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0.1 Abstract

The label-free detection of odorant biomolecules on bases of electrochemical devices is the first
step towards an artificial nose. In this work the unique electrochemical properties of graphene are
utilized to create a biosensing platform for the detection of odorants, using surface-immobilized
odorant binding proteins.

Herein, the suitability of impedance spectroscopy applied to reduced graphene oxide based
field-effect transistors for detection of biological binding events is demonstrated. The impedance
7 as a function of the analyte bulk concentration in aqueous solution was measured. The im-
mobilized odorant binding proteins influence the charge carriers in the channel of the graphene
field-effect transistor (gFET) significantly, changing the impedance Z during the binding of
specific analytes. Negative control measurements of the analyte without immobilized odorant
binding proteins have been performed to validate the specificity of the biosensor. Furthermore,
the dependencies to pH values and ionic concentrations of the aqueous solutions are shown. Dif-
ferent protective layers on the graphene surface were applied to reduce the unspecific responses.
The Langmuir isotherm was used to determine the affinity of ligands to odorant binding pro-
teins and the advantages of impedance spectroscopy measurements on the graphene field-effect

transistor are discussed for further investigations.






0.2 Kurzfassung

Die markierungsfreie Detektion von odorant Biomolekiilen auf Basis eines elektrochemischen
Geriéites ist der erste Schritt in Richtung einer kiinstlichen Nase. In dieser Arbeit werden die
einzigartigen elechtrochemischen Figenschaften von Graphen genutzt, um eine biosensorische
Umgebung fiir die Detektion von Odoranten mit immobilisierten odorant-bindenden Proteinen
zu schaffen.

Die Eignung von Impedanzspektroskopie, angewendet an Feldeffekttransistoren, basierend
auf reduziertem Graphenoxid fiir die Detektion von biologischen Bindeereignissen, wird im
folgenden gezeigt. Die elektrische Impedanz Z wurde als Funktion der Analytenkonzentra-
tion in wassriger Losung gemessen. Die immobilisierten odorant-bindenden Proteine beein-
flussen die Ladungstriger im Kanal des Feldeffekttransistors signifikant, was zur Anderung
der Impedanz Z wéihrend der spezifischen Analytenanbindung fiihrt. Es wurden ebenfalls
Negativkontrollen bei gleichem Analyten aber ohne immobilisierten odorant-bindenden Pro-
teinen durchgefiihrt, wodurch die Spezifitit des Biosensors iiberpriift wurde. Auflerdem wer-
den die Abhéangigkeiten von pH-Wertdnderungen und Anderungen der Ionenkonzentrationen
der wissrigen Losung gezeigt. Es wurden unterschiedliche Schutzschichten auf die Graphe-
noberfliche aufgebracht um die unspezifischen Bindungen zu reduzieren. Das Modell der Lang-
muir Isotherme wurde verwendet um die Affinitdten der Liganden zum odorant-bindenden Pro-
tein festzustellen. Die Vorteile der impedanzspektroskopischen Messungen am Graphen Feldef-

fekttransistor werden fiir weitere Untersuchungen diskutiert.






Graphene Field-Effect Transistor

Contents

0.1 Abstract . . . . . . . . v
0.2 Kurzfassung . . . . . . .. e vii
Introduction 1
Theory 3
2.1 Graphene . . . . . . 3
2.1.1 Electrical properties . . . . . . . . . . .. 4
2.1.2  Fabrication of graphene . . . . . . .. ... L oL 6
2.1.3 Reduction of graphene oxide . . . . . ... ... ... ... 6

2.2 Field-effect transistor . . . . . . . . . . 7
221 Other FET types . . . . . . . . . o o 8
2.2.2  Graphene field-effect transistor . . . . . . ... oo 9

2.3 BIosSensor . . . ... e 10
2.3.1 Graphene FET as biosensor . . . . . . .. .. .. .. ... ... ...... 10
2.3.2 Protective layerson gFET . . . . . .. ... oo oL 11
2.33 Debyelength . . . . . . .. 11
2.3.4 Langmuir adsorption model . . . . . . .. ... Lo oL 12

2.4 Odorant binding proteins . . . . . . . . .. L 16
2.5 Impedance SpectroSCOPY . . . . . . v v v i i i e e e e 18
2.5.1 Basics components of impedance spectroscopy . . . . . . ... ... L 19
2.5.2  Electrochemical double-layer capacitance Cpg, . . . . . . . . . . ... ... 20
2.5.3 Impedance spectroscopy applied to biomolecules . . . . ... ... .. .. 21
Materials and Methods 23
3.1 Material . . . . . . L 23
3.1.1 Materials for graphene oxidation . . . . .. ... .. ... ... ...... 23
3.1.2 Chemicals for graphene oxidation . . . . . . . .. ... ... ... ..., 23
3.1.3 Materials for reduction of graphene oxide . . . . . ... .. .. ... ... 24
3.1.4 Chemicals for reduction of graphene oxide . . . . . . . . . ... ... ... 24
3.1.5  Materials for gFET production . . . . . ... ... ... ... ....... 24
3.1.6 Chemicals for gFET production . . . . . . . . .. ... ... .. ...... 24
3.1.7 Chemicals for functionalization of the gFET . . . . . . . .. ... ... .. 25
3.1.8 Materials for impedance spectroscopy . . . . . . . ... oL 25
3.1.9 Chemicals for impedance spectroscopy . . . . . . . . . . . .o .o ... 25
3.1.10 Materials for investigation on gFET . . . . . . . .. .. ... ... ... 26

February 9, 2016 - ix -




3.1.11 Chemicals for investigation on immobilization . . . . . . . ... ... ... 26

3.1.12 Software for measurement . . . . . . .. ... ... ... ... 26

3.2 Methods . . . . . . . L 26
3.2.1 Wet chemical graphene synthesis . . . . . . ... ... ... ........ 26
3.2.2 Preparation of phosphate-buffered saline . . . . . ... ... ... ..... 27
3.2.3 Fabrication of graphene field-effect transistors . . . . . . .. ... ... .. 27
3.2.4 Functionalization of gFET . . . . . . . ... ... ... .. ... ... ... 30

3.3 Measurement set-up . . . . ... Lo 31
3.3.1 Fluidics . . . . . . . e 32
3.3.2 Software and electrode configuration of potentiostat . . . . . .. .. ... 33
3.3.3 IpVg and IpVp and impedance spectroscopy electrode set-up . . . . . . . 35
3.3.4 Cyclic voltammetry electrode set-up . . . . . . ... ... ... ... ... 36

3.4 Characterization of gFETs . . . . . . . .. . . 36
3.4.1 Binding kinetics . . . . . ..o oo 36

4 Results and Discussion 37
4.1 Graphene characterization . . . . . . . . . . ... 37
4.1.1 Surface coverage . . . . . . . ..o 37
4.1.2 Comparison of graphene oxide and reduced graphene oxide . .. .. ... 39

4.2 IpVg characteristicsof gFET . . . . . . . . . . .. ... 39
4.2.1 IpVp characteristicof gFET . . . . . ... .. ... 0. 40

4.3 pHdependency of gFET . . . . . . . .. .. 41
4.4 TIonic strength dependency of gFET . . . . . . . . .. ... o 0oL 41
4.4.1 Electrical equivalent circuit . . . . . . . . . ... ... ... 42

4.5 Functionalization of the gFET . . . . .. ... ... ... L L. 45
4.5.1 OBP14 immobilized on gFET to measure eugenol binding kinetics . . . . 46
4.5.2 Responses of Lysozyme, Anti-BSA, OBP9A and OBP9B to eugenol . .. 49

4.6 Eugenol biosensing with protective layerson rGO . . . . . . ... ... ... ... 49
4.6.1 Cyclic voltammetry . . . . . .. .. .. 50
4.6.2 IpVg of gFET with protective layer . . . . . . ... ... ... ...... 51
4.6.3 Immobilization of proteins on protective layers . . . . . . ... ... ... 53
4.6.4 Fluorescence analyses of immobilized proteins on metal oxide layer . . . . 53

4.6.5 OBP14 immobilized on protective layer to measure eugenol binding kinetics 53

4.6.6 Observed and calculated kinetic parameters for eugenol bindings to proteins 57

5 Conclusion and Outlook 59
5.1 Conclusion . . . . . . . . e 59
5.2 Summary and outlook . . . .. ... L 61



Graphene Field-Effect Transistor

Introduction

Since the discovery of graphene in 2004, the carbon nanomaterial has drawn much attention
from the scientific world, due to its unique properties. Numerous reports and studies concerning
this two-dimensional crystal have been carried out to investigate its fundamental mechanical,
electrical and optical properties and it remains a field of growing interest. Nowadays it is possible
to produce large flake size graphene at a large scale and hence new industrial applications are
being thought of i.e. replacement of current industrial materials and the creation of new devices.

But what is graphene? Graphene is a mono layer of carbon atoms, arranged in a hexagonal
pattern, with only one atom of structural height. The characteristic shape is often compared
to a honeycomb and forms a network of aromatic-like carbon hexagons. In general, graphene is
considered as an infinitely large aromatic area. Beside its mechanical and thermal applications
it became very interesting in the studies of biosensors, graphene has been studied especially in
the field of biosensors for its unique electrical properties. Graphene plays an outstanding role
in electronics as a highly conducting material, with semi-metallic properties. The thickness of
just one atomic layer forms an almost transparent material with a transmittance of 97.7% at
A = 550 nm [1], making it to an invisible conductor. The biocompatibility of carbon, combined
with electrical conductivity forms a transducer module for biological events to be converted to
electrical signals. This gives graphene a boost in biosensor technologies and creates new possi-
bilities for the detection of specific molecules at the nano scale, leading to high sensitivities, low
limits of detection and good specificity. Electric fields, such as created in field-effect transistors,
can be applied to enhance the signals of biorecognition events.

In food and drug delivery, biosensors are crucial to detect toxins, impurities, bacteria, viruses
or other biological contaminates in a short time with precise results. Nowadays, probes are sent
to laboratories to investigate those undesired compounds, raising costs for production controls.
A lab-on-a-chip could be a fast solution for those tests, saving time and money. Graphene

biosensors are an encouraging new field, worth further investigations. They have the potential
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1 Introduction

to supplement expensive and bulky optical measurements, such as surface plasmon resonance

(SPR) or maybe even replace it.
The development of a field-effect transistor (FET), enhancing the signals for biological binding

events with an applied electric field is an approach of a lab-on-a-chip, with just a few compo-
nents and short assay times. Graphene based FET, also called gFETs, combined with surface
immobilized biorecognition molecules, such as antibodies, enzymes or proteins enable the de-
tection of analytes within minutes or even seconds. The transducer’s layer being only 1-atom
thick allows the electric conductor to be in direct contact to the biomolecular binding event.
Even the smallest binding events influence the charge carriers in the graphene and modulate the
signal, ready for measurement. Biological detection systems, such as mammal noses or even the
bees’ ability to detect single odorant molecules are so fascinating and efficient, scientists have
been trying to imitate these sensor systems. But a smell is much more than just detecting a
single molecule; it is more like creating a picture composed of the stimuli of the nervous system
present as receptors in the nose. The human nose has about 400 receptors able to distinguish
more than one trillion different odors [2]. This extremely high number is the result of receptor
combinations with different signal magnitudes and stimulation varieties. The nose, like the eyes,
contains special receptors, which are all needed to send signals for a specific odor. However,
the way the eyes work is easily understood, as they have only four different receptors for colour
and brightness. The imitation of the eyes receptors is well known as CCD or CMOS chips,
where each pixel represents a point of a projected image on a chip, able to discriminate between
brightness and wavelength of the light. A pizel for detecting odors has not been developed so
far, and leads to the following question: how can one create an electric signal corresponding
to the intensity of a specific odor? Once this question is question is answered, a camera-like
system could be established with more than just one of those pixels, leading to combinations
of odorants and creating a digital image of the present odor. One approach of such an odorant
detection system is documented in this work, showing how graphene and an odorant binding
protein from the Apis mellifera (western honey bee) are combined in a field-effect transistor to
detect specific odorant biomolecules. The electrical measurement of biological binding events
was performed utilizing impedance spectroscopy for the measurement of the response of the
system at frequencies from 1 Hz to 500 kHz. An illustration of the gFET for odorant detection

is shown in Fig. 1.1, measuring the odorant’s concentration in a aqueous solution.
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Figure 1.1: Graphene based field-effect transistor with immobilized odorant binding proteins, including elec-
trical set-up to measure the response for odorant presence.
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Graphene Field-Effect Transistor

Theory

2.1 Graphene

Finding new technologies sometimes requires already known and simple methods. Sometimes a
breakthrough in science may result from an unexpected happening as it did in physics: applying
scotch tape to a block of graphite and pulling it off, results in thin layers of graphite being
adhered to the tape. By repeating this procedure the material is broken down to its minimum:
a one atom thick layer of carbon atoms. These atoms are arranged in a hexagonal lattice and
form a two-dimensional crystal, called graphene. In 2004, Andre Geim, Kostya Novoselov and co-
workers produced graphene with the scotch tape method and started their first investigations [3].
In 2010 they were awarded the Physics Nobel prize because they demonstrated the existence of
a two-dimensional crystal - graphene - against the theory of many other physicists. The reason
for the stability of two-dimensional crystals was later on shown by thorough investigations on
the rippling of graphene sheets. Studies by transmission electron microscopy revealed, that the
sheets are not perfectly flat. The roughing arises up to 1Inm out-of-plane of the crystal structure
and provides an explanation for its stability [4][5]. Graphene sheets consist of sp? hybridized
carbon atoms. Each carbon atom shares three electrons with its neighbouring carbon atoms
and forms strong o-bonds. A fourth electron in the p-orbital, perpendicular to the graphene
surface, has the ability to form weaker m-bonds. Since this electron is not permanently linked to
any other atom, it gives graphene the ability to become a semi-metal and to conduct electricity
very well. This stands in contrast to any diamond structure, where all atoms are sp> hybridized
and o-bonded with all four electrons to the lattice of the diamond, leading to a non-conductive
material with a large band gap [6]. Each graphene sheet can form a stack with other graphene
layers through m —m-stacking, leading to a multi-layer of graphene. The carbon material is called

graphene up to a stack of 10 layers. Fig. 2.1 shows the four types of possible carbon structures
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with the two-dimensional graphene on the right side.

Figure 2.1: [3] Illustration of various carbon allotropes. From left to right: carbon nanotubes, fullerene,
graphite and graphene. Nanotubes are rolled-up cylindric graphene sheets. Fullerene (Cgo) has
a ball-like structure, introducing some pentagons and graphite is the m — m-stacking of graphene
monolayers.

Beside the fact that graphene is a two-dimensional atomic crystal, it shows extraordinary
properties, such as high mechanical elasticity and being the strongest material in respect to its
area ever measured [7]. Optical properties allow the manipulation of light transmission through
external electric or magnetic fields on the graphene layer, shown by [8]. There are even more
unique properties, such as the possibility of forming a gas barrier and the ability to use it
as a gas sensors to detect ammonia [9] and last but not least the electric, more precisely the

semi-conducting properties of graphene sheets.

