black and the red
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Figure 5.8: CV with a scan rate of 3 mV/s and an FE concentration of 0.1 mM. The signals from
GOx on NA, GOx on vesicles and no GOx are compared.

curve were measured with only enzymes and enzymes on vesicles, respectively. The sig-
nal from the vesicles was around 3.5 times the signal from the GOx. To quantify this
result, we assumed the vesicles to be densely packed (hexagonal) on the surface. In this
case, their surface is 3.6 times the surface of the sensor itself. Subsequently, the signal
from the vesicles is expected to be 3.6 times higher. The correspondence of the calculated
and the measured values indicates that the vesicle surfaces were almost fully covered with

NA, without inhibiting the vesicles from specifically binding to surface immobilized NA.

The signal of a single vesicle thus corresponds to that of around 3’500 directly im-
mobilized enzymes, but the binding of a vesicle can be connected to a single recognition
event on the surface. As such, we can expect a similar signal amplification factor for low
abundant analytes with the vesicle system. This signal amplification also corresponds to
the above calculated number of enzymes per vesicle (see Section 5.2.1). The fact that
it is in the upper range of the calculated value supports the model of the multilamellar

vesicles.

After calculating that the signal enhancement through enzyme functionalized vesicles
should be at least three orders of magnitude, we now focus on lower concentrations and

how the ferrocene concentration can be optimized in order to minimize the detection limit.

To find the detection limit, NA was used as an analyte. Accordingly, it was adsorbed
to the surface in different concentrations. To inhibit unspecific vesicle adsorption, the

remaining free surface was blocked with BSA (0.1 mg/ml). As described in Section 5.1.2
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the sensors are in general more sensitive, when lower FE concentrations are used. In
Figure 5.9 300 uM and 30 uM FE are compared. In Figure 5.9a (300 uM) the main
contribution to the current came from the FE itself. During the CV, only a small fraction
of the FE was converted by the enzymatic reaction. Thus, the FE concentration was
reduced to 30 uM (see Figure 5.9b). Since the overall current was lower, the percentage
of the enzyme induced current was accordingly higher. This way it was possible to clearly
detect 300 ng/ml NA without flow. Additionally, an experiment where the NA was not
injected in a single shot but continuously let flow through the flowcell, was performed.
The flow rate was 40 pl/min, which corresponds to the volume of the flow-chamber. Thus,
the NA solution was exchanged 60 times during the one hour of applied flow. The rather
high flow-rate was chosen because the NA adsorbs quite fast; but of course this treatment
did not enhance the signal by a factor of 60, because not all NA molecules were able
to adsorb during one minute. As it can be seen from Figure 5.9b (300 ng/ml NA with
and without flow), this procedure significantly improved the performance of the sensor at
low concentrations, i.e. it was four times more sensitive. With flow the detection limit is
100 ng/ml.

Because the applied FE concentrations did not lead to saturation (i.e. there were still
reduction peaks), we further reduced the FE concentration with the aim to lower the de-
tection limit of the sensor when having less "background" current from the CV of the
FE itself. 10 uM and 20 uM FE were used; the corresponding curves are shown in Fig-
ure 5.10. However, in both cases, especially in Figure 5.10a with the lower concentration,
the typical CV of FE is hardly visible. Only the 1 pg/ml concentration gave a small sig-
nal in Figure 5.10b (20 uM FE). At such low concentrations, the current of the FE is
obviously not dominant any more. In fact, the background current from CV on the bare
system (electrode, buffer, etc.) becomes comparably too high. Therefore, the FC signal
is not pronounced any more. And since only very few FE ions are abundant, only a small

enzymatic signal can be generated.

To conclude, the detection limit of FE based sensors when applying CV is around
100 ng/ml NA, which corresponds to 1.7 nM. To further lower the detection limit, a basic

system with less background current during CV would need to be developed.

Ferrocene: Chronoamperometry

As described in Section 5.1.2, ferrocene cannot exclusively be used for CV, but also for

chronoamperometry. An example of the signal from enzyme functionalized vesicles is
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Figure 5.9: CV on enzyme-labelled vesicles adsorbed to different NA concentrations. The
ferrocene concentration was a) 300 M and b) 30 uM.

given in Figure 5.11, where the GOx functionalized vesicles adsorbed to surfaces pre-
treated with different NA concentrations are compared to an empty surface. The black
curve represents vesicles adsorbed to a surface saturated with NA (20 pg/ml), the red
curve was obtained from vesicles on 5 pg/ml NA and the blue curve shows the back-

ground signal from only GO and FE without any enzymes. In all cases a potential of
500 mV was applied.

This example nicely demonstrates how the principle of chronoamperometry works
in a sensor with enzyme functionalized vesicles. However, as can be seen from these
curves with high analyte concentrations, this approach is not sensitive enough for possible
applications. Compared to the signal, the background is too high. Even at a fairly high,
5 pug/ml, NA concentration the S/N ratio is only around two.
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Figure 5.10: CV on enzyme-labelled vesicles adsorbed to different NA concentrations. The
ferrocene concentration was a) 10 uM and b) 20 uM.

Ferrocyanide: Chronoamperometry

Here, the evaluation of the detection limit of a ferrocyanide mediated sensor in the
chronoamperometry mode is described. Different vesicle concentrations were adsorbed

to NA functionalized surfaces. The vesicles were functionalized with enzymes prior to
the adsorption.

In the example presented in Figures 5.12-5.14 the vesicles were adsorbed for 10 min
only. The concentration dependence of their adsorption to NA is shown in Figure 5.12.
The adsorbed amount increased linearly with an increasing concentration. The vesicles
were enzyme functionalized as described in Section 3.2.4. In chronoamperometry exper-

iments (see Figure 5.13) a FC concentration of 1 mM was used. The potential was kept
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Figure 5.11: Chronoamperometry on enzyme-labelled vesicles adsorbed to different NA con-
centrations. GOx functionalized vesicles were adsorbed to a surface pre-treated with 20 pg/ml
(black curve) and 5 pg/ml (red curve) NA. The green curve represents the control experiment
without GOx. A potential of 500 mV was applied.
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Figure 5.12: Frequency and dissipation changes of different vesicle concentrations on NA
(20 pg/ml). The vesicles adsorbed for 10 minutes.



5.2. ENZYME FUNCTIONALIZED VESICLES FOR SIGNAL AMPLIFICATION 77

Current [nA]
W
o
<

] — 12 pg/ml
-400+ — 24 pg/ml
] — 96 pg/ml

0 100 200 300 400 500 600 700
Time [s]
Figure 5.13: Chronoamperometry measurements with different vesicle concentrations. More

enzyme functionalized vesicles led to a steeper slope. FC was used at a concentration of 1 mM.
The observed large noise on some of the curves is an artefact of the instrument.
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Figure 5.14: Slope during chronoamperometry measurement with 1 mM FC as a function of the
vesicles concentration. Samples without GOx have a slope of 0.

constant at 0 mV; after one minute the GO/FC mixture was injected. The slope was de-
termined from 1 until 10 minutes after the injection as shown in Figure 5.14. A higher

vesicle (enzyme) concentration resulted in a steeper slope.

To estimate the minimum amounts of enzyme functionalized vesicles that are measur-
able with chronoamperometry, the connection between weight and molarity of the vesicles
(400 nm) was calculated:
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Vesicle surface = 47> = 5-10"cm? (5.1
Weight per vesicle = SOOng/cm2 :5-10"%cm? =2.5-10"%ng (5.2)
= 12ug/ml = 8§pM (5.3)

These calculations, for 400 nm sized vesicles, are based on monolamellar vesicles
(weight of bilayer 500 ng/cm? [227]). When the vesicles are extruded through 400 nm
pores, their final size is slightly higher, since they are flexible and therefore deformed
when squeezed through the pores. 450 nm final size would already improve the detection
limit by about 10 %. Furthermore, in reality the vesicles are multilamellar. For bilame-
llar vesicles the detection limit would be half the estimated concentration, for trilamellar
vesicles one third, etc. Thus, the detection limit is not 8 pM (as in the calculations above),
but around 1-2 pM. This detection method is expected to be even more sensitive than the

sensor with vesicles for mass amplification without enzymes.
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5.3 Sandwich Assays with Enzymatic Detection

In Chapter 4 a sandwich based biosensor with vesicles for signal amplification was used.
In order to use this sensor independent of the QCM-D in an array, GOx was introduced to
the biosensor allowing for the electrochemical detection of antigens. First, the required
modifications on the sensor are introduced, followed by EC measurements. Based on the
sensitivity evaluation described in the previous section, in this section only chronoam-
perometry with ferrocyanide and CV with ferrocene were performed. Finally, in order to
have a system that is stable for more than two weeks, polymeric instead of lipid vesicles

were used.

