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Abstract

As the recent years have shown, fast and individualized diagnostic tools are essential
for guaranteeing and maintaining global health. Because of that, the need for reliable
real-time detection of biomolecules related to diseases is a fundamental issue of our time.
One way of tackling this issue is developing biosensing devices for medical applications.
Within the vast field of biosensors graphene-based field-effect transistors (gFETs) stand
out due to their high sensitivity. To additionally make them selective towards respective
biomolecules their surface has to be modified with bioreceptors. One particularly relevant
group of bioreceptors are situated within the cell membrane of human cells. Using
these receptors as biosensing moieties would allow the specific detection of a wide range
of biomolecules. However, how to immobilize these receptors on the graphene surface
remains a challenging quest. Further those membrane bioreceptors request a particular
environment, which is only provided when embedding them in lipid nanodiscs. Therefore
the aim of the work of this thesis was to investigate a successful immobilization strategy
for nanodisc embedded proteins on a gFET and to test them as biosensing units. This was
done by characterizing the modified devices using atomic force miroscopy (AFM), Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS), as well as electrical measurements
in a liquid environment.
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Kurzfassung

In den letzten Jahren hat sich gezeigt, dass schnelle und individualisierte Diagnose-tools
unerlässlich sind um die globale Gesundheit zu gewährleisten und aufrechtzuerhalten.
Daher ist die zuverlässige Echtzeit-Detektion von Biomolekülen, die mit Krankheiten in
Verbindung stehen, ein grundlegendes Problem unserer Zeit. Eine Möglichkeit, dieses
Problem anzugehen, ist die Entwicklung von Biosensoren für medizinische Anwendungen.
Innerhalb des breitgefächerten Feldes der Biosensoren zeichnen sich graphenbasierte
Feldeffekttransistoren (gFETs) durch ihre hohe Empfindlichkeit aus. Um sie zusätzlich
selektiv für entsprechende Biomoleküle zu machen, muss ihre Oberfläche mit Biorezeptoren
modifiziert werden. Eine besonders relevante Gruppe von Biorezeptoren befindet sich
in der Zellmembran von menschlichen Zellen. Die Verwendung dieser Rezeptoren im
Kontext von Biosensoren würde den spezifischen Nachweis einer Vielzahl von Biomolekülen
ermöglichen. Die Immobilisierung dieser Rezeptoren auf der Graphenoberfläche stellt
jedoch eine Herausforderung dar. Außerdem benötigen diese Membran-Biorezeptoren eine
besondere Umgebung, die nur durch die Einbettung in Lipid-Nanodiscs gegeben ist. Ziel
dieser Arbeit war es daher, eine erfolgreiche Immobilisierungsstrategie für die, in Nanodiscs
eingebettete Proteine, auf einem gFET zu untersuchen und diese als Biosensoren zu testen.
Dazu wurden die modifizierten Sensoren mit Hilfe von Atomkraftmikroskopie (AFM),
Raman-Spektroskopie, Röntgen-Photoelektronenspektroskopie (XPS) sowie elektrischen
Messungen in einer elektrolytischen Umgebung charakterisiert.
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Outline and Objective
At the end of many output-oriented processes there is a final “product”. The finality of
the product is, however, only short-lived, as with every day that passes by, innovative
ideas can sprout and through that progress alterations are implemented. Hence also the
term state-of-the-art. This is especially true for applied research or fields close to that,
as the demand of the market further pushes innovation. One of these fields is the one
of biosensing. In the here presented work a biosensor will be introduced and discussed.
However, the presented thesis would not be able to exists if not for the preceding
work of Ciril Reiner-Rozman, Patrik Aspermaier and Adrien Hugo. This concerned
"hardware", in the form of already established substrates and equipment, software as well
as substantial knowledge about fabrication processes and material properties. Thus their
findings greatly make up the foundation for this work here. To thoroughly be able to
understand and follow the essence of this work and the presented biosensor, as well as to
get an understanding of the presented outline a few fundamental questions have to be
contextualized first: What do we mean when talking about biosensing? What actually is
a biosensor and is there even such a thing as a/the biosensor? And finally, why is this
of relevance for our time and worth scientific investment? To keep this as intelligible
and entertaining as possible the practical considerations will be presented alongside the
theoretical background. Through this approach the work can be considered a step by step
guide to the preparation process and the considerations behind the presented biosensing
platform, which is aimed at immobilizing nanodisc embedded proteins onto a graphene
based biosensor and testing them towards a ligand with high affinity.
If not indicated otherwise, all graphs, figures and pictures were created or obtained by
the author.
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1. Background and Theory