2.1.1 Electrical properties

The outstanding electric property of graphene is the reason why this material has gained so much
attraction in the last years. It is promising to replace other conducting and semi-conducting
materials by graphene or to develop new applications. Up to a bilayer of graphene sheets, the
electronic spectra can be seen as a zero-gap semiconductor, or a zero-overlap semi-metal, with
one side forming an electron hole and the other an electron donator. This simplified electronic
property can not be noticed if more graphene layers are stacked, because then several charge
carriers appear and the model becomes much more complex [10]. Furthermore the electrical
pathway through single and double layer graphene is not isotropic, meaning the electrons cannot
propagate in every direction with the same conductivity. Parallel to the surface the conductivity
is about a hundred times greater than across the crystal plane [11].

In Fig. 2.2 (a), the hexagonal structure of graphene is shown, carbon atoms are depicted
with blue and yellow circles. It can also be seen as a triangle lattice, with the basis of two
atoms. The lattice vectors are called a; and ag, they form the hypotenuse of the triangle and
have a length of approximately 1,42A. Right beside the atomic structure in the same figure, the
Brillouine-zone is shown, which corresponds to the reciprocal lattice of the hexagonal structure.
In this model the most important points are the K and K’ points, the only connection points for
the electronic 7- and 7*-bands at the Fermi level. Wallace et al. calculated the energy needed
for an electron to hop from one atom to its nearest neighbour and the next nearest neighbour
on this lattice model, already in the year 1947. He calculated the band structure for a single
layer and derived an equation, that allows the symmetry of the 7- and 7*-bands if the kinetic

energy to the next nearest neighbour is zero. Fig. 2.2 (b) demonstrates the energy spectrum of

-4 — February 9, 2016




2.1 Graphene

the - and 7w*-bands of the complete Brillouine zone, where the unique properties of graphene
stem from. At the junction of the two bands, the kinetic energy for electron transition is zero,
so the electron are free to move. In this particular figure the symmetry is not given, since it was

calculated with a finite value for the transition energy to the next nearest neighbour [11] [12].

by\

(a) Graphene structure model and correspond- (b) Unique band structure of graphene
ing Brillouin zone

Figure 2.2: [12] Atomic structure (a) and electronic bands (b) of graphene, indicating that the w- and m*-
bands meet at K and K’ points. The zoom window shows the presence of the dirac point with
the zero-bandgap.

Fig. 2.3 (a) shows the behaviour of graphene in the presence of an electric field, occuring in
a field-effect transistor with graphene drain-source channel. The conductivity ¢ in k2! of the
graphene monolayer changes as the gate voltage Vg changes, while Vg is proportional to the
electric field [13]. The conductivity increases in the negative and positive regime of V. This
shows an ambipolar semi-conducting behaviour of electron and hole mobilities.

Novoselov et al. described the massless fermions in graphene with quantum electrodynamics,
as a combination of quantum mechanics and relativity theory, proposing a gas of free massless
Dirac fermions for the electrons in the conductive layer [13]. Therefore, the electrons are free
to move and give graphene its semi-conductive properties. The hall coefficient 1/Ry shows a
transition between electron and hole carriers in graphene at the Dirac point around zero volt of

Vg, shown in Fig. 2.3 (b), representing the unusual quantum transport phenomena of graphene.
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(a) Conductivity o vs. Vg (b) Hall coefficient 1/Rg vs.
Vg

Figure 2.3: [18] Electric field applied to graphene in a field-effect transistor. The left image shows the
conductivity, depending on the gate voltage, representing the electric field applied to graphene.
On the right side is the hall coefficient of graphene 1/Ry vs. gate voltage V.
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2 Theory

2.1.2 Fabrication of graphene

Adhesive tape peeling method

A simple approach to get a thin or monolayer of graphene is adhesive tape or scotch tape method.
This is a micromechanical cleavage method, that peels off some layers of graphene step by step,
leaving only a monolayer of graphene at the end. This is the same technique that allowed the
fabrication of graphene for the first time by Novoselov et al. [14]. These graphene flakes, up to
a size of 100 uM [15] can be transferred to a silicon wafer and the scotch tape is washed off by

acetone afterwards.

Chemical vapor deposition

Another approach to get monolayers of graphene is a bottom up technique, called chemical vapor
deposition. This technique allows the growth of thin graphene flakes directly on copper foil by
a surface-catalyzed process. The foil is heated up to a temperature of 1000°C under vacuum
and then methane or ethene gas is introduced for a certain period to grow only a monolayer
of graphene on the copper foil. This technique results in high-quality graphene with a size of

1 emx1 cm [15].

Wet chemical method

The wet chemical protocol to obtain monolayers from graphite flakes was first described by
Brodie et al. in 1859 [16] and later refined by Hummers et al. [17] for a safe process in lab-
oratory. This method actually produces graphene oxide flakes, that can be reduced back to
graphene. This method uses conventional graphite flakes, an oxidation step to loose the sp?
bonds of the graphene sheets and then mechanically shear off the flakes by mechanical forces,
e.g. ultrasonication or steering. The wet chemical method is highly suitable for low cost and
large scale production of graphene with a high variety in flake size up to 100 ym. The exfoliated
graphene oxide (GO) monolayers are dissolved in water, applied on silicon wafers in a laboratory
environment and then reduced to graphene to get a conducting material, as shown by the group
of Larisika et al. with the modified Hummers’ method [18].

2.1.3 Reduction of graphene oxide

A reduction process is required to reduce the graphene oxide (GO) of the modified Hummers’
method to graphene. The obtained graphene is then called reduced graphene oxide or rGO,
and is a conducting material. Commonly used reduction methods are thermal and chemical
reduction, where thermal annealing is carried out by thermal irradiation on graphene, called
thermal reduction [19]. This can be either performed under exposure of argon gas at 1050 °C [20]
or hydrogen gas at 800 °C [21]. Even microwave reduction [22] and photo reduction [23] can be
performed to achieve the thermal annealing effect on reduced graphene. The heating of graphene
makes the oxygen containing groups on the graphene oxide flakes decompose into gas, but has

the disadvantage of producing wrinkled and small flakes compared to other reduction methods.
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2.2 Field-effect transistor

Chemical reduction can be performed with the use of hydrazine [24] or dimethylhydrazine [25].
These are both strong reduction agents, with the disadvantage of being highly hazardous and
therefore less practicable in laboratory use. L-ascorbic acid (Vitamin C) [26] and hydriotic
acid [27] are non-hazard reduction methods and are very effective. Especially the hydriotic acid
leads to great conductivity and little defects in the graphene flake surface, apart from possible
iodine residue. It can be said, that for each application, the appropriate reduction method has
to be performed. For the purpose of high electric conductivity, the reduction with hydrazine or
hydriotic acid (HI) should be performed.

2.2 Field-effect transistor

Field-effect transistors are used in a wide range of applications, due to their versatility. A
field-effect transistor is an active device, able to control the conductance between two terminals
(drain and source) applying an electric field. The electric field is evoked by applying a voltage to
a third terminal, called gate. If the drain-source channel conducts at zero gate voltage Vg = 0,
the FET is a depletion type, whereas an enhancement type increases the channel conductivity
with raising Vg. The field-effect transistor is called n-type, if electrons are entirely responsible
for the conductivity of the drain-source channel, where an p-type FET conducts due to the
hole mobilities [28]. A field-effect transistor with hole and electron mobility is furthermore
called ambipolar [29]. Dependent on the used substrate and the semi-conducting material,
different types of FETs were produced, e.g. JFET, MOSFET, DEPFET, TFET. These differ
in mobility-types, the doping of the semi-conducting material or can be distinguished by their
insulation material between channel and gate. The main advantage of FETs is low channel
current for deactivated devices and the increase of signal to noise ratio compared to bipolar
junction transistor [30].

The principle design of a FET consists of three terminals, drain, source and gate. The drain
and source terminals are the connection to the conducting channel and the gate electrode,
insulated from the channel, controls the conductivity via an electric field. The gate voltage is
applied between gate and one of the two source-drain terminals and an ideal FET has no gate
current I, due to perfect insulation. Fig. 2.4 illustrates the concept of a metal oxide field-effect
transistor (MOSFET). There the insulation material is a non-conducting metal oxide, with a
thickness of less than 40nm [31].

The MOSFET in Fig. 2.4 (a) has two n-type terminals for drain and source and a p-type
substrate, forming the inversion layer, also called the channel region. A metal oxide applied on
top of the substrate to insulate the gate electrode from the semi-conducting region gives the
MOSFET its name. An applied gate voltage Vg greater than the threshold voltage Vrn creates
an electron inversion layer and the current flow from source to drain is possible, see Fig. 2.4 (b).
The threshold voltage Vn is the minimum turn on voltage applied to gate and source, so the
concentration of the inversion charge is high enough to create a conducting channel between

drain and source.

February 9, 2016 -7 -




2 Theory
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Figure 2.4: Schematic diagram of a metal ozide field-effect transistor MOSFET (a) and (b) shows the elec-
tron inversion layer, evoked by applying a gate voltage Vg greater than the treshold woltage
Vrn [81].

2.2.1 Other FET types

Beside the MOSFETS, also organic FETs (OFETs) with an organic material [32][33] as drain-
source channel and nano FETs with other materials such as graphene [34][35], carbon nan-
otubes [36][37], nanowire [38] or polymers [39] have been developed. These types of field-effect
transistors have drawn much interest for the application in biosensing over the past few years,
because they allow label-free detection of biomolecules, such as DNA, toxins, viruses, bacteria,
hormones and antibodies in nano-scale and they are an effective alternative to optical state-of-

the-art detection methods.

A variety of targets can be immobilized on the biosensing FET to modulate the electric field
applied to the drain-source channel. Hence, the number of drain-source channel charge carriers
will increase or decrease with the presence of selective molecules and this can be directly assessed
with the change of current Ip due to conductivity change of the FET [40]. Such field-effect

transistors for detection of bio-molecules or bio-recognition events are called Bio-FETs [40].

Fig. 2.5 (a) illustrates the change of conductivity between drain and source depending on the
electric field of the environment. The presence of charged molecules influences the conducting

surface of the Bio-FET and modulates the current Ip.

Ion-selective FET's are the most basic Bio-FETs and were developed to detect specific ions
[41][42], where the protonation and deprotonation of compound material and its hydroxyl groups
can be measured. As a second generation of Bio-FETSs enzyme reaction-coupled FETs (En-FET)
and immuno-reaction coupled FETs (Immuno-FETSs) were developed. En-FETSs operate using
the charged species of the reaction product of enzymic reactions [43][44], while Immuno-FETs
react on the change in charge distribution on the gate surface [45]. This redistributions are caused
by antigen-antibody reactions and protein-ligand binding actions leading to charge displacement

due to conformational changes.

The geometrical set-up of Bio-FETs is different to conventional field-effect transistors. MOS-
FETs have an insulation layer between the channel and the gate electrode on top, called top

gate. Bio-FETs usually have a set-up with a liquid gate or a back gate, shown in Fig. 2.5 (b).
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Figure 2.5: The structure and the working principle of a Bio-FET (a) [40], where bio-molecules are attached
on the semiconducting surface. The electrostatic interaction influences the electron transport in
the drain-source channel. Different geometrical types of field-effect transistors are shown in (b).
A top gate, a liquid gate and a back gate FET are illustrated.

Liquid gate

A liquid gate FET is used to wash an analyte over the channel surface, influencing the electric
field to modulate the drain-source current Ip. Usually an electrolytic buffer solution is employed
to solve the biomolecule analyte and reduce pH-value changes, and functions as the insulating

layer for the gate electrode at the same time.

Back gate

The back gate FET configuration is used to apply the sensitive area directly to the analyte site
without having a gate electrode blocking. The gate electrode is insulated from the channel by av
silicon oxide layer, which has to be in a scale of several nanometers, otherwise the gate voltage

has to compensate for the greater distance to the drain and source terminals.

2.2.2 Graphene field-effect transistor

Field effect transistors, using graphene as a channel material are called gFETs. As mentioned
before, graphene has unique electrical properties, opening a new regime between conductor and
semi-conductor. If an electric field is applied across a graphene layer, it shows electron and
hole mobilities, therefore it is an ambipolar material. The ambipolarity was theoretically and
experimentally shown for graphene field-effect transistors by several groups [46][47]. Hence, the
control of the drain current Ip by adjusting Vg differs in the applied voltage regimes. In one
range the gFET shows n-type behaviour, with increasing channel conductivity, respectively Ip

with increasing Vg, whereas the p-type gFET reduces Ip with increasing Vg. The electrical
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characterization of graphene FETSs is done by IpVp and the IpVg curves, where the drain-source

current Ip dependency to drain-source voltage Vp and gate voltage V¢ is shown [18].

gFET as a Barristor

High on/off ratio can be achieved through the zero bandgap of perfect graphene, needed for
logic functions in circuits. A device with a high electron barrier between two terminals that can
be modulated by a third terminal, applying an electric field to decrease the barrier, is called a
barristor. A graphene barristor can be used as switch for logic electronics, due to its significant

different conductivities between on and off by a factor of 107 [48].

2.3 Biosensor
The definition for biosensors after IUPAC is

”A device that uses specific biochemical reactions mediated by isolated enzymes,
immunosystems, tissues, organelles or whole cells to detect chemical compounds

usually by electrical, thermal or optical signals.” [49]

2.3.1 Graphene FET as biosensor

Therefore, a biologically functionalized gFET, able to detect molecules at specific biochemical
reactions, is a biosensor. A biosensor consists of a biotransducer that converts a chemical
signal to an electrical or optical signal, ready to measure. The biotransducer is the interface to
the biological system and contains a bio-recognition layer to detect enzyme reactions, protein
bindings or antigen-antibodies reactions. The gFET’s biotransducer element is graphene, while
the immobilized biomolecules, e.g. antibodies, proteins or aptamers, which specifically react
with targeted molecules are the receptors. The transformation of this biological binding event

to an electrical signal is based on two different working principles:

1. Modulation of the electric field through the presence of analytes, proteins, biomolecules

etc.

2. Surface charge of graphene changes through conformation changes of proteins or charge

displacement.

The effect of electric field modulation caused by the analytes in solution is negligible compared
to the surface charge changes. While the saline solution screens the electric field, it remains
constant and does not modulate the signal over time. The term screening describes the damping
of electric fields due to charged carriers in solution, i.e. the ions. This effect is called Debye
screeing, described in Section 2.3.3. The immobilized biomolecules attached on the graphene
surface (the receptors) perform a charge redistribution leading to a change in conductivity of the

transducer element between drain and source. The electric field enhances this effect significantly
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and leads to a quantitative or semi-quantitative information of the presence of an analyte. The

chemical or biological information is converted into an electrical signal, ready to be measured [50].

2.3.2 Protective layers on gFET

To reduce the undesired gate-source current in field-effect transistors, high-k materials are used
to insulate the gate terminal and decrease the drain-source leakage through tunneling. The term
high-k stems from the Greek letter for the dielectric constant x, also called €,.. For miniatur-
ization of FETs, the insulating capacity C; has to stay constant, otherwise the leakage current

increases. C; is calculated by equation(2.1):

Ci=¢€o- (2.1)

K
d

where ¢ is the permittivity in Fm~! in free space, & the unit free relative permittivity and d
the thickness of the insulator material in m [51]. Due to the reduction of d, x has to be increased
to keep a constant gate capacity C;.