5.3.1 Surface Modification

The buildup of the sandwich assay for enzymatic detection was similar to the biosensor
with vesicles for mass amplification (Chapter 4). Additionally, GOx/b was bound to the
vesicles via NA (see scheme in Figure 3.6). This extension was either performed step-
by-step or with premixing the components. In case of the latter, first the NA and the
GOx/b were mixed for 10 minutes, then the vesicles were added for another 10 minutes,
before finally injecting the complexes. An example of a step-by-step injection is given in
Figure 5.15. Injection steps 1 to vi represent the buildup of the mass amplification based
vesicle sensor. In steps vii and viii NA and the biotinylated GOx were injected, respec-
tively. In this example the maximum AG concentration (20ug/ml) was used. Control

experiments without the NA step showed that GOx/b did not adsorb unspecifically.

5.3.2 Enzymatic Detection
CV with Ferrocene

The EC-performance of the sensors, built up as shown above in Figure 5.15, was tested
using CV with FE as a mediator. FE concentrations of 0.03 and 0.1 mM were combined
with scan rates of 3 and 10 mV/s. The scans with 10 mV/s, especially in combination
with 0.1 mM FE, were clearly less sensitive than the ones with 3 mV/s. Therefore, only
the experiments where a scan rate of 3 mV/s was applied are further discussed here.

Different sets of CV curves with FE concentrations of 0.03 and 0.1 mM are compared in
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Figure 5.15: QCM-D adsorption curve of the sandwich-based enzymatic sensor: i) AB, ii)

BSA, iii) AG, iv) 2nd AB (biotinylated), v) NA, vi) vesicles (biotinylated), vii) NA and viii)
GOx/biotin.

Figure 5.16a and Figure 5.16b, respectively. With 0.03 mM FE a S/N ratio of around 3.0
was obtained (definition see Section 5.1.2), while it was around 2.5 for 0.1 mM FE. When
NA, GOx/b and the vesicles were premixed prior to injection, the signal was slightly lower
than for the step-by-step adsorption. The reason therefore is assumed to be that some of
the NA bound to several GOx/b during the premixing and cannot bind to vesicles any
more. On the other hand, too many GOx/b-NA complexes on the vesicle surface would
not allow them to bind to the NA on the surface any more (compare also Section 5.2.1).
To conclude, also for the enzyme based sandwich assay, for CV 0.03 mM FE and 3 mV/s
turned out to be the parameters with which the highest sensitivity could be achieved within
a reasonable detection time. CV measurements with FE did not reach a detection limit
in the regime of most cancer antigens with the model sensor in Section 5.2.2. Thus, the
here presented experiments only show the feasibility of this method in combination with

a sandwich assay, but no detection limit was evaluated.

Chronoamperometry with Ferrocyanide

Sandwich assays with enzyme functionalized vesicles were also performed in the
chronoamperometry mode with ferrocyanide. In these assays with premixed reagents
(NA, GOx/b and biotinylated vesicles) different antigen concentrations were used. The
negative slope of the current during chronoamperometry as a function of the antigen con-
centration is given in Figure 5.17. For low antigen concentrations the signal increased

linearly, before it levelled off at higher antigen concentrations, because of steric hindrance
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Figure 5.16: CV of GOx-functionalized vesicles in the sandwich sensor with a) 0.03 mM FE
and b) 0.1 mM FE. The red curves represent a sensor without GOx, the black curves a sensor
where NA, GOx/b and the vesicles were premixed and the green curves where the three species
were adsorbed individually. The scan rate was 3 mV/s for all these measurements.

of the vesicles. This finding corresponds to the results from the sensor with vesicles for
the mass amplification in Chapter 4. Because of the same amplification scheme, for an
antibody-antigen system with low unspecific adsorption the detection limit corresponds
to the one determined when the vesicles were directly adsorbed to NA (see Section 5.2.2).
But when a whole sandwich assay is constructed, there are of course more influencing fac-
tors, such as unspecific adsorption of certain species. The lowest antigen concentration
measured (except from no antigens) was 200 ng/ml, corresponding to 1.25 nM. However,
from the linearity in the graph for low antigen concentrations and from the signal without

enzymes, the detection limit is expected to be clearly lower than that.
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Figure 5.17: Chronoamperometry of GOx-functionalized lipidic vesicles in the sandwich assay:
slope as a function of the antigen concentration.

5.3.3 Polymeric Vesicles for Increased Stability

To increase the lifetime of the enzymatic biosensor, the lipid vesicles were replaced by
polymeric vesicles, which have a better stability against enzymatic attack and longer
shelf-life stability. In this case we have incorporated the GOx inside the vesicles. OmpF
pores (see Section 3.1.2) in the membrane make sure that the molecules contributing to

the enzymatic reaction can diffuse through the membrane.
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Figure 5.18: Chronoamperometry of different vesicle concentrations (polymeric vesicles) on
NA. The electrode was kept at 0 V.
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Figure 5.19: Negative slope of the chronoamperometry curves shown in Figure 5.18. The slope
is taken from the linear part of the curves.

The performance of the polymeric vesicles was first tested by adsorbing them to
NA, as described in Section 4.3. With this sensor setup, chronoamperometry with FC
as a mediator was performed. The current as a function of time when a potential of
0 mV was applied is shown in Figure 5.18. The values of the slope, whereas a steeper
slope corresponds to a higher number of active enzymes (compare also Section 5.1.1), are
summarized in Figure 5.19. More enzyme functionalized vesicles resulted in a steeper

slope, which indicated a higher number active enzymes.
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Figure 5.20: Chronoamperometry on a sandwich assay with polymeric vesicles containing GOx.
A potential of 0 V was applied.
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After successfully testing the electrochemical performance of the polymeric vesicles
on NA, they were implemented into the sandwich assay. The sensor buildup was ac-
cording to the experiments described in Section 4.3. The EC behaviour was evaluated
by chronoamperometry with FC, as shown in a feasibility example in Figure 5.20. This
clearly illustrates the potential of the polymeric vesicles in our sandwich assay with mul-

tiple enzymatic signal amplification.
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5.4 Particles as Enzyme Carriers

Another approach to increase the number of enzymes coupled to a single recognition
event is described in this section. Here, we used PS particles coated with enzymes. In
these feasibility experiments the PS particles were coated with the biotinylated polymer
PLL-g-PEG/biotin.

First, the adsorption performance of the polymer to PS particles was tested with the
fluorescent PLL-g-PEG-TRITC (see schematics in Figure 5.21a). On the lower right in
Figure 5.21 two particles were exposed to bleaching. It is clearly visible that the red
colour disappeared. The green autofluorescence and a minor red autofluorescence still
represented the PS core. Based on this, we can assume that PLL-g-PEG/biotin will coat

the particles similarly.

a)

Figure 5.21: PS particles coated with the red fluorescent polymer PLL-g-PEG-TRITC. a)
Scheme of the particle; b) autofluorescence of the particles at 488 nm excitation; c¢) fluores-
cence from the coating at 561 nm. Note the two photobleached particles in the bottom right of
the image (white box).

The subsequent functionalization with GOx/b was performed the same way as with
lipid vesicles (see Section 3.2.4). Then, particles coated with PLL-g-PEG/biotin and func-
tionalized with GOx/b were injected into a flowcell with NA (saturated) on the substrate.
The particles settled down and bound for about 10 min prior to rinsing. The particle
density was 1079 particles per mm? after binding and 1065 particles per mm? after subse-
quent rinsing (see Figure 5.22). On the other hand, without this NA-biotin binding system
the particles were rinsed off completely. This indicates that the particles really bound to
the NA. In the shown example the density of the particles on the surface was limited by

the particle concentration in the injected solution.
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Figure 5.22: For the CV scan in Figure 5.23 a density of 1079 particles/mm? was reached after
injection and 1065 particles/mm? after rinsing.

Finally, buffer with 200 mM glucose and 0.1 mM FE was injected to perform CV. A
scan before the injection is compared to a scan after the binding of GOx functionalized
particles in Figure 5.23. A high signal from the enzymatic reaction was achieved with a
scan rate of 3 mV/s and a FE concentration of 0.1 mM. Because GOx/b and NA molecules
were mixed in a 1:1 ratio, all the GOx/b are expected to have bound to NA during the
particle preparation. It is possible that some NA bound to more than one GOx, which
excludes them from binding to a particle, but this is not expected to interfere with the

measurement.

In the example shown above, the particle concentration was 10 fM. Compared to a
400 nm vesicle, the surface of 10 um particles is 5’000 times increased. Therefore, it
makes sense that the signal per particle is accordingly higher. However, for the feasibility
experiments surfaces fully coated with NA were used. This does not prove that such big
particles could be captured by a single binding point, it only shows the promising proof

of principle already without optimizing the system.
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Figure 5.23: CV’s before the injection and after the binding of GOx functionalized PS particles.
A scan rate of 3 mV/s was applied.