1.1. Introduction
This first section will give an introduction to biosensing and aims to contextualise which
concepts and principles are essential to consider for the objective of a successful biosensor.
The aim is to clarify what a biosensor is, why it is of use and to whom. Further the
biochemical concepts that are relevant for biosensing shall be explained in depth, as
this will be useful later on for interpreting and understanding the data discussed and
presented in this work. Finally the biosensor at the basis of this work will be briefly
introduced.

Fundamentals of Biosensing

Biosensing describes the active recording of the presence of a biological compound. This
can be accomplished by using a biosensor. In its simplest definition a biosensor is the
combination of a biological recognition element with a transducing element [64]. In this
constellation the bioreceptor is responsible for recognising a biomolecule of interest and
the transducer element converts this recognition event into a recordable signal.

Figure 1.1.: Schematic illustration of the principle of a biosensor (graphic created by the
author using PowerPoint ©)

Metaphorically speaking and seen from a biological perspective the whole human body
can be considered an enormous biosensor that ultimately contains both recognition events
as well as signal transduction in one. This can be illustrated when regarding one of the
endocrine signalling pathways of Estradiol (Figure 1.2). Estradiol travels through the
bloodstream and might recognise and bind to the extracellular domain of an estradiol
receptor, GPER1 located within a cell membrane. Upon binding of the estadiol molecule
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Background and Theory

to the estradiol receptor this receptor is switched from it’s inactive to it’s active form. In
the case of the G-coupled protein receptor family, to which this specific estradiol receptor,
GPER1, belongs to, this leads to the further activation of a trimeric G protein, initiated
through the binding of the activated estradiol receptor to the α subunit of the G protein.
This binding of the estradiol receptor to the α subunit induces a conformational change
which releases the just bound GDP from the nucleotide-binding site of the α subunit,
allowing for the binding of GTP. Binding of GTP induces another conformational change,
which now results into the dissociation of the α subunit from the βγ complex. The active
α subunit, as well as the active βγ complex now posses the capacity to induce further
downstream signalling cascades, such as cAMP regulation and protein-kinase activation,
which ultimately will regulate gene expression [31].

Figure 1.2.: Signalling pathways of estradiol depicting the example of GPER1 (from [22])

This example illustrates the sheer complexity of biological systems where biomolecules
are constantly interacting and regulative mechanisms are ongoing non-stop. Within such
an environment it’s difficult to easily determine how the different components interact
with each other and which interactions cause which outcomes. Although understanding
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Introduction

and unravelling those cascades is fascinating in itself, a special subgroup of molecules
is of huge general interest for the human population. Referred to as biomarkers these
molecules are tremendously important within a clinical context, meaning that they can
be an indication for medical conditions or the risk of such. As often with those seemingly
ubiquitous terms, an ultimate answer to the question "What is a biomarker?" is hard to
provide. Therefore the Food and Drug Administration (FDA) and the National Institutes
of Health (NIH) joined forces and founded the BEST (Biomarkers, EndpointS, and other
Tools) working group to identify clear and suitable working definitions for several types
of biomarkers [29]. Those are:

• "Diagnostic Biomarkers: used to dectect or confirm presence of disease or condition
of interest or to identify individuals with a subtype of the disease (e.g. Blood sugar
- Diabetes Type 2)"

• "Monitoring Biomarkers: measured repeatedly for assessing status of a disease or
medical condition or for evidence of exposure to (or effect of) a medical product or an
environmental agent (e.g. BNP & proBNP - patients with pulmonary hypertension)"

• "Response Biomarkers: used to show that a biological response, potentially beneficial
or harmful, has occured in an individual who has been exposed to a medical product
or an environmental agent (e.g. Phospho-AKT levels - anti-cancer PI3K inhibitors)"

• "Predictive Biomarkers: used to identify individuals who are more likely than similar
individuals without the biomarker to experience a favourable or unfavorable effect
from exposure to a medical product or an environmental agent (e.g. BRCA1/2 -
patients response to PARP inhibitors)"