The dielectric material of conventional FETs is SiOy with rgi0, = 3.9 [52]. So-called passi-
vation layers are applied to achieve a pinhole free insulating surface with a high relative per-
mittivity €. Such high-k materials are for example Al,O3 v = 9.5 [53], TiOy k = 40 [54] or
TagOs5 £ = 100 [55]. These metal oxide layers are applied between the drain-source channel
and the gate electrode by atomic layer deposition (ALD) [56], anodization, sputtering, e-beam
or evaporation. These insulating layers reduce the influence of the undesired gate current Ig
to the analyte in liquid gated FETs. Beside these aspects, a protective layer should increase
the distance from analytes to the graphene surface, so the conductivity of graphene cannot be
directly influenced by the adhesion of ligands. That should reduce the unspecific response of
gFETSs.

Other layers to prevent the detection surface to be directly in touch with the analyte are
organic layers, such as crystalline bacterial cell surface layer (S-layer) or blocking agents like
PEG (polyethylen glycol) and BSA (bovine serum albumin). PEG and BSA blocking agents
are used to saturate all left binding sites on ELISA applications to prevent unspecific binding
actions [57][58].

2.3.3 Debye length

Due to the planar surface of graphene, with attached biomolecules in contact with a saline
solution, an electric double layer forms out. The double layer is formed by two parallel layers of
charges on top of graphene. Within this double layer, the biomolecules interact with the analyte
in solution, with the detectability of these events depending on the Debye screening length. The
Debye screening length Ap, short Debye length describes the electrostatic distance, decreasing
the electric potential by 1/e every Ap. The reason for a damped electrostatic interaction of a
charge Q is the shielding or screening of surrounding charged particles. The square root of the

concentration of charges in an electrolyte solution is inversely proportional to the Debye length.
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The Debye length for water at 25 °C and a monovalent salt concentration can be calculated with
equation (2.2) [59]:

Ap = 3044 (2.2)

L
€07mol

where ¢ is the concentration in mol/L and Ap the Debye length in m. Therefore, the presence
of ions in solution decrease the ability of two molecules to interact. In a 0.1 M NaCl solution,
the Debye length is only 0.96 nm. The Debye length for solutions with several different ions

with higher valencies can be calculated with equation (2.3),

2
_ € Sz 2.3
" \/EeokBT ; Ci%i ()

where k is the inverse Debye length in 1/m, e Euler’s number, € the dielectric constant, €y the
vacuum permittivity, kg the Bolzmann constant and T the temperature in K. Z; is the valency
of the i" ion sort. In other words, the Debye length represents the distance within which a
molecules is able to interact with another desired molecule. The ion concentration of electrolytic
solutions is determining the electrostatic interaction radius of biorecognition molecules with
analytes, therefore it has to be taken in consideration for the choice of the solution, containing

the analyte.

2.3.4 Langmuir adsorption model

To describe the kinetics of binding reactions, such as antigen to antibody or protein to ligand,
the Langmuir adsorption model has been widely used for biosensor applications [60][61]. This
model describes the adsorption of ligands on a solid surface with a finite number of binding sites
at a certain pressure, volume and temperature. [62].

To be able to apply the Langmuir adsorption model, the parameters K4 and Kp have to be

introduced. The usage of the Langmuir adsorption model requires three assumptions:
1. Only monolayer coverage is possible,
2. homogenous surface,
3. neighbouring binding sites do not influence the adsorption of one binding site and
4. equivalence of all binding sites.

If all conditions are met, the binding equilibrium can be written as

A+ Bz Ap (2.4)

korg
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where A is the analyte and B is the immobilized receptor [63]. The forward reaction, the
adsorption, is described by the association rate constant kon in M ~'s™!, while the reverse
reaction, the desorption, is associated with the dissociation rate constant kog in s~ L.

At a dynamic equilibrium, the rates of association and dissociation are equal, (2.5):

kon[A][B] = kof¢[AB] (2.5)

Under these assumptions, the measured data of different analyte concentrations can be used
to calculate the association and dissociation rate constants for comparison of measurement to
data from literature. Furthermore, the affinity and dissociation constants Ka and Kp can be
evaluated with equations (2.6) and (2.7) [63],

4B _ k

KA = 1B = gy (26)
Bk,

Kp = TAB] Kfnf (2.7)

where K in M is the inverse of Kp in M.

The Langmuir adsorption model describes the surface coverage, where 6 is the percentage of
formed complexes AB with respect to the total amount of binding sites B. Therefore, 1 - 6 is
the number of free binding sites and equal to [B]. Equation (2.8) describes the fraction of the

concentration of the complex AB to the concentration of B.

[AB] 0
- _ 2.
B] 10 (28)
Regarding equation (2.6), equation (2.8) is equal to
Ky-[A] = b (2.9)
AT Ty '

Under the assumption of an infinite reservoir of [A], due to a constant inflow of the analyte
A, [A] can be expressed as a constant c¢. Substitution into (2.9) and rearrangement yields 6
according to equation (2.10). This equation is called Langmuir isotherm and is only valid for a

system with constant temperature, pressure and [A]

c- Ky

= 2.10
1+c-Kgy ( )

In Fig. 2.6 the linear and exponential Langmuir isotherm representation of measured data

is shown. At 50% surface coverage the dissociation constant Kp is obtained. The Langmuir
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Figure 2.6: The Langmuir fit applied to acquired data points to determine the dissociation constant Kp. Kp
can be observed at 50% of surface coverage. At this value, 50% of all binding sites B formed a
complex with the ligand A.

isotherm fit can be used for biosensor calibration by reference measurements with a known
analyte concentration. Furthermore, the saturation of the surface can be evaluated, as well as
the surface density of receptors. Beside the quantification of analytes or receptors binding to a
surface, the Langmuir isotherm fit is an important tool for comparison of different biosensors.
It can be also used to optimize specific sensor types. Due to the evaluation of surface coverage
0 with the Langmuir isotherm equation, the results of different measurement systems can be
compared. The surface coverage at a certain concentration should be the same for electrical,

optical or any other measurement method.

Linear equation for kgps

The biomolecular interaction of an analyte A with an immobilized receptor B, forms a complex
AB under the association and dissociation rate constants ko, and kog. A new parameter for the
binding kinetics is introduced, called kqps. This parameter is given by the linear equation (2.11),

determined by Koy, ko and the ligand concentration [A] [63],

kobs = kon - [A] + ko (2.11)

where ko, represents the slope and k.g the intercept.
A change of [AB] over time is the result of association of [A] with [B] to [AB] and dissociation
of [AB]. The derivative of [AB] with respect to the time is given by equation (2.12)

d[AB]
dt

= kon[A][B] — kos¢[AB] (2.12)

where the association with the rate constant ko, leads to an increase of [AB] and the dissoci-
ation with the rate constant k.g decreases the concentration of the AB complexes [63].

Due to an infinite reservoir of analyte A, the concentration [A] remains the same as initially:
[A] = [Ap]. The concentration of the formed complex AB decreases if more binding sites B
are free, while By is the total number of binding sites: [AB] = [Bg| - [B]. Substituting these

- 14 - February 9, 2016




2.3 Biosensor

relationships in equation (2.12) and integrate it over time equation (2.13) is obtained.

/to = / (IB] - (kon[A] + Koy LB)) — ko [Bol)dt (2.13)

After introducing keps, equation (2.14) can be obtained.

/t d[gtB]dt: / (1B] - kops — kops[Bo])dt (2.14)

0 to

Under the assumption of kog < kops, it can be simplified to

/tt d[’;‘tB] dt — /t:[B] Koyt (2.15)

On the other hand, the derivative of [AB] can be expressed as the derivation of [By] - [B]

d[AB] d[By] d[B]
dt dto Todt (2.16)

while the concentration of By remains constant over time. Substituting this result in equa-
tion (2.15), equation (2.17) can be obtained

/ —dgf]dt:/ [B] - kopsdt (2.17)

to

resulting in equation (2.18) for the exponential fit of binding kinetics for a specific concentra-

tion.

[B] = [Bo] - e Fove? (2.18)

According to equation (2.18) keps can be obtained through an exponential fit to the data and
afterwards the concentration [A] can be extracted due to its linear dependence with kobs, shown
in Fig. 2.7 (a). The observed parameter kqps for a certain concentration is resulting from this
exponential fit and can be plotted against the concentration of the analyte, see Fig. 2.7 (b).

The association and dissociation rate constants ko, and kg can be calculated from k,ps with
equation (2.11). K and Kp are calculated with equations (2.6) and (2.7). The values for the
calculated affinity and dissociation constants should be in the same order as the one evaluated

with the Langmuir isotherm equation (2.10).
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Figure 2.7: The exponential fit to the acquired data results in the parameter kops in the exponent. In (a) the
exponential fit to every new concentration was performed. Plot (b) shows the corresponding kops
to every concentration. It obeys to equation (2.11) which relates [A] linearly to kops.

2.4 Odorant binding proteins

Odorant binding proteins (OBP) are able to evoke signals in the odorant receptors, stimulating
the olfactory neurons in the nervous system of mammals and insects [64]. These proteins are
located in the aqueous phase, the mucus of the olfactory system. With a typical molecular
weight of about 20 kDa, these proteins associate with ligands, called odorants. Odorants are
small molecules with a molecular weight of 100 to 400 Da, binding specifically to the OBPs.
The reversible association and dissociation of odorants with OBPs are demonstrated to have
kinetic constants (Kp) in a micromolar range [65]. Recent studies showed the ability of the
human nose to discriminate more than one trillion of olfactory stimuli [2]. It demonstrates the
high sensitivity and selectivity of OBPs. Numerous studies were done to investigate OBPs in
mammals [66] and insects [67]. Some of the investigations are based on the olfactory receptor
I7 of rats [68], the antenna OBPs of the silkmoth Bombyx mori [69] and the western honey bee
(Apis mellifera) [70], including the affinities to odorants.

The hive workers glands of the western honey bee express OBP14 [71], that has its highest
binding affinity to eugenol (Kp = 280 nM). This odorant is the main component of odor of
cloves leading to conformational changes of the OBP14. The chemical structure of eugenol is
shown in Fig. 2.8 (b).

Structure of OBP14

The group of Paolo Pelosi studied the structure of OBPs, odorants and the biochemical mech-
anisms of olfactory transducers [64][72]. The conformational change of OBP14, induced by the
binding of the odorant eugenol, is demonstrated in Fig. 2.8 (a) [73]. Here the OBP14 is shown
in two conformational states: without the presence of any specific ligands (gray) and with the
presence of eugenol in the binding pocket (blue).

Transformations of a helices and [ sheets due to the binding of specific ligands lead to

redistribution of charges on the OPB14, shown in Fig. 2.9. Conformational changes can be
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OH

H.C™ OCHjs

(a) Conformation of OBP14 (b) Chemical structure of eugenol
with and without ligand

Figure 2.8: Odorant binding protein OBP1/ with (blue) and without eugenol in the binding pocket (gray)(a).
The conformational change appears due to the presence of eugenol. Unpublished data provided
by Christoph Steininger, AIT Vienna, created in UCSF Chimera [7/], based on X-Ray data from
Spinelli et al. [73]. The chemical structure of the ligand eugenol is shown in (b).

measured either optically with surface plasmon resonance (SPR) [75] [76], fourier-transformed
infrared spectroscopy, fluorescence spectroscopy [77], labeled fluorescence displacement, X-ray
analysis [73] or mechanically with quartz crystal resonance (QCR) load sensors [78]. Also elec-
trical investigations were performed with BioFETs, employing surface-immobilized OBP14 on

graphene to measure the charge displacement with direct current [79].

'“’3/71\@ O e

(a) OBP14 charges without eugenol (b) OBP14 charges with eugenol

Figure 2.9: Charge displacement of polar groups due to conformational change of the odorant binding proteins
in the presence of eugenol. Only charges with a considerable displacement are shown. The yellow
illustration is without and the blue with eugenol in the binding pocket. Unpublished data provided
by Christoph Steininger, AIT Vienna, created in UCSF Chimera [74], based on X-Ray data from
Spinelli et al. [73].
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2.5 Impedance Spectroscopy

Impedance at alternating current is the electrical equivalent to the resistance in direct current.
While Ohm’s law defines the resistance R in ohm as the fraction of static voltage V in volt and
the current I in ampere, the impedance Z is the complex resistance, taking also the phase shift
into consideration. The response of an electric system to a given sinusoidal voltage V(t) is the
current I(t), where both are dependent on time. The input signal V(t) is frequency dependent,

and so is the current I(t), see equation (2.19).

V(t) = V4 sin(wt) I(t) = 14 sin(wt + ¢) w=2nf (2.19)

The ratio of input and response is no longer just a magnitude, because also the phase shift ¢
of the response signal with respect to the input has to be accounted. The complex impedance
Z is defined in equation (2.20)

V(t) Vasin(wt) _z sin(wt) (2.20)

7 = =
I(t)  Iysin(wt+ @) A sin(wt + @)

where Z is expressed by the magnitude Zs = |Z| and the phase shift ¢. The phase shift can be
either positive or negative, depending on the system’s characteristic. The electrical components
of the system determine the magnitude |Z| and the phase shift ¢ for a certain frequency f or a
radian frequency w.

Therefore, a complex impedance Z can be defined and expressed in either magnitude and

phase shift, or real an imaginary part Zrgar, and Zpy [80].

Z=|7Z| eI =| Z | (cosp + jsing) = Zrpar + iZ1m (2.21)

Impedance spectroscopy is an electrical measurement technique, acquiring the impedance Z
for a set of frequencies in a defined range. While the frequency f in Hz increases in discrete steps,
an AC voltage V(t) is applied to the system. The magnitude of the current I(t) and the phase
shift between V(t) and I(t) are measured with a lock-in amplifier to calculate the impedance
Z for each frequency with equation (2.20). Z can be represented graphically in a Nyquist plot
or in Bode plot. The Nyquist plot in Fig. 2.10 shows the components of Z: magnitude |Z|, the
phase angle ¢, Zrrar, and -Zyy.

The Nyquist plot is a useful method to show the magnitude and phase angle in one figure,

but the frequency f or w for each point is usually not marked.
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Figure 2.10: Nyquist plot of an impedance spectroscopy measurement, where the components of the complex
impedance Z are shown.

2.5.1 Basics components of impedance spectroscopy

As mentioned before, the magnitude and phase angle of Z are given by the electrical equivalent
components of the system. These components can be either ideal with a defined phase shift, or
non-ideal, changing the phase or magnitude over time due to diffusion, inhomogeneous surfaces
or other phenomena [80)].

The impedance analysis of a system is an attempt to represent complex mechanisms, e.g.
physical, chemical or electrical, with an electrical equivalent circuit, the EEC. As a first approach,

it can be represented by ideal components, listed in Tab. 2.1.

Electrical Circuit Elements

Component Equivalent Element Unit Impedance
Resistor R ohm R
: 1
Capacitor C F 70
Inductor L H jwL
Constant phase element Q ohm™!s® m

Table 2.1: Components of electrically equivalent circuits for modeling real systems.

Ideal circuit elements

An EEC with only ideal components, such as R, C and L leads to a defined response of the
equivalent system. The impedance of R is independent of frequency and remains constant over
the entire impedance spectrum. A capacitance C leads to a current phase shift of ¢ = -90° with
respect to the voltage, while an ideal inductance shifts the current for +90°.