5.5 Conclusion

In this chapter the most suitable EC detection methods have been evaluated with enzymes
in solution. These findings were then transferred to "real" biosensors. An overview of the
performance of the individual sensors and the different detection methods is presented in
Table 5.2. In general, the main advantages of sensors with EC detection are connected to
the possibility for measuring with a smaller and cheaper device and having a potential for

array based detection.

The enzyme functionalized vesicles were adsorbed to NA to represent a simple model
biosensor. It was used to test the feasibility and to adjust parameters, such as scan rate or
concentration of the mediator. Ferrocyanide was successfully used in chronoamperometry
measurements, ferrocene in both, CV and chronoamperometry. The first two were further
followed, whereas with the third version no satisfying detection limit was achieved. In
numbers this means, for chronoamperometry with FC, a detection limit of around 1-2 pM
(0.2-0.4 ng/ml) could be achieved. CV with FE resulted in a detection limit of roughly
1.7 nM (30 ng/ml) NA with still some possibilities for improvements. Because of the
clear differences, the chronoamperometry looks most promising. This knowledge was
then transferred to the sandwich based assay, which was expanded by functionalizing
the vesicles with enzymes. In terms of signal amplification, the same sensitivities as
with the model system can be expected. However, since there is some unspecific binding

during the sensor buildup, the current sensitivities were slightly lower. With the QCM-D a
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Table 5.2: Overview of the detection limits of the different (enzymatic) sensors and the corresponding
detection methods, including the mass amplification of the QCM-D from Chapter 4.

| QCM-D | FC,hold | FE,CV FE, chronoamp.

Model assay with en- || feasibility | 1-2 pM 1.7 nM <85nM*“
zyme functionalized
vesicles on NA
Sandwich assay with || 30 pM < 1 nM (fea- | feasibility
enzyme  functional- sibility) ?
ized vesicles
Polymeric  vesicles || 0.2 pM
with enzymes on NA
Polymeric  vesicles || feasibility | feasibility
with enzymes in a
sandwich assay
Particles with en- < 10 fM (fea-
zymes on NA sibility) ¢

“This detection method was not sensitive enough; therefore, it was not used for the other sensor systems
any more

bThese measurements were focussed on the linear concentration dependence. The here given limit just
represents the lowest measured concentration.

“This number only refers to the molarity of the particles to make it somehow comparable to the other
sensors. It has not been shown that such a low molarity of antigens can be detected this way.

detection limit of 30 pM was achieved. Chronoamperometry with FC resulted in a signal
with a linear dependence on the antigen concentration. Thus, it was successfully tested

down to 1 nM; but the detection limit is expected to be clearly lower.

Later on, the lipid vesicles were replaced by polymeric vesicles. It was possible
to integrate them into the biosensor system and achieve promising results (0.2 pM with
the model sensor in the QCM-D) and feasibility results with electrochemical detection.
Furthermore, compared to biosensors based on lipid vesicles, such modified systems have
a better long-term stability. Finally, in a feasibility study it was demonstrated that enzyme
functionalized PS particles can substitute the vesicles. With 10 fM vesicle solution the
signal was saturated; there was no more reduction peak during CV. However, this result
needs to be confirmed, because it only shows the strong signal enhancement effect of the
enzyme coated particles; it does not prove that less than 10 fM antigens can be detected

this way, i.e. the issue is, how many antigens are required to really bind such a particle.
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In summary, from the evaluated detection methods chronoamperometry with FC was
the most sensitive. Even though the system was first developed with lipid vesicles, poly-
meric vesicles or enzyme coated particles seem to be more promising in terms of shelf-
life. Another advantage of the polymeric vesicles is the encapsulation of the enzymes.
Through this, only the secondary antibody is bound to them via biotin/NA, which avoids

a possible competition between enzymes and antibodies.






CHAPTER 6

Enzymes incorporated into Electroactive Polyelectrolyte

Multilayers!

To further simplify the use of our biosensor, we intended to build a system where the me-
diator is already present when the enzymes bind. Therefore, we chose a polyelectrolyte
multilayer (PEM) system with the aim to keep the mediator molecules within the film
through electrostatic charges. We were not only successful in incorporating the mediator
but also found that such PEMs showed electroactive behaviour. We then developed a new
platform at the interface of PEM films and electroactive polymers (EAPs) by combining
the easy buildup of PEM thin films and the deformation characteristics of the EAPs. The
PEM films were made of Poly(L-glutamic acid) (PGA) and Poly-(allylamine hydrochlo-
ride) (PAH) by using the layer-by-layer (LbL) method which is already well established
in biotechnology and biomaterial science. After adding [Fe(CN)¢]*~ ions (FCIV), cyclic
voltammetry (CV) was applied resulting in a reversible expansion and contraction of the
film. The shape change as well as the film buildup prior to the cycling were in situ mon-
itored using EC-QCM-D. Electrochemical atomic force microscopy (EC-AFM) images
confirmed the rapid shape deformation. The process takes place in an aqueous environ-
ment under mild conditions (maximum potential of 600 mV and no pH change) which

makes it a promising tool for biomedical applications.

After investigating this swelling/deswelling effect we went back to the original idea

of having enzymes in or on PEM films. This can potentially be used for enzymatic sensing

Parts of this chapter have been published in: D. Grieshaber, J. Voros, T. Zambelli, V. Ball, P. Schaaf,
J.C. Voegel, and F. Boulmedais, Swelling and Contraction of Ferrocyanide Containing Polyelectrolyte Mul-
tilayers upon Application of a Potential, Langmuir, 24(23): 13668-13676, 2008.
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of e.g. glucose. Furthermore, such films can protect the sensor from drying. We have

introduced enzymes into the film and detected their activity by CV.

6.1 Swelling and Deswelling

The main focus of this section is on the swelling/deswelling behaviour of exponentially
growing PGA/PAH films, containing FCIV ions, upon the application of an electric poten-
tial. First, the formation of the exponentially growing film is briefly documented. Then,
different aspects of the swelling/deswelling phenomenon follow, describing when it is
observed and the amplitude that is obtained depending on the scan rate of the CV or the
number of bilayers. The results obtained from the EC-QCM-D are compared to EC-AFM
and FTIR measurements. The influence of PSS/PLL, an almost linearly growing film,
on the swelling/deswelling when it is adsorbed on top of the PGA/PAH film is studied.

Finally, a mechanism is proposed based on the different observations.

The deposition of PEI-(PGA-PAH) ¢y multilayer films was in situ monitored using
the EC-QCM-D. Figure 6.1a represents the frequency shift and dissipation change di-
rectly obtained from the EC-QCM-D measurement; the modelled thickness (viscoelastic
Voigt model [213, 214]) is shown in Figure 6.1b, whereas the density of the polymer
film was assumed to be 1050 kg/m>. The frequency shift decreased after each adsorption
step, which means that the adsorbed mass increased. PAH led to a high increase while
the adsorption of PGA resulted in only a small increase of mass. All three curves - fre-
quency shift, dissipation and modelled thickness - showed an exponential growth of the
film. This deposition is based on the "in" and "out" diffusion of PGA molecules through
the entire film during each deposition cycle [228]. By increasing the number of layers, the
adsorption of PAH induced an increase in dissipation, whereas the subsequently adsorbed
PGA led to a decrease. For 10 bilayers with incorporated FCIV the film was approxi-
mately 700 nm thick as shown in Figure 6.1b. There was no difference observed with
and without buffer rinse in between the adsorption steps. That is why we did not use an
additional rinsing step between the adsorption of the individual polymers (as described in

the methods section).