• "Prognostic Biomarkers: used to identify likelihood of a clinical event, disease
recurrence or progression in patients who have the disease or medical conditions of
interest (e.g. BRCA1/2 - likelihood of second breast cancer outbreak)"

• "Safety Biomarker: measured before or after an exposure to a medical product or
an environmental agent to indicate the likelihood, presence, or extent of toxicity
as an adverse effect (e.g. Neutrophil count - adjustment of cytotoxic dose in
chemotherapy)"

• "Risk Biomarkers: indicate the potential for developing a disease or medical condi-
tion in an individual who does not currently have clinically apparent disease or the
medical condition (e.g. BRCA1/2 - predisposition for breast cancer)"

It has to noted that, for most of the biomarkers listed above there isn’t one exact
concentration value that can be consulted, but rather a concentration range. If this
range is passed (below or above), this is potentially harmful for the respective individual.
Because of this associations with health and well-being a great amount of resources
are directed towards sensitive and precise detection methods to monitor biomarkers.
This is where biosensors come into play. The biomolecule of interest is therefore in this
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Background and Theory

context the respective biomarker in question. For the other elements of a biosensor,
biorecognition element and transducing element, various approaches and combinations
are possible (Figure1.3) and there is no one-size-fits-all-solution. Regardless of which
variant is chosen, however, the underlying demands directed towards a biosensor stay
the same and are assessed within the categories: Selectivity, reproduciblity, stability,
sensitivity and linearity [7]. One key aspect of a well conceptualized biosensor is therefore
the reduction of complexity in favour of obtaining straight forward information about the
molecule of interest. In order words, in order to be able to match the criteria mentioned
above, a biosensor should:

a) only show a signal for the biomolecule of interest (selectivity)
b) this response should always be obtainable with this biosensor when the

biomolecule is present (reproducibility)
c) the biosensor and the shown response should be stable over time (stability)
d) the biosensor should show a signal upon the smallest amount of biomolecule

(sensitivity) and
e) the response signal should change linearly with the concentration of biomolecule

(linearity)

Figure 1.3.: Types of biosensors (adapted from [2])
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Introduction

The example par excellence for biomarker monitoring is the measurement of the blood
glucose concentration. Dating back to one of the first ever developed biosensors in 1962,
this biomarker - biosensor pair helps people with diabetes worldwide to asses their blood
sugar levels on a regular basis, simplifying their life’s and granting autonomy. What
working principle however is at the basis of this biosensor? Critical for the development of
this first biosensor, developed by Clark and Lyons [19] was the already established "Clark"
electrode, which allowed for the measurement of the oxygen partial pressure (pO2) in a
liquid reservoir. For the set up of their biosensor the bottom of the reservoir consisted
of two membranes enclosing a layer of concentrated glucose oxidase (GOx or GOD).
When the liquid reservoir contains glucose, this glucose is able to diffuse through the
membrane, thus being exposed to the GOx. Through the enzymatic activity of the GOx
the glucose is, under the presence of oxygen, converted to gluconic acid and hydrogen
peroxide (H2O2) [4]. Due to this reaction oxygen is consumed, leading to a change in
(pO2), which can be tracked via the electrode. Another possibility using the same set-up
would be to track the pH using a pH electrode, which would show a decrease in pH with
a higher concentration of gluconic acid, allowing for an inference about the concentration
of glucose within the reservoir. Alternatively also the concentration of (H2O2) could be
monitored, yielding information about the concentration of glucose present. In all these
scenarios the concentration of glucose is indirectly determined by other parameters. But
how does one get from one of these parameters to the concentration of glucose and why
is it safe to assume that these reactions even occur in the described manner? In order
to answer these questions, it is worth taking a closer look at some of the fundamental
concepts of thermodynamics and the consequences for biological systems.
One could begin with raising the question: Why do molecules even interact with each
other? In order for molecules to interact they need to be part of the same system.
Let’s take the state where the molecules are not interacting and call it Y and the state
of interaction X. If those states are now compared to one another, they will exhibit
differences in their free enthalpy or Gibbs free energy (∆G). As all systems strive towards
having a minimum of free energy, all potential energy present within a system will be
converted in either heat or work, as fast as possible, until the minimum state is reached.
This minimum state is therefore the state in which equilibrium is reached (∆G= 0).
This relationship is summarised by the equilibrium constant K. If state X is now
energetically more favourable than state Y this will result in Y −→ X, with the equilibrium
constant being:

K = [X]
[Y ]

where the enumerator and the denominator present the respective concentrations at
equilibrium [1]. Thus the Gibbs free energy can be expressed as equation that defines
the difference between the current state of the system and its equilibrium:

∆G = ∆G0′ + RTlnK

with T being the temperature in Kelvin, R the gas constant (8.314 KJ/mol) and ∆G0′

the standard free-energy change.
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Background and Theory

In the context of the example of the first biosensor the glucose in the solution can be in
the unbound state or can be bound to the GOx. Eventually the GOx will, in it’s function
as enzyme speed up the reaction of glucose into gluconic acic, following the reaction:

Glucose + O2 + H2O
Glucoseoxidase−−−−−−−−−→ Gluconicacid + H2O2

but first the glucose itself has to bind to the enzyme. Assuming that this system has no
limitation in the availability of substrate, hence there in endless glucose available, it’s
possible to conclude that in a solution containing these molecules there will always be
glucose molecules that associate with the enzyme and then some that dissociate before the
enzyme facilitates the break up into gluconic acic and H2O2. This relation is expressed
through the Michaelis-Menten-Kinetics:

E + S
k1

GGGGGGBFGGGGGG

k−1
ES

kcat
GGGGGGGGGBFGGGGGGGGG

k−cat

E + P

with E being the enzyme, S the substrate, ES the complex of substrate bound to enzyme
and P the product. The traditional Michaelis-Menten-equation describes, differently to
the depiction here, the reaction from enzyme-substrate complex to product as irreversible.
This is a simplification, which, although being a valid assumption for many systems, still
should be kept in mind when discussing enzyme biology. The Michaelis-Menten model is,
nevertheless, commonly used to characterise enzymes, as the kcat or turnover rate is used
to determine the number of substrate molecules processed by each enzyme per second.
Further this parameter can be used to determine the Michaelis-Menten-Constant (Km):

Km = k−1 + kcat

k1

which represents the concentration at which the reaction rate is at half of it’s maximum:

Figure 1.4.: Enzyme kinetics according to Michaelis-Menten (adapted from [1]
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The constant Km is therefore also an indication for the affinity of an enzyme to it’s
substrate, as a lower Km value is equivalent to a lower concentration at which half of the
Vmax is reached, which implies a higher affinity, or attraction of the enzyme to bind to it’s
substrate. The Michaelis-Menten-equation does however, next to describing enzymatic
kinetics, hold an even more fundamental principal, as the first part of the equation:

Enzyme + Substrate

k1
GGGGGGBFGGGGGG

k−1
ES

is not only true for enzyme and substrate interactions, but can be more generally applied
to interacting biomolecules. The usually used nomenclature refers to a Protein (P) and
it’s respective ligand (L):

L + P
k1/kon

GGGGGGGGGGGBFGGGGGGGGGGG

k−1/koff

PL

with k1/kon being the rate of association and k−1/koff being the rate of dissociation.
Exactly this rate of dissociation is used under the term dissociation constant or Kd to
express the affinity of the ligand-protein interaction. It refers to the ligand concentration
at which half of the present proteins are in a bound state and is expressed as:

Kd = [L][P ]
[LP ] = k−1

k1
= koff

kon

The rate constants of association and disassociation, as well as it’s ratio thereby yield
valuable information about the system in question. The rate of association indicates
that interaction, and thus non-covalent binding events are occurring. Whereas the rate
of dissociation provides more information about how long the molecules stay bound to
each other. It can therefore be regarded as a more informative parameter concerning the
affinity of those two molecules. This is because non-covalent interactions can easily occur
randomly, with each individual interaction only being a minor energetic contribution. In
order to achieve some sort of stability, however, numerous of those interactions have to
be able to occur, which is only the case if a fitting binding site is present. It can therefore
be concluded that a lower rate of dissociation is an indication for more binding events
and therefore greater stability. When a system has reached equilibrium Kd represents
the concentration at which half of the protein (or receptor) is bound to the ligand
and is equivalent to the inverse of the equilibrium constant (K ). Therefore equilibrium
binding experiments are often the method of choice to investigate the interaction of two
biomolecules, as the lower the Kd of a system the higher it’s affinity, implying the higher
abundance of inter-molecular interactions. In order for two interacting proteins to bind
to each other their surfaces need to be able to align in a very specif manner [1]. This can
either be via a surface-string interaction, where one protein has an extended polypeptide
chain loop contacting the surface of the other protein. Via helix-helix interaction, that
form a coil around each other. Or, most commonly, via rigid surface-surface interaction.
This surface-surface interaction can be very tight, as numerous of non-covalent binding
events can occur. These binding events only grant lasting stability when they occur in a
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Background and Theory