Unfortunately, real systems suffer from non-stationarities and cannot be modeled with R, C and

L. Therefore, the constant phase element is introduced.
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Non-ideal circuit elements

For the representation of real-life phenomena in impedance analyses, equivalent elements like

the constant phase elements (CPE) are introduced. Equation (2.22) describes the impedance
ZCPE [80]

1
2CPE = Qlw)

(2.22)

For a = 1, the impedance of the CPE equals to an ideal capacitor, while @ = 0 represents
an ideal resistor, independent of f. For any other value of a the constant phase element is a
parallel circuit of frequency-dependent components C(f) and R(f). Another special case is when
a = 0.5, where it is called the Warburg diffusion, which is often defined for electrode boundary
conditions [80]. The CPE allows an adaptation of the EEC to a real system, changing with
e.g. analyte concentrations, temperature or pressure. Due to the distribution of currents in
an electroactive species, the capacitances in many experiments undergo a non-ideal frequency

behaviour and have to be replaced by a CPE. One example for such a capacitance is the double-

layer capacitance Cpy,.

2.5.2 Electrochemical double-layer capacitance Cp,

Between the electrode of a measurement chamber and its electrolyte an electrochemical double-
layer will be formed [80, page 69]. It is caused by ions and charged or polarizable molecules in
the solution, which will be attracted by the electrodes. Several effects interfere at the surface of
the electrodes resulting in formation of different layers of charged molecules. Depending on the
geometrical distance to the electrodes the double-layer is separated into three compartments: 1.
the Helmholtz layer, 2. the diffusion layer and 3. the bulk solution, Fig. 2.11.

¢SOL
supported

eposyo9|g

Diffuse layer

Apegye~10 nm L,~1nm

Figure 2.11: [80, page 70] The double-layer capacitance formed between the electrode surface and the bulk
solution. FElectrostatic forces attract charged molecules to the surface, forming an electric ca-
pacitance Cpr,.
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Helmholtz layer

The polar molecules will be adsorbed by electrostatic attraction to the very near area at the

electrodes and form a first layer, also called the Stern layer.

Diffuse layer

The electrostatically attracted species above the first adsorbed layer are attached with less

adhesion and tend to diffuse in solution again, so this layer is called the diffusion layer.

2.5.3 Impedance spectroscopy applied to biomolecules

In previous works, impedance spectroscopy was employed to measure cell growth [81], label-
free aptamer binding or enyzme activity detection with mechanisms similar to antigen-antibody
interactions [82] [83] and for the determination of human immunoglobulin G [84]. The detection
of any biological event varies from dielectric dispersion in human cells to the change in charges at
a surface of a nanocomposite. The impedance spectroscopy measurement for biological events is
a promising tool to get more information and higher specificity due to a larger scope of analysis,

compared to DC measurements.
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Graphene Field-Effect Transistor

Materials and Methods

3.1 Material

All required materials and chemicals for the synthesis of graphene oxide (GO), the reduction to
rGO, the fabrication of field-effect transistors, measurement of graphene FETSs and for immobi-

lizing biomolecules on the graphene surface are listed in this chapter.

3.1.1 Materials for graphene oxidation

o Graphite flakes size 2 - 5 mm, NGS Naturgraphit GmbH

o Magnetic stirring bar

o

Magnetic stirrer MR, Hei-End, Heidolph

Ultrasonic cleaner S180H, Elma Schmidbauer GmbH

(¢]

o Membrane filter, pore size 0.45 pm, Membrane Solutions

3.1.2 Chemicals for graphene oxidation
o Sulfuric acid 99.99%, Sigma-Aldrich
o Ammonium hydroxide solution 33%, Sigma-Aldrich
o Hydrogen peroxide solution 30%, Sigma-Aldrich

o DI Water 18.2MS2, Sartorius Stedium Biotech machine
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3.1.3 Materials for reduction of graphene oxide

o Laboratory oven Heraeus B12, Thermo Scientific
o High temperature tape 7412P, 3M

o Glass petri dish 150 mm, Sigma-Aldrich

3.1.4 Chemicals for reduction of graphene oxide

o Hydrazine, Sigma-Aldrich

o Hydriodic acid, Sigma-Aldrich

3.1.5 Materials for gFET production

o Glass chip holder individual construction, Lindeberg

o Thermal evaporator AUTO 306 with FL.400 box chamber, HHV Ltd.
o Molybdenum evaporation boats, HHV Ltd.

o Silicium chips 20 x 20 mm?, 300 nm SiOs, Sigert Consutling eK

o Chip holder for 25 chips 20x20 mm?, Carl Roth productions

o Gold evapore mask 0.6 mm AlMg individual construction, Lindeberg
o Chromium granules 2 - 4.7 mm 99.99%, MaTecK

o Gold granules 2 - 4 mm 99.99%, MatecK

o Graphene oxide solution 5 wt%, University of Bayreuth

o Univex 450C, Oerlikon Leybold Vacuum

3.1.6 Chemicals for gFET production

o Ammonium hydroxide solution 33%, Sigma-Aldrich
o Hydrogen peroxide solution 30%, Sigma-Aldrich
o Aminopropyltriethoxysilane, Sigma-Aldrich

o Ethyl alcohol 100%, Sigma-Aldrich
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3.1.7 Chemicals for functionalization of the gFET

o Tetrahydrofuran, Sigma-Aldrich

e}

Pyrenebutyric acid N-hydroxysuccinimide ester 95%, Sigma-Aldrich

(e]

(3-Glycidyloxypropyl)trimethoxysilane 98%, Sigma-Aldrich

o

Odorant binding protein 9A, Paolo Pelosi

e}

Odorant binding protein 9B, Paolo Pelosi

o

Odorant binding protein 14, Paolo Pelosi

o Bovine serum albumin, Sigma-Aldrich

o

Lysozyme 95%, Sigma-Aldrich

3.1.8 Materials for impedance spectroscopy

o Potentiostat 16-channel VMP3, Bio-Logic SAS

o Flowecell, Lindeberg

o Gold spring contact probes with wires, Tekon Prueftechnik GmbH
o Platinum wire 2.0 mm, MaTecK

o Peristaltic pump, ISMATEC

o IPC high precision multichannel dispenser, ISMATEC

o MXX low pressure valves, Rheodyne

o Tubings (diameter 0.64 mm, length 300 mm), ISMATEC

3.1.9 Chemicals for impedance spectroscopy

o Eugenol, Sigma-Aldrich

e}

Sodium chloride, Sigma-Aldrich

o

Potassium chloride, Sigma-Aldrich

o

Disodium hydrogen phosphate, Sigma-Aldrich

e}

Potassium dihydrogen phosphate, Sigma-Aldrich
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3.1.10 Materials for investigation on gFET

o Microskope HR800, Horiba
o Field Emission Scanning Electron Microscope SUPRA™ 40, Zeiss

o Confocal laser scanning microscopy TCS SP5 II, Leica

3.1.11 Chemicals for investigation on immobilization

o Cytochrome ¢ Oxidase, Sigma-Aldrich
o Todoacetamidofluorescein, Sigma-Aldrich
o N-Dodecyl-8-D-maltoside, Sigma-Aldrich

o Potassium ferricyanide, Sigma-Aldrich

3.1.12 Software for measurement

o EC-Lab Ver 10.44, Bio-Logic SAS
o OriginLab 8.5, OriginLab Corporation

o Titan MX™ software, Rheodyne

3.2 Methods

The production methods for synthesizing graphene oxide, application of GO on silicon wafers,
the reduction of graphene oxide and the gold electrode evaporization on rGO are explained.
All measurement set-ups and software adjustments are listed in this section. Furthermore, the
functionalization of the gFET with proteins, the application of protective layers on the gFET

and the measurement techniques for biosensing are explained.

3.2.1 Wet chemical graphene synthesis

Based on the modified Hummers’ graphite oxidation technique, the protocol of Larisika et al. [18]
was used to synthesize graphene oxide. The resulting graphene oxide flakes are monolayer or
double-layer sheets, able to be reduced subsequently to the conductive reduced graphene oxide

(rGO).
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Oxidation of graphite flakes

The first step to get monolayer graphene oxide (GO) sheets from graphite is pre-oxidation.
This procedure increases the resulting yield of graphene oxide. Therefore, 2 g of graphite flakes
are added to 12 mL HySOy4, heated to a temperature of 80 °C and stirred for 4.5 hours with
a magnetic stirring bar. Afterwards, the solution is ultrasonicated for 1 hour for mechanical
cleavage. The pre-oxidized graphite mix is then separated from HySOy4 by filtering with a
membrane filter and a pore size of 0.45 pym. In a 1 liter beaker, 120 mL of HySOy, the graphite
and a magnetic stirring bar are added. Placing this beaker in a ice bath reduces the temperature
of the endothermic process of oxidation. 15 g KMnO,4 are added gradually during the next
2 hours to the HySO4-graphite mix for oxidation to GO at 220 rpm stirring. After 2 more hours
of stirring at 25 °C, the solution is poured into 250 mL of deionized water (dH20) and stirred for
another 30 min. 750 mL of dH50O are added afterwards and the stirring is turned off. As soon as
the solution is calm, 20 mL of HyO2 are added gradually by pipette, leading to a preticipation
reaction. All unoxidized components sink to the bottom of the beaker, while the GO floats on
top of the solution. The GO sheets are skimmed gently with a spoon and dissolved in 500 mL of
dH>O and stirred for another 72 hours at 200 rpm. The GO can be stored for up to four weeks

in this environment at room temperature before it starts clustering to larger compounds.

3.2.2 Preparation of phosphate-buffered saline

The aqueous bulk solution for analyte measurement is a phosphate-buffered saline (PBS) solu-
tion, used to keep a constant pH value for all measurements. The PBS solution is prepared in
a laboratory bottle, filled with 1 liter dH2O and dissolving the chemicals listed below:

o 8.0 g Sodium chloride (NaCl)
o 0.2 g Potassium chloride (KCl)
o 1.44 g Disodium hydrogen phosphate (NasHP})

o 0.24 g Potassium dihydrogen phosphate (KH2POy)

The resulting buffer has a concentration of 170 mM saline. The stock solution is diluted by
1:10 with dH»2O to obtain 17 mM PBS solution, required for all measurements on the gFET.

3.2.3 Fabrication of graphene field-effect transistors

The field-effect transistor are produced with graphene oxide on silicon wafers. The GO is
chemically reduced to reduced graphene oxide (rGO) for a conductive drain-source channel.
The preparations of silicon wafers, the application of graphene oxide on the silicon surface, the
reduction to reduced graphene oxide and the application of electrodes and protective layers are

explained in this section.
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RCA cleaning

The RCA cleaning method has become standard practice for cleaning silicon wafers [85]. The
cleaning process is necessary to get rid of the remaining adhesive particles at the back of the
wafer, dust and organic waste and other contaminations on top of the polished SiOs surface.
20 mL of 30% NHj, 20 mL of 30% Hy05 and 100 mL of dH5O are blended in a glass beaker. 25
silicon chips are placed in this solution and heated to 80 °C for 30 min. The chips are washed

with dH2O and dried with compressed air after.

Application of graphene oxide on SiO,

To attach graphene on top of the SiOy layer it is necessary to prepare the SiOo first with a
process called silanization. Therefore, aminopropyltriethoxysilane (APTES) is applied on the
surface. APTES is a self assambly monolayer (SAM) on SiO3 surfaces and it creates an adhesive
layer for graphene oxide. 50 mL solution of 2% ABTES in pure ethyl alcohol are applied to the
SiO- wafers in a plastic petri dish for exactly one hour. Afterwards, all chips are washed with
ethyl alcohol and then heated at 120 °C for 2 hours. All silicon chips are prepared for graphene

oxide attachment.

Dropcasting of graphene oxide on SiO;

On the previously silanized SiO9 surface, graphene oxide can be applied. The synthesized GO
is floating on top of the dHyO and can be extracted from the surface. 700 pL of this solution
are carefully applied to each SiOs chip with a pipette. The GO adheres to the self assembled
adhesive APTES within 1.5 hours of incubation at room temperature. This method is called
dropcasting and leads to a stochastic distribution of GO on the surface.

A highly pure GO solution was provided by the University of Bayreuth. This GO has a
weight percent of 5% and a little variation in flake size between 20 pm and 50 pm. To get a
similar surface coverage with monolayer GO flakes, the solution is diluted to 1:80 with dH»O.

Subsequently dropcasting is performed on the silanized SiOs wafers as before.

Reduction of graphene oxide on the chip

The reduction of the GO on the chip can be done with several different methods, already men-
tioned in Section 2.1.3. The reduction with the carcinogenic hydrazine and the toxic hydriodic
acid are described in this section.

The reduction of GO to rGO with hydrazine takes no more preparations and can be performed
on the chip’s surface. 12 to 14 chips areplaced in the middle of a 26 cm glass petri dish. It is
important, that no more than 14 chips are in one petri dish, otherwise the reduction process
is less efficient. 1 mL of liquid hydrazine is applied in the corner of the petri dish and not in
direct contact with the chips. Right after the application of hydrazine, the petri dish is closed
and taped with a high temperature adhesive from 3M to make a vapor barrier. The petri dish

is stored in the oven for 16 hours at a temperature of 80 °C to reduce the GO with the vapor
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of hydrazine. After this procedure the tape can be removed and the reduction process is finished.

Hydriodic acid (HI) is not carcinogenic and is a more user-friendly reduction method. Up to
20 chips are placed in one petri dish, packed in the middle. The HI is applied directly on top
of the SiO4 surface for the best result of reduction. After covering the lid of the petri dish and
closing it with high temperature tape from 3M, it is placed for 16 hours at 80°C in the oven.
After the reduction with HI, the chips are washed in deinonized water. Each chip is dipped in
two beakers with dH50O to clean the surface. A final drying procedure of 2 hours in the oven at

130 °C terminates this GO reduction process.

Gold vapor deposition

The application of gold for source and drain electrodes completes the manufacturing of a gFET.
The gold vapor deposition is well suitable to get a precise layout of gold electrodes with a
drain-source channel width of 40 to 50 pm, a length of 4 mm and a thickness of 70 nm. 25
silicon wafers with an rGO surface are mounted in a holder with a positive metal mask, shown
in Fig. 3.1. For a homogenous surface coverage the holder is rotating in the evaporator. The
pressure of the evaporator chamber has to be lower than 5¢~% bar to achieve good results. In
the first step 2 nm of chrome are applied to the chip surface and right after 70 nm of gold are

evaporated. The vacuum chamber is brought back to atmospheric pressure to remove the chips.

Figure 3.1: Positive gold vapor deposition mask for evaporation of drain and source electrodes on the reduced
graphene oxide surface. The drain-source-channel is approximately 50 nm wide and 4 mm long.

Application of protective layers on graphene gFETs

Metal oxides and organic bacterial cell surface layers (S-Layer) are applied to the gFET surface
to avoid unspecific binding events with graphene, see Section 2.3.2. The protective layers are an

option and do not need to be applied for a working gFET.
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Atomic layer deposition ALD
ALD is a thin film deposition technique, used to control the thickness of an applied metal oxide
layer. The Institute of Solid State Electronics at the Technical University of Vienna provides
ALD for Al,O3z and TiOs metal oxides. To improve the coating and make it pinhole free, a

aluminium seed layer of 3 nm can optionally be applied before. The applied metal oxides are:
o 20 nm Al;Os3
o 3 nm Al seed layer + 20 nm Al,Og
o 30 nm TiO9
o 3 nm Al seed + 30 nm TiOq

Sputter coating
Another metal oxide, the TasO5 was sputtered with an approximate thickness of 20 nm to the
gFETs surface using a Leybold Univex 450C.

S-layer application
The Institute for Synthetic Bioarchitectures at the University of Natural Resources and Life
Science Vienna provides an application routine for biological S-layer on graphene, who kindly
provided the application to the gFET. The layer’s thickness is 9 nm [86] and forms a crystalline

surface in the drain-source channel.