After the film deposition a buffer solution, containing FCIV ions, was put into contact
with the PEI-(PGA-PAH)( film (see last adsorption step in Figure 6.1a). The frequency

shift increased whereas the dissipation decreased which could either indicate a loss of
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Figure 6.1: a) Adsorption of PEI-(PGA-PAH);o-FCIV. The frequency shift decreased with in-
creasing mass, while the dissipation increased. The last step represents the adsorption of FCIV.
The arrows indicate the adsorption of the polymer layers and the FCIV. The ones pointing to the

frequency curve correspond to a: PEIL, b: PGA, c: PAH, d: buffer and e. FCIV. b) Modelled
thickness of the adsorbed PEM film using the viscoelastic Voigt model.

material or contraction of the film and less flexibility. In order to find out which reac-
tion occurs, we performed the same experiment under FTIR observation. The spectra of
PEI-(PGA-PAH)s after the adsorption of each PGA/PAH bilayer and after the uptake of
FCIV ions and subsequent rinsing are shown in Figure 6.2. At each adsorption step of
PGA/PAH bilayers, the absorbance peaks of PGA (at 1635 and 1560 cm™!, correspond-
ing to amide I and COO- peaks, respectively) progressively increased. It appears that
the absorbance increases in a non-exponential manner and even seems to level off after
4-5 layer pairs. In FTIR spectroscopy in ATR mode, the film deposited on the substrate
(ZnSe crystal) is sensed by an evanescent wave with a penetration depth typically of the
order of 1.5 um. The intensity of light is a function of the separation distance from the
ZnSe/solution interface (z). In the case where z,>z;, a PGA molecule located at the dis-

tance z, contributes less to the light absorption than a molecule located at the distance z;.
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The exponential increase in the amount of deposited PGA molecules, combined with the
exponential decrease of the intensity of light versus z, contributes to a measured linear
increase of the absorbance up to 8 layer pairs (data not shown). When the PGA/PAH film
was put in contact with FCIV containing buffer, the peak of FCIV at 2033 cm~! appeared.
This means, that there was an uptake of FCIV by the film. At the same time, an increase of
the PGA peaks was observed. This increase can only be interpreted by an increase in the
PGA concentration in the region close to the ZnSe crystal. This strongly suggests that the
film undergoes contraction with almost no film erosion upon FCIV loading. There is no
indication of loss of material during the FCIV adsorption. Therefore, in combination with
EC-QCM-D measurements, the results suggest that the addition of FCIV ions contracts

the film and renders it more rigid.

During the contact of FCIV containing solution with a (PGA/PAH) film, CV mea-
surements were performed at different scan rates and monitored by EC-QCM-D to follow
the frequency shift and the dissipation change (see Figure 6.3). The frequency shift de-
creased when the potential was increased from 0 to 600 mV, which means that the film
expanded. Synchronically, the dissipation increased which indicates a less rigid film. The
film reversibly contracted to its original thickness and rigidity when the potential was de-
creased back to 0 mV. Subsequently, CVs from O to 600 mV were applied at different
scan rates ranging from 2 to 100 mV/s as shown in Figure 6.3i-iii. Independently of the

scan rate, frequency shift and dissipation change followed the potential change.

The swelling/deswelling phenomenon of PGA/PAH films in contact with FCIV ions
under CV was found to be reversible. The fact that even at high scan rates the same ex-
pansion and contraction occurred, indicates, that the film reacts instantly. Control runs
of CV on PEI-(PGA-PAH)o before the injection of FCIV ions solution were also per-
formed. Only a negligible effect in the dissipation (<1E-8) and in the frequency shift
(around 0.5 Hz) were observed. After being in contact with FCIV containing buffer, the
flowcell was rinsed with buffer to remove the FCIV ions remaining in solution. Then,
CV measurements were performed with the same scan rates as before. Without FCIV
ions in the supernatant, the amplitudes of frequency shift and dissipation during CV were
found to be even higher (see Figure 6.3iv-vii). This can be explained by the presence of
different counter ions (chloride and FCIV ions) diffusing into the film upon oxidation of
the FCIV ions. When FCIV ions are still in the supernatant, they will diffuse into the film
and thereby reduce the swelling effect. On the other hand, without FCIV in the super-
natant only chloride ions, which have no influence on the swelling, can diffuse into the

film to maintain charge neutrality in the film. Like for the measurements with FCIV in
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Figure 6.2: a) Absorbance spectra of a PEI-(PGA-PAH)s film obtained by FTIR in ATR mode.
The peak at 2033 cm~ ! is attributed to FCIV. b) Evolution of the absorbance at 1560 cm ™! (peak
due to the COO™ groups of PGA) and at 1635 cm ™! (maximum of the amide I band of PGA) as
a function of the number of PGA/PAH bilayer depositions and after loading with FCIV.

solution, the thickness expansion did not significantly depend on the scan rates when the
FCIV in solution had been removed. In addition, Figure 6.3 shows that many successive
oxidation/reduction cycles can be performed without changing the performance of the

device.

The cyclovoltammogram monitored for a PEI-(PGA-PAH) film after adsorption of
FCIV ions is shown in Figure 6.4a. During the increase of the potential from 0 to 600 mV
(scan rate 50 mV/s), FCIV ions were oxidized into FCIII ([Fe(CN)6]4_ — [Fe(CN)6]3_ +
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Figure 6.3: Frequency shift and dissipation change as a function of time on a PEM film consist-
ing of 9 bilayers. First, CV was performed after adding FCIV (FCIV in the film and in solution)
1) 50 mV/s, ii) 100 mV/s and iii) 10 mV/s. After buffer rinse the CV was repeated iv) 50 mV/s,
v) 100 mV/s, vi) 10 mV/s and vii) 2 mV/s.
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Figure 6.4: a) Voltammogram showing oxidation and reduction peaks of a film consisting of
10 bilayers (FCIV only in the film). b) Frequency shift and dissipation change as a function
of the applied potential during CV (scan rate 50 mV/s). Please note that the left y-axis shows
the negative values of the frequency shift. This allows for visualization of the frequency and
dissipation changes occurring simultaneously.

e~ ). This reaction resulted in an oxidation peak of almost 300 nA. Since FCIII ions have
one charge less compared to FCIV ions, the charge distribution in the film is disturbed.
When the potential was decreased to 0 mV, FCIII ions were reduced to FCIV by gaining
an electron leading to a reductive peak current. For the same film, Figure 6.4b represents
the absolute values of frequency shift and dissipation change as a function of the applied
potential. This figure shows the congruency of the two curves. The expansion and con-
traction of PGA/PAH films took place during oxidation/reduction of the FCIV/FCIII ions
with a maximum of swelling/deswelling at the oxidation and the reduction potential of
the FCIV ions. As described later (see Figure 6.6), this indicates that the expansion and

contraction is directly related to the number of transferred electrons.
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The swelling/deswelling effect was studied for 3 to 10 PGA/PAH bilayers. The fre-
quency shift and dissipation amplitudes were measured during CV, while FCIV ions were
in solution, and after the rinsing step. Figures 6.5a and 6.5b represent the frequency and
dissipation shifts during CV with a scan rate of 50 mV/s. For the investigated films,
the thickness increased more after removing free FCIV ions from the supernatant. Once
these ions had been removed, no more changes in the swelling/deswelling behaviour were

detected, even after repeated rinsing steps.

The frequency shift upon application of a potential increased exponentially with the
number of layers of the film as did the thickness of the film itself. The dissipation change
was almost negligible for thin films and increased exponentially above 7 bilayers. The
amplitudes of changes in frequency and dissipation were also determined. In Figure 6.5¢
their change is plotted in percent of the total film frequency shift and dissipation change,
respectively. By increasing the number of bilayers from 3 to 10, the frequency shift and
the dissipation change were increased respectively from 2 to around 4 % and from 0 to 30-
40 % with respect to the frequency and dissipation before the oxidation was performed.
Additionally, CV measurements with PGA as the last layer were performed. After adsorp-
tion of FCIV ions and subsequent rinsing, the swelling/deswelling effect of PEI-(PGA-
PAH)o-PGA was significantly lower than for PEI-(PGA-PAH);o. PGA as a last layer
therefore dramatically decreased the swelling/deswelling effect. Recently, Hubsch et al.
studied the diffusion kinetics of FCIV ions into PGA/PAH films with PGA or PAH as last
layer by means of electrochemistry: as the films were brought into contact with buffer,
containing FCIV ions, the diffusion of FCIV ions was followed as a function of the con-
tact time. They found that with a contact time of 10 min between FCIV containing buffer
and PGA/PAH films, the oxidation/reduction peaks were lower for a PGA terminal film
than for a PAH terminal film [229]. Based on electrochemical measurements, Takita et al.
also reported that PGA terminal bilayers take up less FCIV ions [230]. This effect could
be explained with the fact that, prior to exposure to FCIV ions, the negatively charged
PGA diffused into the film. Compared to PGA, chloride ions can diffuse out from the
film much easier. Thus, less negatively charged FCIV ions can penetrate into a PGA sat-
urated film. Subsequently, these fewer ions induce a lower current during CV and, what

we showed for the first time now, a smaller swelling/deswelling effect.

We were also interested in knowing the extent of FCIV ions that need to be oxidized
until there is a change in the film thickness. By integrating the CV curves, we calculated
the number of electrons transferred. Because in the absence of FCIV ions there was no

oxidation- and reduction-current detected from the film only, the number of transferred
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electrons is identical to the number of FCIV ions that have been oxidized. Examples of
experiments performed at different scan rates are given in Figure 6.6. Figure 6.6a depicts
the changes in frequency and dissipation as a function of the number of transferred elec-
trons with a scan rate of 10 mV/s. When the number of transferred electrons increased
(through the increase of the potential applied), the absolute value of the frequency shift
and the dissipation change increased too. When the number of electrons decreased, the
frequency shift and the dissipation decreased. Moreover, the frequency shift and the dissi-
pation change are clearly superposed, indicating that the swelling is directly proportional
to the number of electrons transferred at 10 mV/s. Figures 6.6b and 6.6¢c show the same
for scan rates of 50 mV/s and 100 mV/s, respectively. For low scan rates the swelling
and deswelling was found to be a linear function of the number of transferred electrons.
In case of higher scan rates, especially for 100 mV/s, the deswelling was not linear, but
faster than the reduction of the FCIII ions. Furthermore, it needs to be mentioned that at
higher scan rates the total number of transferred electrons was lower, i.e. for 100 mV/s
only half of the number of electrons was transferred compared to 10 mV/s. This decrease
in current at higher scan rates indicated that diffusion is the rate limiting process, i.e.
the currents also might be a contribution of the capacitive current. In case of low scan
rates, the film had enough time to more or less follow the oxidation and the reduction in
equilibrium. At higher scan rates, where fewer electrons were flowing in total, the con-
traction took place faster than the expansion. The reason therefore might be that in the
oxidized state the film did not have enough time to reach an equilibrium. Upon FCIV ox-
idation, negatively charged counter ions have to penetrate into the film to maintain charge
neutrality. However, both monovalent counter ions (e.g. FCIII and especially Cl1™) have
reduced the ion bridge forming capability compared to the FCIV ions and therefore the
film expands. However, the breaking of existing ion bridges in the polymer film during
oxidation might take longer than the reformation during reduction. This can be an expla-
nation for the asymmetric expansion curves at high scan rates. It means that the ions were
oxidized and contributed to the swelling, but once the potential was reduced, they were
immediately reduced and therefore the film contracted faster. Furthermore, since the layer
thickness changes during the CV scan, this provides a moving boundary for the reservoir
from which the FCIV ions diffuse to the electrode. This could explain why the swelling
is slower than the contraction at higher scan rates. i.e. the ions have to move less when

the thickness is smaller.

To further verify the results from the EC-QCM-D, the thickness of PGA/PAH films
was monitored by EC-AFM before, during and after the application of 600 mV in liquid
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Figure 6.7: a) AFM image of a PGA/PAH film with 10 bilayers with a scratch to measure the
film thickness obtained by tapping mode in liquid state. b) Cross-section of an FCIV containing
film with 10 bilayers. Applying a potential of 600 mV induced a thickness increase of about
5-10 %. In the insert the thickness change is monitored. During the scan the potential was
repeatedly turned on and off.

state. To obtain its thickness, the film was scratched and the height difference between the
ITO substrate and the film surface was evaluated. A film surface with a scratch is shown
in Figure 6.7a. Next to the scratch there was a bulge originating from the material in the
scratch. Further away, the film consisting of 10 bilayers was flat and about 400 nm thick.
The smaller thickness obtained by the AFM (i.e. ~400 nm) in comparison to the QCM-D
(i.e. ~700 nm) might be attributed to the difference between the techniques, i.e. the AFM
tip would probably sense thinner than the actual thickness because of the applied force,
while the QCM-D is also sensitive to the few dangling polymer chains that might be at
the outer surface of the film. Furthermore, the QCM-D thickness was obtained through a

model.

Figure 6.7b shows the cross-section of a PEI-(PGA-PAH)(-FC film at 0 and 600 mV.
The application of a potential of 600 mV caused swelling of PGA/PAH films of about 5-
10 % compared to the thickness at 0 mV. Lowering the potential back to 0 mV reversibly
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decreased the film thickness to its original state. In the insert, a cross-section over several
cycles (potential on/off) is shown. To obtain this graph, the AFM program took the surface
of the film as the reference and imaged changes in the depth of the scratch. Therefore,
the spikes in the profile are related to some impurities in the scratch (from film and/or
solution) and do not represent an uneven film surface. When scanning only on the film

without a scratch involved, no such peaks were observed.

One possible explanation for the swelling/deswelling effect could be that the FCIII
ions, obtained by oxidation of FCIV, diffuse out of the film when a potential is applied
and diffuse in again after reduction. To test this hypothesis, we performed another ex-
periment, where flow was applied during the electrochemical measurements. After the
deposition of a PEI-(PGA-PAH)( film, it was put into contact with buffer, containing
FCIV ions. After a first rinsing step CV (50 mV/s) was applied with and without flow
of buffer (see Figure 6.81 and 6.811). Then, a constant potential of 600 mV was applied
for 2 min under flow (as shown in Figure 6.8iii). During this time the supernatant was
exchanged about four times. No significant decrease in the swelling/deswelling behav-
iour was observed with a buffer flow, while the Faradic current was slightly higher (about
5%). This indicates that the oxidized FCIII ions remain in the film when a potential is
applied. Otherwise, if the swelling had been induced by release of FCIII ions into the
buffer, this would have occurred immediately and the concentration of these ions would
have decreased significantly as soon as the supernatant was replaced. Subsequent CV
without flow supported these findings by showing almost the same magnitude of swelling

as before (see Figure 6.81v).

Our proposed mechanism of the swelling/deswelling phenomenon is based on the
formation of FCIV/FCIII ([Fe(CN)¢]*~/[Fe(CN)g]>~) ion bridges between the polymer
chains (see Figure 6.9). As mentioned above, addition of FCIV ions led to a contraction of
the film. This could be explained by the formation of FCIV ion bridges between positively
charged PAH chains replacing C1™ ions. Like that, the film contracts and water is expelled.
Simultaneously, the stronger interactions in the film make it stiffer, as it can be deduced by
the dissipation decrease monitored by QCM-D. Application of 600 mV induces oxidation
of the FCIV ions. The less charged FCIII ions form weaker ion bridges, which partially
get replaced by counter ions resulting in swelling of the film. The charge inside the film
is compensated by diffusion of chloride ions from the supernatant into the film. When
the potential is decreased to 0 mV, FCIII ions are reduced and at the same time chloride
1ons diffuse out of the film and the FCIV-PAH bridges are reformed again. Using the EC-

QCM-D, we observed an increase in the dissipation during the oxidation process, whereas
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Figure 6.8: i: CV of a PEI-(PGA-PAH);( film without flow, ii: with flow, iii: with a constant
potential of 600 mV for 2 min with flow and iv: again CV without flow.

the dissipation decreased back to its original value upon reduction. This observation,
as well as the associated frequency changes, suggest that the film becomes softer upon

oxidation. Upon reduction, the film deswells and its stiffness increases.

The model proposed in Figure 6.9 is also able to explain our observation that the film
swelling is of higher amplitude in the absence of FCIV in solution. When the electroactive

FCIV ions are present in solution, they are in competition with the chloride ions diffusing

il 4-/-% i 3-
[Fe” (CN)g] [Fe” (CN)]

cr cr

ar $ca. 5-10 %

oV 0.6V

Figure 6.9: Schematics of a PGA/PAH multilayer with incorporated FCIV ions. When the FCIV
ions are oxidized chloride ions enter the multilayer and the film swells.
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into the film during the oxidation of FCIV. One FCIV diffusing into the film will have
the same effect, from an electrostatic point of view, than four chloride ions. Thus, when
FCIV ions are present in solution, a lower amount of anions has to diffuse into the film
to maintain its electroneutrality. This will reduce the swelling effect in comparison to the
case where only chloride ions can diffuse (absence of FCIV in solution) and more ion
bridges will be maintained. The swelling behaviour under an electric potential related to
ion uptake was also observed for polyelectrolyte-enzyme films as reported by Forzani et
al. [231]. Compared to our system they used Osmium complexes, covalently attached to
a polymer backbone, as redox-active compound and built alternating layers consisting of
glucose oxidase and the PAH-Os complexes. Their complex Os compound led to swelling
behaviour of a similar extent but slower than our system. The changes in thickness and
refractive index during the oxidation of Os are associated to anion and water uptake and
are proportional to the fraction of oxidized Os. In our case, instead of a covalent binding
the redox probe is bound to the polyelectrolytes by electrostatic interactions with the
same amplitude in swelling/contraction. The spontaneous entrapment seems to be easier

to apply, provided that the redox probe is entrapped into the film.