3.2.4 Functionalization of gFET

To get a biotransducing surface for detecting biomolecules with the gFET, the immobilization
of biomolecules is required. The different immobilization methods for proteins on rGO and on
metal oxides in the drain-source channel of the gFET are shown. The immobilization of proteins

is carried out with linker chemistry.

Immobilization on reduced graphene oxide

A solution of 1 mL tetrahydrofuran (THF) and 1.93 mg of pyrenebutyric acid N-hydroxysuccini-
mide ester (PBSE) is prepared for a stock solution of 5 mM PBSE linker. After the dilution
with THF to a 5 pM PBSE solution, a 10 pL. PBSE linker droplet is applied to the drain-
source channel on the gFET. The pyrene group of the PBSE linker forms w-7 stacks with the
graphene surface, while the N-hydroxysuccinimide ester group reacts with amines of proteins
to form amides, a covalent bond. The THF evaporates within 5 minutes and proteins can be
attached to the surface. OBP9A, OBP9B, OBP14 and Lysozyme are applied as a 20 pL. droplet
at a concentration of 10 pM on the channel surface. BSA is applied at a concentration of
1 pM. Incubation for 1.5 hours provides protein linking to the gFET. Afterwards, the surface is
carefully washed with 17 mM PBS buffer to remove all remnants of PBSE and proteins.
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Immobilization on metal oxides

Proteins are connected to metal oxides with (3-Glycidyloxypropyl)trimethoxysilane (GPTMS).
The silane connects to the oxides of the metal oxide, while the epoxy group binds to the proteins.
The GPTMS is prepared in a 5% solution with pure ethyl alcohol and incubated for 6 hours on
the gFET surface. Afther the linker incubation, the gFETs are submerged in pure ethyl alcohol
before applying the proteins with the same procedure as described in Section 3.2.4, Immobiliza-

tion on graphene.

Controlling of protein immobilization on metal oxides

Confocal laser scanning fluorescence microscopy, short LSM, is performed to check the protein
immobilization on metal oxides AlyO3, TagO5 and TiOs2. According to Kirchberg et al. [87],
proteins are labeled with fluoresceine to measure the immobilization of protein cytochrome c
oxidase (CcO) on the metal oxides. Therefore, the proteins are solved in a 17 mM PBS buffer
including 0.05% of detergent n-Dodecyl-3-D-maltoside to solubilize the CcO. Afterwards, a stock
solution of 5-Iodoacetamidofluorescein (IAF) in dimethylsulfoxide using 5 mg/mL is prepared.
By adding a tenfold of TAF stock solution to the CcO buffer solution and incubated for 1 hour
during gently shaking in dark environment, the protein is fluorescence-labeled. The labeled CcO
proteins are applied to the metal oxides as mentioned in Section 3.2.4, Immobilization on metal
oxide. The investigation with the LSM is performed with an argon laser with A.; = 488 nm and
the fluorescence of TAF is detected at Ay, = 500 - 550 nm.

3.3 Measurement set-up

The impedance spectroscopy is utilized to measure the electrical response of the biosensor to
different concentrations of ligands in the bulk solution. The measurements are all carried out
with a PBS buffer solution, containing concentrations of eugenol of 200 nm, 1 pM, 2 uM, 20 pM,
50 pM, 170 nM and 200 pM. These concentrations were evaluated in a pre-test to determine the
lowest and the highest detectable concentration. An MXX low pressure valve (Rheodyne) serves
as a switch between the different concentrations, while a peristaltic pump sucks the solution from
the probes to the gFET measurement chamber. The gFET is mounted in a flow cell, where two
spring contact probes connect drain and source to the potentiostat VMP3 (bio-logic SAS), shown
in Fig. 3.3. The gate electrode is the third terminal of the gFET and is connected to the liquid
gate on top of the drain-source channel. While the peristaltic pump provides a constant flow
of the solution, the low pressure valve changes the solution in programmed time intervals. The
measurement set-up is demonstrated in Fig. 3.2. The potentiostat VMP3 is programmed for a
impedance spectroscopy measurement from 1 Hz to 500 kHz between drain and source, while a
constant gate voltage is applied. The impedance Z is recorded for post-processing and evaluation

of binding kinetics.
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Figure 8.2: Measurement set-up for detection of analytes in 17mM PBS buffer. From left to right: PBS
buffer and solutions with different analyte concentrations, MXX low pressure valve, peristaltic
pump for inflow of solution, flowcell with mounted gFET and electrodes, and waste beaker. The
potentiostat for electrical measurement is not shown in this picture.

3.3.1 Fluidics

To have a homogenous flow of the solution containing the analyte it is necessary to use a static
set-up. Previous works showed, that reproducible results were hard to achieve without a flow
cell, so a set-up with a defined liquid channel is used. A peristaltic pump is connected to one
side of the channel, while the other side is the outflow of the solution. The gFETs 4 mm long
drain-source channel is placed in the flow cell’s liquid channel to wash the solution over the

biosensing surface.

Flow cell

To measure the response of each gFET in the same environment a defined measurement chamber
is required. The liquid channel is seald with a rubber seal and has a length of 18 mm, a width
of 2 mm and a height of 2 mm, according to the flow cell developed by Rozman et al. [88]. The
gFET is placed in the transparent bottom of the flow cell. The top of the flow cell contains two
spring force contact tips for the drain and source connection and a liquid gate electrode in the
flow channel. Bottom and top parts are screwed together for stable conditions during the entire
measurement. The flow cell’s top and bottom are shown in Fig. 3.3. The liquid gate electrode
is the tip of a platinum wire with a diameter of 2 mm, coated with a platinum oxide layer. The

tip is directly in touch with the solution in the channel.

- 32 - February 9, 2016




3.3 Measurement set-up

(a) gFET chip (b) Flowcell bottom and top

Figure 3.3: The biosensor platform is demonstrated in (a). The gFETs graphene surface in between the two
parallel gold electrodes is the drain-source channel, where the proteins are immobilized. The flow
cell with in- and outflow is demonstrated in (b). The top of the flow cell is shown on the left
side, with the two gold spring contacts to connect drain and source of the gFET. In the middle
of the flow channel is the platinum ozide tip of the gate electrode. The lid is mounted on top for
measurements.

Peristaltic pump

The flow rate of the peristaltic pump (ISMATEC) is set to 800 pL/min, while the MXX low
pressure valve changes the input channel of solutions with different analyte concentrations,
according to the programmed time interval in the Titan MX software. This leads to a constant

flow of the solution and reproducible results of the measurements.

3.3.2 Software and electrode configuration of potentiostat

The IpV¢g and IpVp curves for characterization of the gFET are measured with the potentiostat
VMP3 (Bio-logic SAS). The impedance spectroscopy and cyclic voltammetry (CV) are also
performed on this device. For further investigations, the exported files are post-processed in
OriginLab 8.5 (OriginLab Corporation). The configurations of the potentiostat’s electrodes for
all measurements are listed in this section. The gFET is inserted into the flow cell to connect it
to the VMP3. The buffer solution and analytes are purged over the biosensor and the flow cell
is placed in a Faraday cage during the measurements. The liquid gate electrode is on top of the

drain-source channel and is in contact with the aqueous solution.

IpVg curve

The IpVg curves of the gFET are measured with the VMP3 (Bio-Logic SAS). The gFET is
placed in the flow cell and the electrodes are configured as shown in Section 3.3.3. The drain-
source voltage Vp is set to 500 mV at the maximum to avoid damage of the graphene surface
and the gate voltage V¢ is gradually increased from -1 V to +1 V with the LSV setting. AVg
is set to 20 mV per second to achieve a high resolution for the IpVg curve. The PPI setting is
employed to measure the drain-source current Ip on the VMP3. The EC-Lab (Bio-Logic SAS)

software settings are shown in Fig. 3.4.
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Figure 8.4: Settings in the EC-Lab software (Bio-Logic SAS) to perform the Ip Ve measurement.

IpVp curve

The IpVp curves of gFETs are measured in the flow cell, with connected drain and source to one
channel of the VMP3. The gate electrode is not required for this measurement. All electrode
configurations are shown in Section 3.3.3. To acquire the drain current Ip while the drain-source
potential Vp increases, the setting LSV is employed in the EC-Lab software. The voltage Vp
increases with AVp = 20 mV per second from -600 mV to +600 mV. Further EC-Lab software
settings are shown in Fig. 3.5 (a).

Cyclic voltammetry

The cyclic voltammetry was applied to measure the passivation of the protective layer on top
of the graphene. As a reference, also the the rGO gFET was measured with this method. The
protective layer should prevent the redox reaction of the probe [89]. Therefore, one electrode of
the gFET was applied to the working electrode of VMP3, while a platinum wire was connected
to the VMP3s counter and reference electrode. The electrode configuration for CV is shown
in Section 3.3.4. A 100 mL droplet of potassium ferricyanide was applied on top of the protective
layer and the platin wire was plunged into the solution. The VMP3 was set to C'V and the
voltage was linearly increased from -1.2 V to +1.2 V and back again to get a full cycle. The
lower the redox reaction current in the CV plot is, the better the passivation of the protective
layer is. The detailed settings for the CV are listed in Fig. 3.5 (b).

Impedance spectroscopy

The impedance spectroscopy of the gFET is performed with the flow cell while different analytes
are purged over the biosensor. The electrode configuration for impedance measurement with the
VMP3 (Bio-Logic SAS) is shown in Section 3.3.3. The gate voltage is set to a constant potential
with the EC-Lab setting C'A. A sinusoidal drain-source voltage with frequencies from 1 Hz to
500 kHz is applied to the drain-source channel, carried out by the EC-Lab setting PEIS. The
EC-Lab software measures the magnitude of the current Ip and its phase shift ¢ in respect to

the drain-source voltage. The calculated |Z| and phase shift ¢ are recorded for each frequency. A
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Figure 8.5: In (a) the settings of EC-Lab software (Bio-Logic SAS) to perform a IpVp measurement. The
settings to perform cyclic voltammetry measurements are shown in (b).

frequency sweep from 1 Hz to 500 kHz (Af = 10/decade) is performed, according to the software
settings, shown in Fig. 3.6.
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Figure 3.6: Settings in the EC-Lab software (Bio-Logic SAS) to perform the impedance spectroscopy mea-
surement.

3.3.3 IpVg and IpVp and impedance spectroscopy electrode set-up

Drain and source of the gFET are connected to channel 1 of the potentiostat:
o DRAIN electrode: Channel 1 CE, REF1 and REFS3

o SOURCE electrode: Channel 1 GND and REF?2
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The source electrode is connected to ground and the housing of the Faraday cage.

To measure the IpVg curve and impedance spectroscopy, the gate electrode of the gFET is

connected to channel 2 to control the gate voltage:
o GATE electrode: Channel 2 CE, REF1 and REFS
o GND electrode: Channel 2 GND and REF2

The GND electrode is connected to ground and the housing of the Faraday cage. The working
mode CFE to GND is chosen in the software settings for channel 1 and 2.

3.3.4 Cyclic voltammetry electrode set-up
For the CV measurement one channel of the potentiostat is required.
o Gold electrode: Channel 1 REF1

o Platinum wire: Channel 1 CFE and REF?2

The working mode CFE to GND is chosen in the software settings for channel 1.

3.4 Characterization of gFETs

For post processing of the acquired data, the equations in this section are employed. The

measurements are all evaluated in OriginLab 8.5, including all plots and fits, listed in Chapter 4.

Electron mobility

To calculate the electron, respectively the hole mobility of the produced rGO field-effect tran-
sistors, the slope of the IpVg curves was employed. Therefore the linear regime of the IpVg
was fitted by a line, giving the results of intercept and slope. The resulting slope my;, is given in
A/V. Equation (3.1) describes the correlation between the linear fit my, (I/V), the mechanical
properties of the gFETs width W (m) and length L (m) of the graphene gap, the drain-source
voltage Vp (V) and the gate insulator capacity C; [90].

/L:L/W-l/VD‘l/Ci‘mlm (31)

The result of this equation is the electron, respectively the hole mobility u (cm?/Vs). If the

slope of my;, is negative, then the mobility of the electron holes, or traps can be calculated.

3.4.1 Binding kinetics

The exponential fits for the binding kinetics are performed in OriginLab, resulting in kgps. All
kops are plotted against the concentrations to get the linear fit. The linear fit contains ko, and kog
and they are calculated with equation (2.11). Kp and Ku are determined with equations (2.6)
and (2.7) and the Langmuir fit is performed with equation (2.10) in OriginLab.
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Results and Discussion

4.1 Graphene characterization

The basis of a properly working gFET is the graphene, respectively the reduced graphene oxide
(rGO). The first verification of the gFETs applicability is a resistance measurement between the
drain and source electrodes using an ohmmeter. After a successful reduction of the graphene
oxide, the resistance is below 1 kohm. To investigate the SiOy wafer for rGO surface coverage

and to see the results of the reduction process, optical methods were employed.

4.1.1 Surface coverage

Scanning electron microscopy

To investigate on the rGO surface coverage on the SiO9 wafer, scanning electron microscopy
(SEM) was employed. In Fig. 4.1 the coverage of AIT synthesized rGO is shown at two different
magnifications.

A good rGO junction between the drain and the source electrode was achieved as the resulting
surface coverage was greater than 80%. For the AIT synthesized rGO it can be noticed, that some
undesired material is within the probe, shown in Fig. 4.1. Impurities were found in the probe
of the AIT synthesized rGO, see Fig. 4.1. These may originate from the synthesis process and
are unavoidable. However for the prototypes of gFETs these impurities are of no consequence
as the material is not conductive. Impurities in the rGO/dH20 solution could be removed by
using ultrafiltration. After producing useable gFETs with this rGO, a more pure and stable
GO solution was ordered from the University in Bayreuth. After optimization of the solution’s
dilution, the surface coverage was again greater than 80%, but showed no impurities on the SiO2

waler surface after reduction.
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(a) rGO (b) rGO

Figure 4.1: Surface coverage of rGO on SiOz wafer. The AIT synthesized reduced graphene oxzide on SiOz
chip surface is shown in (a) and (b). Magnifications were 100z and 1.000z.
Pictures taken with scanning electron microscope

Reflected light microscopy

Reflected light microscopy can be used for a quick lab investigation on the surface during
the manufacturing process. The graphene layers can be seen on the 300 nm thick SiOs layer
in Fig. 4.2.

5 pm EHT = 500kV  Signal A= InLens StageatT= 00° Date :30 Apr 2015
WD =16.1 mm Mag= 1.00KX Time :15:53:49

(a) SEM picture of gFET gap (b) light microscopy

Figure 4.2: Comparison of SEM picture and reflected light microscopy of the same spot of a gFET. In (a) the
rGO junction of several flakes between drain and source electrode can be seen. The image was
taken with SEM. The reflected light microscopy image in (b) shows ezxactly the same position,
but with reflected light microscopy.

As expected the contrast in reflected light microscopy images is lower compared to SEM
images, but they can be used to confirm the presence of the rGO on the gFET. It is an inexpensive
alternative to an investigation with SEM, but it is only applicable if some conditions are met, i.e.
The Si wafer material must have a 300nm thick SiOy layer. If this value is lower, a monolayer
of rGO flakes will no longer be distinguishable from the background and hence no contrast will

be seen. With a correct surface and light set-up, a trained eye is able to see single flakes and

- 38 — February 9, 2016




4.2 IpV¢ characteristics of gFET

can tell the quality of the produced rGO for gFETs with reflected light microscopy [91].