Besides the PGA/PAH films we were also interested in the behaviour of PEMs con-
sisting of different polymers. We investigated PSS/PLL films in contact with FCIV ions.
CV was performed on a PEI-(PSS-PLL)s film during and after the contact with FCIV
ions in solution. With FCIV in solution there was an oxidation/reduction peak, but about
10 times weaker than for PGA/PAH films. Moreover, the increased potential difference
between the oxidation and the reduction peaks (compared to PGA/PAH) suggests that
the charge transfer is diffusion limited. Once the FCIV ions in solution were replaced
by buffer, the oxidation and reduction peaks disappeared, similar to a purely capacitive
system (see Figure 6.10). This shows that PSS/PLL films, as PSS/PDAMAC [232] and
PSS/PAH films [233], did not uptake FCIV ions. Moreover, EC-QCM-D measurements
showed that the film did not react to an applied potential with an expansion and contrac-
tion effect. These results nicely illustrate that an uptake of FCIV ions of the film is a

necessary condition to obtain a swelling/deswelling behaviour.

In a next step films consisting of two different multilayers were investigated, namely
PSS/PLL and PGA/PAH, where up to five bilayers of PSS/PLL were adsorbed on top
of five PGA/PAH bilayers. The film growth was found to be independent of the layers
underneath, but the PSS/PLL film built on top of a PEI-(PGA-PAH)s5 film almost com-
pletely inhibited the swelling (only about 2 Hz frequency and 3E-7 dissipation change).

Even though such films showed oxidation and reduction peaks in the presence of FCIV
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Figure 6.10: Voltammogram (50 mV/s) of a PSS/PLL film with 5 bilayers before, during and
after being in contact with FCIV ions.

ions, after the rinsing step these peaks were smaller compared to PGA/PAH films without
PSS/PLL on top. This means that PSS/PLL on top of PGA/PAH film retarded the diffu-
sion of FCIV ions into the PGA/PAH film and towards the electrode, showing a limited
permeability to FCIV ions. Already two PSS/PLL bilayers on top were enough to reduce
the uptake of FCIV ions to around 30 %.

We have also studied the case when the PSS/PLL layers where built on top of a
PGA/PAH film already containing the FCIV ions. Before the application of CV on this
type of buildup, FTIR experiments allowed us to further verify that the FCIV ions remain
in PGA/PAH films after the deposition of an overlaying PSS/PLL film (see Figure 6.11).
After the uptake of FCIV into PGA/PAH films and a subsequent rinsing step, the first
layer of PSS led to a small decrease in the FCIV peak (at 2033 cm™!) in parallel with
the increase of PSS peaks (at 1035 and 1007 cm™!). During the 5 PSS/PLL bilayer
depositions, the PSS peaks increased, showing presence of the terminal film. At the same
time, the intensity of the FCIV peak showed only a small decrease of about 5 % during
the buildup of PSS/PLL bilayers (see inset of Figure 6.11b).

The frequency shift and dissipation change during the application of CV on an FCIV
containing PGA/PAH film with a PSS/PLL capping film, monitored by EC-QCM-D, are
shown in Figure 6.12a. Upon application of CV, frequency shift and dissipation change
followed the potential change but in a dramatically reduced manner compared to an FCIV

containing PGA/PAH film without the PSS/PLL capping layer. Concerning the frequency
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Figure 6.11: FTIR spectral regions characteristic of a) the absorbance peaks of the sulfonate
groups of PSS (980-1080 cm™!) and b) FCIV (1950-2100 cm™!) obtained from a PEI-(PGA-
PAH)s film after loading with FCIV (black dots) and after deposition of 1 (black line), 2 (black
dashes), 3 (red line), 4 (blue line) and 5 (pink line) PLL/PSS bilayers. As the spectra did not
change upon the deposition of PLL, they have been omitted for seek of clarity. The inset of b)

represents the absorbance intensity of the band at 2033 cm ™! (attributed to FCIV) upon further
deposition of (PSS-PLL) layer pairs.

shift (and the dissipation change), the swelling/deswelling amplitudes with and without
the PSS/PLL capping layer are 2 Hz (3E-7) and 14 Hz (7E-7), respectively. This inhibitory
effect on the swelling/deswelling of FCIV containing PGA/PAH films is not related to the
decrease in FCIV content inside the film as it has been confirmed by FTIR (Figure 6.11).
In Figure 6.12b, the voltammogram of FCIV ions contained in a PGA/PAH film before
and after the deposition of the PSS/PLL capping film shows a decrease of the Faradic cur-
rent and an increase in the peak potential difference. This means that the charge transfer is
limited by the diffusion which could explain the inhibiting effect of the PSS/PLL capping
film. Overall, PSS/PLL films interfered with the diffusion of FCIV and counter ions and
thus inhibited the swelling/deswelling effect.

In summary, we have built electroactive PEM films consisting of PGA and PAH. FE
was found to diffuse from the supernatant into the film and stay there. Application of CV
caused the film to reversibly swell and deswell, following the applied potential. PSS/PLL
capping films disturbed the diffusion behaviour of FC and counter ions in the solution and

therefore mainly inhibited the swelling/deswelling effect.
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Figure 6.12: a) Frequency shift and dissipation change of a PGA/PAH film (containing FCIV
ions) with a (PSS-PLL)s capping film during CV at 50, 10 and 100 mV/s. b) Voltammogram of
a PGA/PAH film, containing FCIV, with and without a (PSS-PLL)5 capping film.

6.2 Incorporation of Enzymes

In this section the combination of the above mentioned electroactive PEM films with

enzymatic sensing is presented. The enzymes (GOx) have been electrostatically incorpo-

rated into the film. In this system CV does not only induce swelling and deswelling of the

PEM film but also gives information about the activity of the enzymes.

From Chapter 5 we know that GOx requires ferrocene (FE) to be detected with CV.
On the other hand, unlike FC, FE does not stay in PGA/PAH films. Thus, for experiments

combining the swelling/deswelling effect with enzymatic detection, both mediators, FE

and FC are required. Before combining the two techniques we had to verify that the two

mediators do not interfere with each other.
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Figure 6.13: CV to compare mediator solutions with only ferrocene (black), only ferrocene
(red), a mixture of both (green) and the sum (blue) of the current of the individual curves.

The cyclovoltammograms of FE, FC and a mixture of the two is shown in Figure 6.13.
For both mediators a CV (10 mV/s) was run alone. Then, they were mixed together.
Because the ferrocene has a higher oxidation potential than the ferrocyanide, the two
peaks can clearly be distinguished in the cyclovoltammogram. The combined curve was
then compared to the sum of the individual curves. It has the same shape but slightly
different values. This is assumed to be because, except from the mediators, there are other

minor contributions to the current - appearing in a CV with buffer - which are counted
twice when the currents are summed up.
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Figure 6.14: Frequency and dissipation change as a function of time for the buildup of a PEI-
(PGA-PAH),;-GOx film.
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First, the influence of the number of bilayers was investigated. We compared an
empty gold surface to GOx adsorbed on PEI-(PGA-PAH),, whereas n=2 and n=5 was
measured. Because the isoelectric point (IEP) of GOx is around 4.2, it is negatively
charged at pH 7.4. Thus, it was adsorbed to the positively charged PAH. A QCM-D curve
showing frequency and dissipation changes during the PEM buildup with n=2 is given in
Figure 6.14.

As described in Section 6.1, ferrocyanide causes swelling and deswelling when CV
is applied to the film. On the other hand, if we want to detect GOx during CV, we need
to use ferrocene. However, ferrocene did not irreversibly diffuse into the PEM films and
therefore did not cause the formerly observed swelling/deswelling effect. Thus, we com-
bined the two iron complexes: ferrocene to detect the enzymatic activity and ferrocyanide
for the swelling/deswelling effect. This means, the ferrocene was in the supernatant dur-
ing the CV measurements. Similar to ferrocyanide in solution it slightly decreased the
swelling/deswelling effect. Since ferrocene interacts less actively with the PEM film than

ferrocyanide, the decrease was only 5-10% - compared with almost 50 % for ferrocyanide.

After incubating ferrocyanide ions, a buffer solution containing 0.5 mM ferrocene
and 200 mM glucose was injected. The cyclovoltammograms are shown in Figure 6.15.
The applied scan rate was 10 mV/s. Compared to the empty surface, GOx/b adsorbed to
NA induced some signal. A much larger signal was obtained from the enzymes on top
of the film. Furthermore, it can be seen that the enzymatic signal does not depend on the

thickness of the underlying film.

In a next step we were interested in the inhibition effect of the film when the GOx was
not adsorbed on its top, but on the bottom or somewhere in between. Three films were
compared: PEI-(PGA-PAH)s-GOx, PEI-GOx-PAH-(PGA-PAH); and PEI-PGA-PAH-
GOx-PAH-PGA-PAH-GOx-PGA-PAH-PGA-GOx (see Figure 6.16). When the GOx was
below the PEM film, the electrochemical signal of the enzymatic reaction was signifi-
cantly decreased. It is assumed that in this case the limiting factor is the diffusion of the
non-charged glucose through the multilayer film. The second possible factor could be a
different amount of adsorbed GOx. The frequency and dissipation changes were a factor
5-10 larger when GOx was adsorbed on top of the film. However, since it electrostatically
interacts with the film, this huge change could also be related to conformational changes
in the film. Having GOx not only on top but additionally in the film slightly increased the

signal compared to GOx only on top.
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Figure 6.15: CV (scan rate 10 mV/s) of an empty surface, GOx on 2 and 5 bilayers as well as
the comparison with GOx/biotin directly adsorbed to NA.
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Figure 6.16: CV of films where the enzymes were adsorbed either on top of the PEM (black),

before adsorbing the polymers (red) or both, two times in between and on top of the film (green).
The films consisted of 5 polymeric bilayers.
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Table 6.1: Frequency and dissipation change of a PEM film with 5 bilayers upon addition of GOx and FC,
depending on the order of exposure.

| GOx first | Frequency [Hz] | Dissipation [1E-6] |

GOx -569 7.1
FC 690 -24.2
FC first | Frequency [Hz] | Dissipation [1E-6]
FC 162 -11.5
GOx -28.8 0.6
0129 . FC after GOx
1 —=— FC before GOx
=< 0.08-
£ ]
g 0.04-
3
0.00
-0.04

0 100 200 300 400 500
Potential [mV]

Figure 6.17: CV of PEI-(PGA-PAH);5 films with FC adsorbed before or after GOx binding. The
FE concentration was 0.5 mM.

We also investigated whether the order of adsorbing GOx and FC influences the per-
formance of the system. When GOx was adsorbed first, the QCM-D signal was signifi-
cantly higher (see summary in Table 6.1 for PEI-(PGA-PAH)s) and the following FC
adsorption also resulted in a higher contraction compared to a film without GOx on top.
For an explanation of this observation one needs to keep in mind that both species, GOx
and FC, are negatively charged. Thus, when GOx is adsorbed first, a high amount will
adhere to the film. The following FC could possibly replace part of the GOx, because
both carry negative charges. This thesis is also supported by the fact that the decrease in
adsorbed mass and dissipation upon adsorption of FC is much higher for films with GOx

molecules on top than for a pure PEM film.
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6.3 Conclusion

In this chapter we have introduced a platform to reversibly change the thickness of PEM
films. We have achieved a similar thickness change as that for EAPs (i.e. up to 10 %) un-
der mild conditions but with a significantly lower reaction time. From the tested polymer
combinations, the PGA/PAH films were the only ones to show the ability of swelling and
deswelling upon application of a low potential (< 600 mV). The presented results were
achieved by incorporating FCIV ions into the film that were subsequently oxidized and
reduced during the applied CV. The films reacted immediately to the oxidation and the
reduction even at high scan rates of 100 mV/s. During the oxidation of the FCIV ions the
film expanded and contracted back to its original thickness during the reduction. Accord-
ing to the results from the EC-QCM-D, the film was less rigid in its expanded state than

in the contracted form. The thickness change was also confirmed with an EC-AFM.

GOx was successfully incorporated into PEM films through the electrostatic inter-
action between the molecules. However, we did not succeed with putting the mediator
for the enzymatic reaction into the PEM films. FE, which is required for the enzymatic
reaction upon application of CV, did not stay in the film, whereas FC, which stayed in the
film, could not be used for CV with GOx.

This new platform at the interface of EAPs and PEM films has the potential for vari-
ous applications. It could be suitable for cell stretching because of its non cytotoxic com-
ponents and the mild operating conditions, such as small pH change and low voltages. It
might also be used for the creation of smart drug delivery particles which can change their
size and/or their permeability upon enzymatic or electrochemical trigger. Because of the
flexibility of the film, a possible application could also be the active control of surface

topology, e.g. for optical applications.
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Summary

In this thesis a variable platform of enzymatic biosensors with various applications has
been introduced. Sandwich assays for highly sensitive detection of antigens have been
developed and later on combined with enzymes to allow for EC detection. A new type
of electroactive PEM films has been introduced and combined with integrated, active
enzymes. The buildup of the systems has mainly been followed in situ by QCM-D and

characterized with EC methods.

The field of enzymatic biosensing has been reviewed in Chapter 1 and the various
EC detection methods have been described. Then, the focus was on their combinations
with techniques for adsorption measurements, such as QCM-D, SPR, AFM or OWLS.
Different surface architectures have been introduced, ranging from EC signal transduction
through enzymes to membrane based sensors. Also basic topics such as the reaction
principle of enzymes and the role of antibodies in sandwich assays have been addressed.
Finally, different possibilities to encapsulate enzymes, such as incorporation into vesicles

or PEM capsules, have been discussed.

In Chapter 4 we have developed a high sensitivity biosensor with vesicles for signal
amplification. The vesicles, bound to the secondary antibodies, drastically enhanced the
signal. Like this, antigen concentrations down to 5 ng/ml or 30 pM could be detected in
the QCM-D. Therefore, the dissipation signal was used; the changes in frequency were
less sensitive to low amounts of vesicles. From different variations of premixing, the
most accurate one has been chosen to decrease the assay time while still maintaining the
sensitivity. Even though this system has been proven to work nicely under laboratory

conditions, it is expected to suffer from a limited stability in biological samples because
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the lipid vesicles are subject to e.g. enzymatic attack. Therefore, we have successfully re-
placed them with polymeric vesicles which have a better stability, improved non-specific

binding and longer shelf-life.

Electrochemical methods, suitable for our biosensors, have been evaluated in Chap-
ter 5 and the corresponding reaction schemes have been introduced. The methods include
CV and chronoamperometry with ferrocyanide and ferrocene as mediators. After evaluat-
ing the performance with enzymes in solution, vesicles were functionalized with enzymes
and adsorbed to NA as a model system in the QCM-D. The performance of this model
biosensor was then tested by applying CV with ferrocene (FE) and chronoamperometry
with both, ferrocyanide (FC) or FE. Chronoamperometry with FE was not followed any
further because of lack of sensitivity. In CV mediator concentrations as low as 30 uM

were found to lead to the highest sensitivity.

This knowledge has then been successfully transferred to a sandwich assay with en-
zyme functionalized vesicles. Detection limits of 1-2 pM (0.2-0.4 ng/ml) and 30 ng/ml
NA have been achieved for chronoamperometry with FC and CV with FE, respectively.
Especially the former is promising, because it is about 20 times more sensitive than the
vesicle amplification system. Also polymeric vesicles with incorporated enzymes have
been found to behave accordingly. Feasibility experiments with enzyme functionalized

microparticles have also successfully been performed.

Electroactive PEM films have been introduced in Chapter 6. Films consisting of the
polyelectrolytes PGA and PAH have been found to show electroactive behaviour. Af-
ter the film buildup FE ions were incorporated into the film through simple immersion.
Within minutes the film was saturated with FE ions. Subsequently applied CV caused
the film to swell and contract. With the chosen parameters, about 10 % of swelling due
to changes in the ionic structures of the film has been observed. This behaviour occurred
immediately and parallel to the oxidation and reduction of the FE ions; there was no delay
measurable. Finally, the system has been expanded by adsorbing enzymes on top of the
film or as intermediate layer(s). This allowed for synchronically swelling/deswelling the

film and performing activity experiments of the enzymes.

Overall, in this thesis a variety of enzymatic biosensors have been developed.
Thereby, the main focus has been on sandwich assays to detect low antigen concentrations
down to 1 pM, as it was achieved with enzyme functionalized lipid vesicles for electro-
chemical signal amplification. The development has been made from simple vesicle based

signal amplification over an enzymatic model system to the final enzyme enhanced signal
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detection. Furthermore, the variation of enzymes combined with electroactive PEM films

has been introduced.






CHAPTER 8

Outlook

In this thesis a sandwich-based enzymatic biosensor has been developed. We have shown
the proof of principle and achieved promising results in terms of sensitivity, assay time

and reliability.

Since in the presented system the limiting factor currently is unspecific binding and
not the technique itself, lowering the unspecific adsorption would improve the perfor-
mance of the sensor (compare Chapter 4). Therefore, more blocking steps or mixing the
reagents with BSA might be a solution. Another approach could be the passivation of the
surface, with e.g. PEG based polymers. To really estimate the required procedures, one
will also need to replace the model antibody-antigen system with a specific, application

focussed system.

Through equipping the initial vesicle based biosensor with enzymes for EC detection,
the sensor is now prepared for array based testing. Thereby, different antibodies would
be adsorbed to individually addressable electrodes in one flowcell. To reduce crosstalk it
could also make sense to separate the individual points by using microfluidic channels.
Like this, parallel testing for more than just one antigen will be possible. The motivation

for this step is a cost reduction as well as a decrease of the required time.