4.1.2 Comparison of graphene oxide and reduced graphene oxide

At the beginning of the gFET fabrication the graphene oxide (GO) was applied on the SiOq
surface by drop casting. To remove the oxygen-containing groups of graphene oxide, it is nec-
essary to reduce the sp? hybridized GO to the so called sp? hybridized reduced graphene oxide
(rGO). The reduction of the AIT synthesized GO was carried out using hydrazine, whereas the
reduction of the Bayreuth GO was done using hydriotic acid. As the GO is an insulator, the
measured resistance is above the scale of the used Fluke multimeter. After the reduction process,
the resistance of the gFETs was in the range of 100 Ohm to 5 kOhm. This showed that both
the reduction process and the sp? hybridization had taken place correctly. The optical analysis
of the GO before and after reduction are shown in Fig. 4.3. Here hydriotic acid (HI) reduction
of Bayreuth GO is shown.

(a) graphene oxide (b) reduced graphene oxide

Figure 4.3: Comparison of graphene oxide to reduced graphene oxide. Hydriodic acid was used to reduce
Bayreuth GO within 12 hours at 300°C.
Images were taken with reflected light microscopy

In Fig. 4.3 (a) the transmission of GO is about 99%, so there is almost no graphene visible.
After reduction to rGO, a significant decrease of transmission can be noticed, demonstrated
in Fig. 4.3 (b).

The decrease in resistance value below 5 kOhm combined with changes in the visible light
transmission lead to the conclusion that the applied reduction methods are well suited for the
production of rGO, and can therefore be used to produce gFETs.

4.2 IpV¢ characteristics of gFET

The IpVg curve of a field-effect transistor shows its drain-source current behavior at ramped
gate voltage sweeps. Therefore, the conductivity of a gFET’s drain-source channel is controlled

by an external electric field, induced by the gate voltage. In Fig. 4.4 the dependency of Ip on
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the electric field, respectively the gate voltage Vg is shown.
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Figure 4.4: Measured IpVea curves of the developed rGO gFET. Ip was measured while the gate voltage
Ve varied from -1 V to +1 V, shown in (a). The dependency of the Ip Vg curve to different
drain-source voltages Vp is presented in (b). All measurements were done on gFETs with rGO
surface. The measured resistance of the gFET shown in (a) is 600 ohm and of the gFET in (b)

is 230 ohm.

The resulting IpVg curve reflects the ambipolar behavior of graphene in dependency on

electric fields [14]. The negative slope of the linear fit (red dashed line) can be used to calculate

the hole mobility, while the positive slope above the neutral point for the electron mobility.

With equation (3.1) the hole and electron mobilities were calculated and are listed in Tab. 4.4.

The ambipolar properties of graphene lead to a gFET with an n-type behaviour in the negative

range of Vg and a p-type in the positive range. The neutral point is found at the gate voltage,

where the graphene’s conductivity, therefore Ip, has its minimum. This point was found for
all produced gFETs between Vg 0.2 V and 0.4 V and is called the Dirac-point. With these
properties it is possible to have an n-type or a p-type gFET by adjusting Vg between -1 V and

+1V.

4.2.1 1pVp characteristic of gFET

600

4004

200

-200

-400

-600

Figure 4.5: IpVp of rGO gFET

The IpVp characteristics were measured for further char-
acterization of the gFET. In Fig. 4.5 the drain-source
current Ip is linearly dependent on the applied drain-
source voltage Vp. The gFET had a measured resistance
of 1 kOhm and during the measurement the gate volt-
age was set to zero. The range of Vp was -600 mV to
+600 mV. Higher voltage ranges (-5 V to +5 V) were
also measured, but the resulting IpVp curve is still lin-
ear. In the measured regime, the saturation of Ip could
not be reached. This is due to the non-existing bandgap
and so the synthesized rGO behaves like a metallic con-
ductor [92]. The saturation is reached for high Vp. The
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4.3 pH dependency of gFET

gFET, shown in figure Fig. 4.5, behaves like an ohmic resistor.

4.3 pH dependency of gFET

The dependency of the drain-source current I, on the pH value of the liquid solution was studied.
Here the gate voltage Vg was set to -400 mV and Vp to 50mV. The impedance spectroscopy
from 1 Hz to 500 kHz was performed and the results are shown in Fig. 4.6. For a better
demonstration, the frequencies 1 kHz, 10 kHz and 100 kHz at different pH values are plotted
separately. PBS buffer with 17 mM ionic strength and pH values from 4.5 to 8.5 were washed
over the gFET. The change of magnitude |Z| and phase(Z) according to the pH values are shown
in Fig. 4.6 (a) and Fig. 4.6 (b).
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(a) |Z| vs. pH (b) ¢ vs. pH

Figure 4.6: Dependency of |Z| and ¢ to pH value changes at three different frequencies, 1 kHz, 10 kHz and
100 kHz

It can be seen, that neither the magnitude |Z|, nor the phase angle of Z are influenced by
the change of pH value. For all further measurements, the preparation of probes was monitored
with a pH-meter with the precision of £0.01. Therefore, it can be said, that this sensor is not

dependent on minor changes of pH values.

4.4 lonic strength dependency of gFET

To have a stable measurement set-up, a pH value buffered solution is necessary. In all experi-
ments a PBS buffer with a maximum concentration of 170 mM was used. For enhancement of
the response signal, the electrolytic solution was diluted to a minimum concentration of 17 mM,
see Section 2.3.3. The measurements of gFET’s response to different PBS buffer concentrations,
respectively ion concentrations are shown in Fig. 4.7. The Bode plot for |Z| and phase(Z) at a
frequency range of 1 Hz to 500 kHz is plotted. The measurements were performed with different

concentrations of the PBS buffer with ionic strenghts ranging from 21 mM to 170 mM.
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Figure 4.7: (a) shows the gFETs magnitude |Z| and (b) the phase(Z), depending on different ionic concen-
trations of the PBS buffer. The ionic liquid is washed over the rGO between the drain-source

gap with a liquid gate electrode on top.

As shown in Fig. 4.7 (a) and (b), the gFETs magnitude |Z| and phase(Z) are highly dependent

on different ionic concentrations of the solvent in the higher frequency regime. The dependency

can be exponentially fitted and is shown in Fig. 4.8.
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Figure 4.8: Three different gF'ETs with resistances of 210 ohm, 270 ohm and 300 ohm were measured with

different ionic liquid concentrations.

The highest dependency on ionic changes appears for

phase(Z) at 10 kHz. The measured magnitude |Z| and phase(Z) at 10 kHz are shown in (a)
and (b) for all three gFETs at different ionic buffer concentrations. The measurements can be

fitted exponentially (red dashed lines).

The exponential fit for ionic changes can be performed for all frequencies, starting above

1 kHz. There is only little change in magnitude and phase(Z) at frequencies below 1 kHz.

4.4.1 Electrical equivalent circuit

The group of Misra et al. presented an abstracted electrical equivalent circuit, short EEC, of a
field-effect transistor under the influence of ionic fluids [93]. Applied to the produced rGO FET,
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4.4 Ionic strength dependency of gFET

an EEC as an abstracted version of the real system was derived. Fig. 4.9 (b) shows the EEC,

created according to the physical construction of the gFET and the aqueous solution.

C2 r3 Q1

drain _R1 R2 source
O

(a) Real gFET system (b) EEC of gFET

Figure 4.9: The two figures show the present gFET and the derived electrically equivalent circuit (EEC). In
(a) the produced gFET and its connection pads are shown. Here the gate electrode was removed to
improve the visibility on the drain-source gap with the ionic liquid washed over it. (b) shows the
most simplified EEC to simulate the magnitude |Z| and phase(Z) for ionic liquids with different
ion concentrations on top of the sensitive area of the gFET.

The EEC represents the components of the developed gFET and the ionic liquid. It can be
seen as a combination of contacts and wires, interfacial area and bulk media [80]. In Tab. 4.1,

the representations of all electric components are listed.

Electrically equivalent circuit

Component Equivalent Element Represents
Resistor R1 wire and spring tip resistance
Capacitor C1 capacitance of two parallel electrodes
Resistor R2 graphene surface resistance
Capacitor C2 ionic interface capacitance
Resistor R3 transfer resistance at the ionic interface
Constant phase element Q1 non-linear double-layer charge transfer

Table 4.1: Components of electrically equivalent circuit to represent the real gFET system.

Contacts and wires

The resistor R1 represents the resistance of the spring tips to contact the gFETSs drain and
source pads in the flow cell, including all wires and contact resistances. Therefore R1 remains

almost constant during the entire measurement.

Interfacial area

The gFETs geometrical arrangement affects the capacity C1 between the two working electrodes
of drain and source. The parallel electrodes lead to a frequency depending capacitance, even
without any bulk solution on top.

The resistor R2 represents the graphene layer, connecting drain and source. This is simplified

as an ohmic resistor and is a frequency independent component.
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Bulk media

The ionic liquid is represented by the resistor R3 and the capacity C2. Since the conductance
and capacitance of the ionic liquid changes with concentrations of ions, these components mostly
influence the circuit’s impedance. The constant phase element Q1 represents the non-linear
double-layer capacitive charging effects, and represents the junction between the conductive

area of the gFET, graphene and the gold electrodes, and the ionic bulk solution [80].

The impedance Z of the derived electrically equivalent circuit can be expressed with equa-

tion (4.1) and representation by the components in equation (4.2),

1
Zppc =Zp1 + T T (4.1)
Zor T Zm T ZoatZmetZan
Z Rl + ! (4.2)
EEC = : T T .
wCl + 55 +
J B2 e+ R34t gy

With the simulation tool Z Fit, part of the program EC-Lab, the values for the components
were calculated. Tab. 4.2 shows the parameters which were identified from the measured data.
With these component values, the response of the gFET to different ionic concentrations of the
PBS buffer can be simulated. In Fig. 4.10, the measured and calculated impedance Z is shown.

Z is represented as the magnitude |Z| and the phase(Z).

Values of EEC components

Component Unit 21lmM  42.5mM 85mM 170mM
R1 Ohm 65 71.6 73 68
C1 nF 1.66 2.33 4.36 13.06
R2 Ohm 246 240 238 243
C2 uF 0.337 0.452  0.783 4.04
R3 Ohm 266 148 68 32
Q1 pF em—2s(a=1) 21.4 9.19  3.56 1.49
« 1 0.454 0.570  0.675 0.751

Table 4.2: All components of EEC in different ionic liquid concentrations. The values of all fitting parame-
ters were calculated with the fitting tool Z fit.

With the EEC model it is possible to discriminate the influence of ionic concentrations from
other surface reactions, such as unspecific or protein binding kinetics. To prove the plausibility
of the fitted data, close examination of each component value is required. This is necessary to
prove that the simulation follows the expected behavior due to ion concentration changes in the
ionic liquid. As expected, the value for resistor R1, contact and wire resistance, remains constant
at all ion concentrations. The rGO resistance R2 should also stay constant, independent of the
electrolyte on top of the sensitive gap. Since the dielectric liquid increases its conductivity

with increasing numbers of ions, the resistor R3 is getting smaller. It can be noticed, that
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Figure 4.10: (a) and (b) show the results of the measured data for |Z| and phase(Z) (black symbols) and the
fitting curves of the simulated data (red line). The ion concentration of the PBS buffer was
changed during the measurement from 21 mM to 170 mM.

the resistance R3 approximately halves with the double ion concentration. With increasing ion
concentration, the capacities C1 and C2 also increase, due to the free charges and therefore

higher electric double layer capacity Cgpr, [94].

The constant phase element Q1 decreases whilst the exponent « increases. If o equals 1,
Q1 would represent a perfect capacitor, whereas decreasing o to 0 would make Q1 a perfect
resistor. Meaning, Q1 is turning into a capacitor with high ion concentrations due to complete
vanishing of the resistance part. C2 represents the ideal Q1, respectively the electric double

layer capacitance Cgpr,, for high ionic concentrations.

All these single component analysis fulfill the expectations, so the EEC can be seen as a good
approach for simulation of different ion concentrations on the present system. With the EEC
a simulation for the gFET’s response to different ion concentrations can be performed. With
a predicted value at a certain concentration, a measurement can be validated and corrected if

necessary.

4.5 Functionalization of the gFET

In this section the response of gFETs with immobilized OBP14 is demonstrated. The presence
of eugenol in the PBS buffer solution changes the electrical properties of the gFET due to
its functionalization. Proteins like odorant binding protein 14, anti-bovine serum albumin,
lysozyme and odorant binding protein 9A and 9B where immobilized on the rGO surface in the
gap between drain and source using a linking molecule. Impedance spectroscopy was performed

to measure the response of the gFET to different ligands.

February 9, 2016 — 45 —




4 Results and Discussion

4.5.1 OBP14 immobilized on gFET to measure eugenol binding kinetics

Fig. 4.11 shows the response of two different gFETs to eugenol and BSA titration. Both
gFETs were produced in the same way, but only one was functionalized with OBP14 on the
rGO surface. This protein is known to bind eugenol on its binding site. In Fig. 4.11 (a) the
normalized magnitude |Z| of both gFETs at 1 Hz is plotted. The response at a frequency of 1 Hz
was chosen, because here the gFETs showed their maximum signal to noise ratio. Both gFETs
were first washed with 17 mM PBS buffer and then a eugenol titration with concentrations
from 200 nM to 200 uM in PBS buffer was performed. After washing the gFETs with 17 mM
PBS buffer again, the titration with bovine serum albumin (BSA) was performed. For reasons
of comparison, all magnitudes were normalized to their baseline levels at PBS buffer washing

immediately before the ligand titration.
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Figure 4.11: Titration of eugenol and BSA on two different gFETs. One gFET has immobilized odorant
binding protein 14 (OBP14) on rGO, while the other has the blank rGO surface. The response
of the gFETs is demonstrated as the change of magnitude |Z|. (a) shows the gFETs response
|Z] with and without immobilized OPB14 to eugenol and to BSA and (b) demonstrates the
calculated value for kops of binding kinetics.

The OBP14 gFET shows a higher response in magnitude |Z| compared to the blank rGO
gFET. This is due to selective binding of eugenol to the protein binding sites. Those binding
sites are highly selective and lead to conformational changes of the protein, which change the
location of charges on the graphene surface. If the ligand (eugenol) is captured by the protein
(OBP14), the magnitude |Z| increases. The impedance of the frequency spectrum from 1 Hz to
500 kHz was measured, the maximum of response still happened in the lower frequency range
from 1 Hz to 100 Hz. Thus, the selected frequency for the response was 1 Hz to compare
the blank rGO gFET with the functionalized gFET. The specific response is higher due to its
specific OBP14 kinetics, but still, the unspecific bindings to the rGO surface is not negligible.
The change in magnitude |Z| of a blank rGO gFET could be explained by studying the structure
of eugenol, as shown in Fig. 4.13. In Section 4.5.1, these aromatic structures binding events to
rGO are further discussed. In Fig. 4.11 it should also be pointed out that whereas OBP14 gFET
responds at 200nM eugenol, the rGO gFET shows no reaction.

It can also be observed that the response signal of the BSA titration is very low compared to
the response to eugenol. This is due to the non-aromatic structure of the bovine serum albumin
and its low affinities to the OBP14 protein. The binding kinetics of BSA are significantly different
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to eugenol, so BSA can be easily distinguished from specific kinetics of eugenol to OBP14.