For a commercial application the shelf life of lipid vesicles is likely to be a critical
point. In this thesis some approaches into this direction have already been outlined. With
both, polymeric vesicles and enzyme coated microparticles, promising results have been
achieved. However, especially for the microparticles the protocol still needs to be opti-
mized in terms of preparation (enzyme coverage that still enables binding in the sandwich

assay) and size (number of required binding points) of the particles.
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Furthermore, it will be necessary to transfer the system from a laboratory environ-
ment to an easy to use product for non-trained people. This means having all the compo-

nents in one small device as well as offering the possibility of an automated readout.

With the electroactive PEM films promising results have been achieved. Due to a
limited time frame to investigate this phenomenon, in this thesis only a small fraction of
possible parameters could be investigated. Other variations, such as different mediators,
other ions in solution, concentrations etc. are only few possibilities of further develop-
ment. Because of the wide variety of ideas how to improve the performance of such films
and to further develop the technique, e.g. with localized swelling, these topics are now

being investigated by Raphael Zahn in a separate PhD thesis.

The combination of this system with enzymes has also been looked at in this thesis.
At the moment one mediator is used for the swelling/deswelling effect and one for the
enzymatic reaction. To simplify the method, it would help to tune it so that one mediator
can serve for both, the deformation and the reaction with enzymes. This might even
allow for achieving swelling/deswelling behaviour by enzymatically reduce or oxidize

the ferrocyanide without applying a potential.

A completely different application of this system could go into the direction of coat-
ing other species than flat surfaces or particles, such as e.g. cells. Here the shape de-
formation could be combined with an enzymatic reaction or other functionalities still to

implement into the films.

Another topic that has been mentioned in this thesis is the co-adsorption of proteins
on surfaces. Depending on the order and the concentration the adsorbed amounts var-
ied quite a lot, i.e. in some cases after blocking with BSA no binding to the previously
adsorbed NA was observed. Some possible explanations have been proposed in this the-
sis. But to finally conclude what is going on on the surface, more experiments need to
be performed. Because of a high number of experiments with different concentrations
a microarray system will be more suitable than the QCM-D. This project is continued
by Andreas Binkert. This study will give important information about adsorption and

detection of low analyte concentrations.
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APPENDIX A

PEM Coated Particles and PEM Capsules

As an alternative to enzymatic EC detection it might be possible to use the oxida-
tion/reduction current of FC incorporated in PGA/PAH films for the signal amplification
in the sandwich assay. Therefore, either microparticles coated with PGA/PAH or PEM
capsules made from the same polyelectrolytes could be applied. In the following sections
the investigated approaches with their different parameters such as core material, core

size, polyelectrolytes or number of bilayers are described.

A.1 Calcium Carbonate Particles

Since Calcium Carbonate (CaCO3) particles are porous, they would be ideal to incorpo-

rate enzymes. They were coated as described in the Materials and Methods Section.

To see whether the polymer really adsorbs to the particles, they were coated with PEI-
PGA-PAH-PGA-(PLL-g-PEG-TRITC). The last polymer layer is visible when activated
with a 561 nm laser. In Figure A.1a a CLSM image and the corresponding bright field
image before the application of the fluorescent polymer layer is shown. The images in
Figure A.1b were taken with the same settings after the adsorption of the fluorescent
PLL-g-PEG-TRITC. From the fluorescent intensity it is clearly visible that the particles

were well coated with the polymer.

On the other hand, especially on the bright field images, one can see some cubic
crystals in between the spherical particles. Since in the very beginning these crystals

were not abundant, they must have formed in the buffer and/or polymer solution. When
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Figure A.1: CaCOs particles coated with a) PEI-PGA-PAH-PGA and b) additionally with the
fluorescent PLL-g-PEG-TRITC. From the fluorescence images on the right it is obvious that the
particles were properly coated with polyelectrolytes. Furthermore, some CaCOs3 crystals had
already been formed.
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Figure A.2: Zoom in to a group of CaCOs particles and crystals. As opposed to the particles,

there was no polymer adsorbed to their surface.

10 pm

Figure A.3: Detailed view of two CaCOs crystals. They all had a size of a bit more than 10 gm.

having a closer look at these crystals (see Figure A.2), it is obvious that they had no
fluorescent polymer coating. Thus, they cannot be used for the current system. After one
day in buffer solution all particles had disappeared and new crystals had been formed.
Once this process was finished, size and shape of the crystals did not change any more. A

higher magnification image of such crystals is given in Figure A.3.

Even coating the particles instantly after getting into contact with the buffer solution
did not prevent them from the conversion. Since the polymers did not adsorb to the
crystals, which furthermore were not porous any more, this approach was not followed

any further.
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Figure A.4: PS particles coated with the fluorescent PLL-g-PEG-TRITC, where the yellow
marked area had been bleached. Compared to a control measurement before bleaching the de-
tected intensity within the rectangle was almost decreased to the background signal.

A.2 Polystyrene Particles

Another approach was performed with Polystyrene (PS) particles. Differently sized par-
ticles (1, 2 and 10 um) were coated with PGA/PAH multilayers. First, an experiment
with the fluorescently labelled polymer PLL-g-PEG-TRITC was performed. Figure A.4
illustrates that it was possible to bleach the red colour of the polymer label in the yellow

box.

When small microparticles were used, they built agglomerates already after the ad-
sorption of few polyelectrolyte layers. Even with extensive vortexing and ultrasonic
cleaning it was not possible to dissolve these agglomerates. With the 10 um particles

however, no agglomerates were formed (see Figure A.5).

The mediator ferrocyanide was added to the coated particles and washed off after
10 minutes. Then, the particles were given into a flowcell to estimate their density on the
surface. After letting them settle onto the surface (working electrode) CV was applied.
However, no significant oxidation and reduction peaks were monitored. A possible ex-
planation for this observation could be that the FC ions are not mobile enough to travel

around the whole particle to interact with the electrode.

Therefore, THF was added to dissolve the PS cores in order to obtain PEM capsules.
This would allow for a higher contact area of the PEM films and the electrode. An ex-
ample of coated particles (PEI-(PGA-PAH)3;-PGA) before the addition of THF is given
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Figure A.5: Polyelectrolyte coated 10 pm particles. As opposed to smaller particles, these ones
did not form agglomerates.

in Figure A.6a. The surface was flat and only the center of the core gave an autofluores-
cent signal. After the treatment with THF the core was partly dissolved (Figure A.6b).
However, the single leftovers were too large to diffuse through the PEM shell. This result
was independent of the last layer and also an exposure to a high concentration of THF
during 24 hours did not significantly improve the result. To conclude, the PS particles
were successfully coated with PEM, but it was not possible to completely dissolve and
remove the core.

A.3 Melamine Formaldehyde Particles

After the results with the PS particles, we were looking for a core suitable to form PEM
capsules. Melamine formaldehyde (MF) particles are among the most common ones for

such applications.

To stick with the most common system, the MF particles were first coated with
PAH/PSS multilayers, before dissolving the cores with a diluted hydrogen peroxide solu-
tion. In case of eight bilayers the shells burst and the core was expelled (see time series in
Figure A.7). The remaining capsules were all open, or in other words destroyed. Decreas-
ing the number of bilayers to three prevented the capsules from exploding during the core
dissolution (see also publication by Dong et al. [68]). The cores dissolved completely

inside the shells as shown in the time series in Figure A.8.
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10 ym

Figure A.6: Microscopy image and autofluorescence of PEM coated PS particles a) before and
b) after the addition of THF. THF only partly dissolved the cores. The remaining parts stayed
inside the capsules.

Figure A.7: Time series of core dissolution of MF particles coated with 8 PAH/PSS bilayers.
Upon contact with a H,O; solution the shell burst and the core was expelled, resulting in opened
capsules.
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Figure A.8: Time series of core dissolution of MF particles coated with 3 PAH/PSS bilayers.
The cores were slowly and completely dissolved inside the capsules.

With these positive results in mind the polyelectrolyte system was changed to
PGA/PAH. With these polymers it was possible to successfully coat the MF particles.
However, during dissolution of the core the PEM shell was dissolved as well. Since from
the so far tested polyelectrolyte pairs PGA/PAH is the only combination showing the
swelling/deswelling behaviour, it is not possible to change the composition of the PEM

layers.

A.4 Conclusion and Outlook

In this section several ways to finally use the oxidation/reduction of FC in PEM films for
a sandwich assay were presented. It was possible to successfully coat microparticles with
PGA/PAH multilayers. At the same time it became obvious that the limited contact area
of the particles and the electrode would require PEM capsules. However, for different

reasons all the approaches to fabricate PGA/PAH capsules were unsuccessful.

Of course it is possible that one day a solution will be found. But these investigations

would have gone beyond the scope and time-frame of this thesis.
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