For further analysis of the binding kinetics, exponential fits of the |Z| responses were per-
formed. The observed time parameter kops (s71) of the exponential fit represents the binding
affinity to the protein of a ligand at a certain concentration. In Fig. 4.11 (b) the resulting time
constants are plotted versus the corresponding concentrations. Every concentration establishes
another equilibrium with the protein, respectively to the rGO surface and so the kqps change
with every ligand concentration. The slope of the fitted curve (red dashed line) follows the linear

equation (4.3),

kobs = kon - ¢+ k:off (43)
where ko, represents the slope of kgps and has the unit M ~1s™!
and kg is the intercept in s7!, see also Section 2.3.4. The linear fit in Fig. 4.11(b) shows, that
the gFET with immobilized OPB14 shows a higher binding constant with increasing eugenol

, ¢ is the concentration in M

concentration, further proving specific binding at this point. The measured and calculated values
for all ko, and kog are listed in Tab. 4.5.

Langmuir adsorption isotherm binding kinetics

To determine the surface coverage of an analyte, here the ligand on the immobilized protein,
the Langmuir adsorption model can be applied [95] [96], see also Section 2.3.4. By plotting
the saturation level of |Z| for each concentration, the coverage can be shown and the Langmuir
adsorption model can be fitted in Fig. 4.12 with the function (4.4),

C-KA

= - 4.4
1+C-KA ( )

where ¢ is the concentration in M, K, the association constant in M ~' and 6 the surface
coverage, ranging from 0 to 1 [97]. The bias level of magnitude |Z| at zero ligand concentration
represents a surface coverage of zero. This leads to the assumption, that 100% surface coverage
is reached, when an increase of ligand concentration does not lead to an increase of |Z|, because
all binding sites already formed a complex with the ligand. To represent |Z| as the surface
coverage 6, it has to be compressed to a range between 0 and 1, where 0 equals the value of |Z]

where there is no ligand affinity and 1 is the maximum achievable |Z| due to analyte binding.

In Fig. 4.12 the dissociation constant Kp can be directly read at 50% of the complete surface
coverage. The Kp is 3.1 uM. The measured Kp corresponds with the upper limit of the results of
odorant binding protein researchers, who evaluated the dissociation constant in a range between
90 nM and 3 pM [98]. The titration was performed in the range from 200 nM to 200 uM and
the Langmuir adsorption isotherm shows that the surface coverage at 200 M has reached its
maximum, i.e. if the concentration increases, the response Z would not increase any further and
hence the protein surface would be saturated. Regarding the Langmuir fit, the limit of detection

is lower than 200 nM, but the gFET was not tested for lower eugenol concentrations.
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Figure 4.12: Langmuir adsorption isotherm binding kinetics fitted to represent the magnitude |Z| as sur-
face coverage. In (a) the Langmuir fit was applied to the linear |Z| dependency to the ligand
concentration. (b) shows the logarithmic dependency.

Unspecific binding kinetics of eugenol to graphene

m-7 stacking of aromatic rings on the graphene surface

OH could account for the undesired blank rGO |Z| response.

Benzene rings, which are six carbon atoms in an aro-

matic structure, have a configuration similar to that of

H2C/ OCHS graphene and may lead to an unspecific binding to the
graphene surface. The group of Hanke et al. of the

SIguREE S CReTEA SEtTE Eugenet Surface Research Center and Department of Chemistry
showed the interactions and adsorption of aromatic sys-

tems on graphene through m-7 stacking [99]. They showed, that the adsorption energy is a
complex combination of different mechanisms, such as dispersive and electrostatic interactions.

A simplified model for calculation of the binding energy Ep;,q was derived in equation (4.5),
Eyina = NcEcc + Nuy(Ecu — Ecc) (4.5)

where Eqc is their fitted energy per graphene-like carbon and Ecyp is their fitted energy per
benzene-like carbon. Ny and N¢ are the numbers of hydrogen and carbon atoms respectively.
For graphene-like and benzene-like carbon atoms they estimated Ecc = 49.2meV /atom and Ecp
= 80.1meV /atom and so Ep;pg can be simply calculated by counting Ny and N¢. For eugenol
C10H1205 this would yield to Ny = 12 and Ng = 10. Applied to equation 4.5 the result for
Eping = 862.8meV for eugenol to graphene.

To avoid unspecific bindings on the rGO surface, a protective layer could be applied. A certain
distance between rGO and the ligands in solution may reduce the binding energy and therefore
reduce unspecific response. The results for metal oxide and protein surface protective layers are

shown in Section 4.6
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4.5.2 Responses of Lysozyme, Anti-BSA, OBP9A and OBP9B to eugenol

Fig. 4.14 shows the gFETSs response |Z| to eugenol when other proteins than OBP14 are immo-

bilized. Those proteins have no specific binding affinities to eugenol.
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Figure 4.14: Titration of eugenol on gFETs with different immobilized proteins. For specific binding kinet-
ics, OBP14 was immobilized. For observation of unspecific binding kinetics, the gFET was
functionalized with the proteins Lysozyme, Anti-BSA, OPB9A and OBPYB. (a) demonstrates
the response of |Z| at 1 Hz and in (b) the kovs of all kinds of proteins is plotted versus concen-
trations.

The OBP14 shows the highest change in magnitude |Z| to eugenol titration compared to the
other proteins immobilized on the graphene surface as seen in Fig. 4.14 (a). The response at
concentrations as low as 200nM of eugenol is significant and an exponential fit for binding kinetic
calculations can be performed. Fig. 4.14 (a) shows, that the magnitude |Z| of all gFETs follows
the concentration of eugenol. The proteins Lysozyme, Anti-BSA and OBP9A/B also respond
to different eugenol concentrations, however the binding kinetics reveal the binding affinities of
unspecific binding. Fig. 4.14 (b) shows the kgps of all functionalized gFETSs. It can be observed
that the ko, of all proteins, apart from OBP14 show a decreasing slope, which is the result of
a non-specific binding kinetic. The analysis of ko, is a good approach to distinguish between

specific and unspecific binding kinetics.

4.6 Eugenol biosensing with protective layers on rGO

In this section the results of gFET biosensing with protective layers are shown. Different protec-
tive layers were applied on the rGO surface, such as protein surface-layer and metal oxides. The
protection is used to avoid the unspecific binding of the analyte to the rGO surface of the gFET.
The biomolecules for sensing are immobilized on top of these additional layers. In table 4.3 all
applied protective layers and preparation materials used for adhesion of the layers are listed.
The first measurements carried out with the protective layers on the gFET's surface were cyclic

voltammetry and IpVg curves to determine the proper function of the gFET.
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Protective layer

layer type Thickness (nm)  Preparation
AlyO3 20 blank rGO
Al Al,O3 24 Al seed layer
TiOy 30 blank rGO
Al TiOo 34 Al seed layer
TasOs5 20 blank rGO
S-Layer 9 PLL

Table 4.3: Applied protective layer on graphene surface of gFET.

4.6.1 Cyclic voltammetry

Cyeclic voltammetry of all metal oxide protective layers was performed to measure the electron
transport through the protective layer. Fig. 4.15 shows the measured cyclic voltammetry of six
different gFET surfaces.
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Figure 4.15: Cyclic voltammetry of gFETs with blank rGO surface and metal oxide protective layers. The
CV wvoltage was ramped up from -1.2V to +1.2V and reverse again.

The cyclic voltammetry (CV) for metal oxides shows that if the insulating layer is pinhole
free, no electron leakage is possible. Pinholes in passivation layers are associated with nano-
or microscopic defects in otherwise completely insulating layers, allowing electron transfer. As
reference, CV was also run on the blank rGO gFET, where the current of the redox reaction
ranges from -25 pA to 20 pA. The metal oxide layer of TagOs was not pinhole free, since the
current still ranges from -8 uA to 5 uA, but definitely protects the blank rGO surface, especially
in the used voltage range of -700 mV to -400 mV. The TiOs with and without aluminium seed
layer reaches currents up to 7 pA for positive voltage of the cyclic voltammetry. This is due to
the titanium dioxide’s semiconducting properties [100], but since this oxide layer has no current
in the negative regime, it seems to be pinhole free. The AlsOg protective layer shows the lowest
current of all measured oxide layers i.e. the current does not exceed 100 nA with or without an
aluminum seed layer. One can therefore assume that it is pinhole free.

It can be concluded that all protective layers reduce the electron leakage to the ionic liquid
and therefore all metal oxides are suitable for gFET application. Only the TasO5 seems to have
pinholes in the observed voltage regime, so a current flow from graphene to the analyte solution
occurs. The cyclic voltammetry was only carried out on metal oxide layers, because the bacterial

cell surface (S-Layer) is not an insulating layer.
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4.6.2 15V of gFET with protective layer

In Fig. 4.16 (a) and (b) the measured IpV¢ hysteresis curves of AlyO3 and TasOs gFETSs are
shown. Fig. 4.16 (¢) and (d) show the IpVg curves of protein s-layer and TiO; protective layer.
In all measurements linear fits were made to determine the electron mobility of the gFETs.
The hysteresis of the IpVg curves show different shapes, regarding whether the Vg sweep was
performed from negative to positive values or vice versa. The effect is described in the studies
of Wang et al. [101], by investigation on the electron trapping in the graphene layer on SiOq
wafers. The neutral point NP shifts, depending on the Vg sweep direction for 0.3 to 0.4 mV. If
V¢ starts at a negative voltage, the holes are slowly trapped on the graphene, so the positive
potential applied to the graphene surface is higher than just the gate voltage. Therefore the
NP is shifted up to the positive regime. For that kind of IpVg sweep, the charges stay in the
electron traps until the polarity of Vg changes. The shift of the Neutral Point was observed for
the TagOs5 coated gFET. It can be said that electron trapping on the graphene surface takes
place when using this protective layer. The Al,Os gFET has a negligible neutral point shift,
showing that electron trapping is inhibited when this layer is applied on the rGO. The s-layers
IpV@g curve is very similar to the blank rGO gFET except for the fact that the mobility halves
for the additional layer on the graphene surface. The IpVq curve of the TiOy protective layer
is not suited for a linear fit and has no clear polarity of hole or electron mobility, so it cannot

be used for the present gFET set-up.

Comparison of electron mobilities

The slope of the linear fit of the In Vg curve is proportional to the electron mobility, see descrip-
tion in equation (3.1). In Tab. 4.4 the electron mobilities for rGO and all evaluated protective
layers are listed. All measured IpV¢g curves and the calculated electron mobilities show that
the Al;O3 and TasOs metal oxide gFETs would be the most appropriate to be used in ana-
lytical measurements. The decrease of mobility will result in a decreasing response, but it can
be justified with an significant decrease of unspecific bindings. The protein s-layer has half of
the electron mobility of rGO and should lead to similar results on detecting specific analytes as
already measured on the unprotected gFET. In literature, the calculated maximum mobilities
of graphene at room temperature range from 10.000 ¢m?/V's [14] to 26.000 cm?/V's [102] or
ultra high electron mobilities even up to 200.000 cm?/V's [103] of single layer graphene in the

presence of an electric field.
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Figure 4.16: Measured Ip Vg curves of gF'ETs with protective layer on top of the rGO surface. The hysteresis
of the drain-source current Ip was measured while the gate voltage Ve ramped up from -1 V to
+1 V and back, shown in (a) for AlsOs and in (b) for TagOs. The Ip Ve curves of an S-layer
gFET (c) and a TiOs gFET (b) were charactarized from -1 V to +1 V. The red dashed lines
are linear fits to determine the electron mobility of the rGO with protective layer.
Mobilities
gFET Slope Hole mobility Slope Electron mobility
surface | muyy (LA/V)  pinole (em?/(Vs)) | muyin (4A/V)  Helectron (cm?/(V's))
rGO -54.6 36.000 68.5 45.660
S-Layer -55.7 18.500 50.0 16.650
TasOs5 -27.7 4.340 11.7 4.940
AlyO3 -2.28 390 3.8 630
Al Al,O3 -1.13 160 0.65 110
TiO, -0.14 90 - -
Al TiOo -0.033 20 - -
Table 4.4: Results of hole and electron mobilities for measured gFET surfaces.
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4.6.3 Immobilization of proteins on protective layers

Functionalization of a protective layer gFET requires other methods to immobilize proteins than
on blank rGO. In this section the results of protein immobilization on metal oxides and protein

s-layer are shown and discussed.

4.6.4 Fluorescence analyses of immobilized proteins on metal oxide layer

The immobilization of proteins on the oxide layers was verified by fluorescence microscopy.
Fig. 4.17 shows the results of the microscopy at Ae;, = 488 nm and M., = 500 - 550 nm. The
images were taken at three different immobilization states: (a) only GPTMS linker, (b) GPMTS-
linked protein and (c) protein washed off with pH 2 buffer solution. CcO proteins were labelled
with fluorescein and immobilized on the metal oxide protective layers to study the applicability
of the GPTMS linker.

Al,0, & i 3 .
300 um x b 300 pm 1

Ta,05 3
300 pm 300 um
Tio, Y
300 um

300 um

a) Only GPTMS linker (b) linker and protein ) linker and protein after pH2
Wash

Figure 4.17: Fluorescence microscopy at Aexz = 488 nm and Aem = 500 - 550 nm images of CcO protein
immobilized on metal oxide layer. (a) shows the fluorescence of just GPTMS linker on the metal
oxide surface. CcO was labelled with fluorescein, linked with GPTMS and the fluorescence is
shown in (b). In (c) the protein was removed with pH 2 buffer washing. The immobilization
was evaluated on Al; Os, TazOs5 and TiOgz

The fluorescence images prove that the immobilization of proteins with GPTMS linker on
the metal oxide surface does take place and can be used for functionalization of metal oxide
gFETs with OBP14. All three metal oxides show remarkably high fluorescein concentrations
after linking CcO to GPTMS, with TiO2 showing the highest intensity i.e. mean gray value of
GViean = 50.5. The gray value of AloOg3 is GV pean = 27.5 and of TasO5 GV pean = 39.5, on
the gray scale of 255. After pH 2 buffer washing, no more fluorescence was detected. This could
be explained by the loss of either the GPTMS linker or the CcO protein florescence label after
pH 2 buffer washing.

4.6.5 OBP14 immobilized on protective layer to measure eugenol binding kinetics

Al5,O3, TasO5 and s-layer gFETs were functionalized with OBP14 and measured with impedance
spectroscopy after evaluation of electron mobilities and insulation. See in Fig. 4.18 (a) the
normalized magnitude |Z| of eugenol titration and in (b) the Langmuir, respectively linear fits

for the protective layer gFETs of eugenol and BSA titration. The metal oxide gFETs had no
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response at 1 Hz, but a maximum A |Z| at 68 Hz for the TapOs and 200 kHz for Al,O3 gFET.
The reason for no response in the low frequency regime might be the insulation between graphene
and the odorants. Only at frequencies above 50 Hz the capacitive coupling between graphene
and the proteins leads to a change in conductivity. For BSA titration the Al,O3 ¢gFET had no
response in the entire impedance spectrum and the baseline was very stable at all frequencies.
The Langmuir fit for eugenol titration on the AlyO3 gFET were not performed, because the

response did not show proper binding kinetics.
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Figure 4.18: Titration of eugenol and BSA on functionalized protective layer gFETs. Immobilized OBP1/
on rGO, s-layer, AloOs and TagOs surfaces were measured. The normalized magnitude |Z)|
of specific eugenol bindings on all chips is shown in (a) at 1 Hz for rGO and s-layer gFET,
whereas |Z| at 200 kHz for AlyOs and at 68 Hz for TazOs is shown. The Langmuir fit of the
OBP14 on rGO, Tax0s and s-layer are shown in (b), with the corresponding unspecific BSA
response. At 50% of surface coverage the dissociation constant Kp for the three gFETs are
tagged.

The magnitude |Z| of the OBP14 s-layer gFET at 200 uM eugenol is 99.3% of the unprotected
OBP14 gFET. The first measured response occurred at a eugenol concentration of 2 uM, mean-
ing, the limit of detection is higher than on the reference gFET. These two negative effects are
due to the increasing distance of OBP14 to the rGO surface, that the conformational charge
transfer has lower influence to |Z|. In Fig. 4.18 (b) the comparison of binding affinities to unspe-
cific molecules, here protein BSA, were higher than on the rGO/OBP14 gFET. The slopes koy
for s-layer and TasOs are about 1.7 times steeper than for the unprotected gFET. This might
be due to a lower hydrophobicity of protective layers, so the sticky BSA proteins adhere on the
surface and increase the magnitude |Z|.

The maximum response A |Z| to eugenol of the OBP14 TapO5 gFET was at 68 Hz, so the gFET
was evaluated at this frequency. Even at 68 Hz the TasOs gFET had little response magnitude
|Z| to different eugenol concentrations and it had drift for concentrations below 50 M, which
made an evaluation impossible. The Langmuir fit of the measured magnitude |Z| can hardly
be performed, because the data cannot be accurately interpreted. Consequently, the resulting
dissociation constant Kp lacks in precision.

The OBP14 Al,Og3 had a very stable performance during the impedance spectroscopy. There
was no baseline drift and no unspecific response to protein BSA. In Fig. 4.18 (a) the response
of the functionalized AloO3 gFET to different eugenol concentrations is shown at a frequency

of 200 kHz, because here the maximum response A |Z| was measured. The minor change in
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magnitude is due to the thickness of 20nm of AlyOs, but since the noise and baseline drift of

Al,O3 gFETs are very low, the SNR is high and the measurement can be evaluated.

Response of eugenol to Al;O3 gFET with immobilized OBP14

Fig. 4.19 (a) shows the entire normalized magnitude spectrum at eugenol titration on OBP14
AlyO3 gFET from 1 Hz to 500 kHz, where the scale of |Z] is inverted. The 3D demonstration
of |Z] illustrates that the response of AloO3 gFETSs starts at 10 kHz and the highest A |Z] is at
200 kHz. The decrease of magnitude |Z| at 200 kHz for different eugenol concentrations on the

OBP14 Al,O3 gFET is shown in Fig. 4.19 (b).
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Figure 4.19: Response |Z| to different eugenol concentrations on gFET with 20 nm AlpOs protective layer.
The 3D spectrum of the normalized magnitude |Z| is shown in (a). The response |Z| at 200 kHz

is shown in (b).

In previous measurements, an increasing eugenol concentration resulted in increasing magni-
tude |Z|, while the measurement of AloO3 gFETSs result in a decreasing |Z| at higher eugenol
concentrations. Furthermore, the maximum A |Z| occurred at 200 kHz, whereas OBP14 rGO
gFETs had their maximum magnitude change between 1 Hz and 100 Hz.

These results lead to the conclusion, that it was the change in ion concentration in the buffer
solution that was actually measured and not the conformational charge re-distribution of ligand
binding. To compare the gFET’s eugenol response to ion concentration response of AloOgz the
impedance spectrum for different PBS buffers was measured and is shown in Fig. 4.20 (a). The
magnitude |Z| was normalized to the gFETs response at the lowest ion concentration 21.25 mM
in PBS buffer and the scale of the magnitude was inverted for a better illustration. Selected
frequencies of this spectrum are shown in Fig. 4.20 (b).

The comparison of Fig. 4.19 (a) and Fig. 4.20 (a) lead to the assumption, that the response
to the eugenol concentration is attributable to different ion concentrations in the solution. As
already mentioned in Section 4.4, the ion concentration influences the impedance spectroscopy,
especially at frequencies above 1 kHz. An exponential fit for the acquired data can be per-
formed, because the magnitude |Z| and phase(Z) are exponentially dependent on different ionic
concentrations. The response to the eugenol titration turned out to be a titration with different

ion concentrations, accidentally performed because of contamination of a bottle. The AlyO3
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Figure 4.20: Response |Z| to different ionic concentrations of PBS buffer on gFET with 20nm AlzOs protec-
tive layer. In (a) the three dimensional demonstration of the entire spectrum of the normalized
magnitude | Z| is shown. |Z| is normalized to its 21.25mM baseline level at all frequencies. The

normalized change of |Z| at different frequencies is shown in (b).

gFET’s response was fitted to the ionic strength fitting curve to calculate the ionic strength of
the solution. In Fig. 4.21 (b), the calculated ionic concentrations are labeled to the response of
the OBP14 Al,O3 gFET. The exponential fitting curve was calculated for 200 kHz to compare

it with the maximum response of the gFET at eugenol titration.
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Figure 4.21: The calibration curve for ionic concentration dependency was calculated with an ion concen-
tration measurement on an AlpsOs gFET, shown in (a). The measurements of the eugenol
titration, which was contaminated with different ion concentrations was fitted on this curve.
With the exponential fit it is possible to estimate the ionic concentration of this measurement.
The calculated values of the found ionic concentration in the different eugenol solutions were
calculated and are shown in (b). This response is the eugenol measurement from Fig. 4.19 (b),

but with the calculated values for ionic concentrations.

After investigation of the response of the OBP14 Al,O3 gFET to the eugenol titration, it
can be said, that the influence of different ionic concentrations may cause wrong interpreta-
tions. On the other hand, the gFETSs impedance spectroscopy to unknown solutions has the

potential to distinguish between protein-ligand interactions in the low frequency regime and
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ion concentrations in the solution in the high frequency regime. Considering these conclusions,
the measurement of the OPB14 AlyO3 gFET, see Fig. 4.19 (b), shows no response to eugenol.
The decrease of magnitude |Z| at 200 kHz results from the increase of ion concentrations. The
measured ion concentrations stem from the preparation of the eugenol titration.

Probably the 200 uM eugenol stock solution was prepared in a contaminated bottle, where
other ions still adhered on the sidewalls. Since there was no specific response of the OBP14
measured, the Al,Ogz protective layer might shield the charge transfer at binding activities.
The capacitive coupling to the aqueous solution at frequencies above 1 kHz lead to an ion

concentration related response.

4.6.6 Observed and calculated kinetic parameters for eugenol bindings to proteins

In this section all measured gFETs with immobilized proteins are listed in Tab. 4.5. The mea-
surements were performed as mentioned in Section 4.5 to calculate the kinetics. The dissociation

constants Kp were calculated with equation (4.3) from the linear fit of kops.

Kinetic parameters

gFET ‘ fitting parameters ‘ calculated parameters
type Slope Intercept dissociation constant
surface/protein | kon (M ~1s™1)  kog (mM~1s71) Kp (M)
rGO/- 5.93 3.33 5.61e™3
rGO/OBP14 34.97 5.75 1.64e 4
S-Layer/OBP14 | 16.06 6.04 3.76e~4
rGO/Anti-BSA | -1.52 2.76 -1.82¢73
rGO/Lysozym | -18.86 7.80 -4.13e74
rGO/OBP9A -23.89 8.48 -3.54e~4
rGO/OBPY9B -12.1 5.42 -4.48¢~4

Table 4.5: Table of kinetic parameters of all measured gFETs.

A small dissociation constant Kp represents high affinity Ka, due to the reciprocal relation
in equations (2.6) and (2.7). With the assumption, that the OPB14 has the same affinity on
every gFET, the difference in Kp stems from different sensor set-ups. Each preparation method
influences the distance of surface-immobilized OPBs to the graphene surface, the mobility of elec-
trons and holes, the hydrophobicity of graphene and the undesired surface reactions of analyte
and graphene. The standard measurement of graphene FETs with immobilized OBP14 shows
the biggest responses in magnitude |Z| and lead to the lowest values of Kp. The rGO/OBP14
gFETs have the highest sensitivity compared to the other preparation methods, with a lowest
detectable concentration of 200 nM. All protective S-layer gFET with OBP14 functionalization
have a reduced response to eugenol. Metal oxide protective layers are not showing any specific
response to eugenol and no Kp can listed in Tab. 4.5. The results for protective layer are not
leading to a significant improvement of the graphene FET, so the application of these layers
cannot be suggest in future designs. The reasons for this performance might be the thickness

of the protective layers or a damage of the graphene surface during the manufacturing process.
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The application of protective layers are done in a special environment, suitable for atomic layer
deposition of metal oxides or to attach an S-layer on the graphene surface. An explicit investi-
gation on the surface before and after the treatment has not been done, but it can be said, that
the ohmic resistance increased during the manufacturing process. Further investigations have to

be done to evaluate possibilities of reducing unspecific response of the gFET biosensor system.
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Conclusion and Outlook

Some words to the conclusion and outlook in general ...

5.1 Conclusion

Graphene oxide and graphene

The production of graphene in the laboratory at AIT was carried out successfully as demon-
strated by SEM images of reduced graphene oxide on silicon substrates. The resulting reduced
graphene oxide flakes were were suitable for the development of a field-effect transistor with
graphene in the drain-source channel. However, problems did arise with the in-house produc-
tion of graphene i.e. impurities and high variation of flake size. In the initial tests GO was
produced with the modified Hummers method [18]. Highly pure GO produced by Bayreuth
University was used subsequently for further investigation on rGO. This GO led to higher yields
in gFET production and lower ohmic resistance between drain and source due to higher rGO
density in solution.

The reduction process of the insulating material graphene oxide to the required conducting
material graphene was carried successfully out using hydrazine, a highly carcinogenic chemical.
Alternatives, to replace this method were searched and found in hydriodic acid (HI), which is

still toxic, but not carcinogenic.

Biosensor gFET with OPB14

After attaching GO to a silicon wafer and reducing to rGO, gold electrodes were evaporated onto
the graphene surface. The geometrical dimension of the drain-source gap, covered with rGO

created a biosensing surface to immobilize proteins using linker chemistry. The immobilized
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OPB14 should modulate the conductivity of the graphene flakes depending on kinetic reactions
with ligands, such as eugenol. This working principle was shown and tunings of this gFET

system were performed in order to obtain higher specificity and lower limits of detection.

Impedance spectroscopy set-up

The measurement system for impedance spectroscopy was set up on an available potentiostat,
employing several channels to create a measurement system for drain-source impedance mea-
surements on the gFET. The voltage of the gate electrode was controlled by software to perform
all sort of characterizations like IpVg and IpVp curves, recording binding kinetics in real time
and measure the impedance spectrum from 1 Hz up to 500 kHz. A system was developed, where
two gFETs were measured at the same time, using two channels of the 16-channel potentiostat
VMP3, from Bio-Logic SAS.

Performed measurements

The performed measurements covered the characterization of the gFET under different environ-
mental conditions. The analyte concentrations in aqueous solution were always performed in
PBS buffer. The changes of pH value and ion concentration of the buffer solution are shown
in Section 4.3 and Section 4.4, leading to an electrical equivalent circuit (EEC) for the gFET
system. The binding kinetics of OPB14 to eugenol, such as binding affinities and binding rate
constants were measured and calculated by employing the Langmuir theory of surface binding
events, see Section 4.5.1. This analysis allows the comparison of measurements of different gFET
types - investigated within this work - as well as comparison with other measurement techniques.
Beside the high sensitivity, compared to the other evaluated variants of the present gFET, the
sensor lacks in selectivity. Even with blank rGO gFETs a Kp of 5.61 mM was measured, while
there was no functionalization on the surface. The reason for the affinity of graphene itself can
be found in the aromatic structure of odorants, discussed in Section 4.5.1. 77 stacking on
the graphene surface leads to significant conductivity changes that appear to show a specific
binding, discussed in Section 4.5.1.
To avoid the contact of aromatic analytes with graphene, protective layers were applied. The
working principle to reduce the unspecific bindings of analytes to graphene with protective layers
depends on the applied method. Metal oxide layers insulate graphene from the bulk solution
and therefore reduce the influence of m-7 stacking of analytes. Another approach is covering
the graphene surface with a bacterial cell surface layer, the S-layer. This crystalline surface
structure is hydrophobic and should be a spacer between the bulk solution and graphene. The
hydrophobic properties of the S-layer prevent the analyte from adhering to the graphene and to
produce unspecific signals. The metal oxide surfaces reduced the unspecific bindings of eugenol
to graphene, but also insulates the OPBs, so the modulation of the drain-source current Ip due
to conformational changes can no longer be measured, shown in Section 4.6.

The functionalization of graphene on metal oxides was controlled by fluorescence measurement,
so the immobilization of OBPs on the surface works with the applied molecular linking method,

shown in Section 4.6.4. The layers were only few nanometers thick, but the insulating material
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avoided significant changes on TasO5 gFETs and completely damped all response of OPBs on
AlO5 gFETs. Therefore, the Kps of metal oxide gFETs cannot be measured and are not listed
in Tab. 4.5. Further investigations have be carried out to improve the response on metal oxides.
Another protective layer, the S-layer reduces the unspecific signals, but also lowers the response
to specific binding events. An improvement of the measurement system cannot be obtained with

the applied protective layers.

5.2 Summary and outlook

As a conclusion of the developed biosensor system, utilizing impedance spectroscopy, the odorant
sensing of eugenol is possible, including the discrimination of ion concentrations on the aqueous
bulk solution. As shown in Section 4.5.1, a specific response to different eugenol concentrations
can be measured, while the results of Section 4.6.5 demonstrate, that the calculation of ion
concentrations can be performed, due to the impedimetric investigations in frequencies above
1 kHz. Different ion concentrations change the response signal of the functionalized gFET.
The resulting ion concentration, obtained by impedance spectroscopy can be used as input for
a correction of the response of ligand to OBP binding events. The measurement of analyte
concentrations and binding kinetics showed similar results as reported by Larisika et al. [79].

This work can demonstrates an approach of impedance spectroscopy applied on a gFET, em-
ploying odorant binding proteins to detect small odorant biomolecules in aqueous solution. The
results have no more binding information in frequencies above 100 Hz, therefore the measure-
ment of protein-ligand interaction has not to be performed with impedance spectroscopy. The
advantage of the measurements in frequencies above 1 kHz is to calculate the ion concentrations
of an unknown aqueous solution. The refinement of the measurement principle is not part of
this work and will not be discussed.

Also, protective layers have a high potential to be integrated in biosensors on graphene basis to
improve the biosensor platform. Further improvements could be a miniaturization of the solution
channel. Microfluidics are an attractive way to decrease the height of the bulk solution channel,
increasing the influence of the gate electrode. A multiple gFET system could be established on
one silicon chip. Several gFETs on one chip can be used as a detection system with different
OBPs immobilized and a negative control. The unspecific influence could be subtracted in a
post processing step to get only the specific response of the OBPs. The advantage of more
gFETs on one chip would be a decrease of variation between the single devices. The system
could be adapted for other biomolecules, such as hormone, toxine or antibody detection. The
rising interest in aptamers, short DNA or RNA strands that bind to a specific target, could lead
to high specific biosensors, based on graphene FETs.
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