higher abundance, as the energetic contribution of each individual contribution is only
very minor (around 0.4 kJ/mole for van der Waals’ interactions, around 4.2 kJ/mole
for hydrogen bonds and around 12.6 kJ/mole for charge interactions vs. around 390
kJ/mole for covalent bonds [1]). Therefore only proteins with fitting surfaces or binding
sites have the potential to interact in a stable fashion. Because of the convention to use
the Kd of two interacting molecules as a measure of affinity, it comes as no surprise that
also within the context of biosensing this parameter is regularly used to describe the
affinity observed for a specifically developed biosensor. Next to the Kd, another value of
interest is the limit-of-detection (LOD) which describes the minimum concentration of
protein of interest to which the sensor gives a response that is distinguishable from noise.
These values are used to characterise a biosensor and to evaluate it’s utility in a medical
context. The Kd is relevant as it provides information about the affinity and therefore
the specificity and selectivity of the biosensor. Whereas the LOD is important as this
determines whether the biosensor is able to detect a concentration that is meaningful in a
diagnostic context. Naturally, a lower LOD can be promising for detecting biomolecules
at an early point of for example infection. At this point it should be pointed out that,
although many biosensor have been reported as being able to detect their target molecule
on a femtomolar level, this might not always be the best parameter of quality control for
a biosensor. This is because often a concentration range of a biomarker, that may even
be patient specific, is more relevant. With that being said, more and more biosensing
devices enter the market with the aim to make diagnostics quicker. Next to this clinical
relevance biosensor devices also become more prominent in everyday life as they are part
of a self-monitoring trend supposedly allowing the users to take control over their health
and life. These include devices designed to track sleep quality, monitor sportive efforts
and check for fertility [92].
To sum up, the dissociation constant or the Kd is a parameter commonly used to describe
the affinity of two molecules to each other. The lower the Kd, the higher the affinity. The
unit used to describe this affinity is Molarity or molar concentration (M) in mol/L. In the
context of Biosensing this is relevant, because as stated previously a) the concentration
of a certain biomolecule in a sample should be determined and b) the limit of detection
(LOD) should be provided.

Now that the principles of biosensing are clarified, we shall specify and introduce the
biosensor at the core of this master thesis: A graphene based field-effect-transistor with
an immobilised lipid-nanodiscs containing a biotynilated Glycophorin A protein (Figure
1.5).
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Figure 1.5.: gFET-Nanodisc Biosensor (graphic created by the author using PowerPoint
©, BioRender © and streptavidin molecule taken from the Protein Data Base
(PDB) ©)

The presented biosensor is based on a field-effect transistor allowing for the monitoring
of current that flows between the source and drain electrode of the device. Thereby a
region referred to as sensing area or channel is passed. This area is modified with a
graphene film that is functionalised and houses a lipid nanodisc containing a Glycophorin
A protein with a biotin-tag. Biotin has a high affinity to the protein streptavidin.
Therefore the sensor should show a response to the exposure of increasing concentrations
of streptavidin. This is a proof-of-concept approach, as the interaction of biotin and
streptavidin is well understood and not really of clinical relevance. Therefore the main
aim is to investigate the possibility of using nanodiscs as biorecognition element on this
kind of graphene field-effect transistor based biosensing platform. In order to understand
the introduced biosensor the next sections will explore the details of the biosensor
presented here by dissecting it step-by-step. Beginning with field-effect transistors and
their application for biosensing purposes.
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Background and Theory

1.2. Field-effect transistors (FETs) for biosensing applications

The use of field-effect-transistors (FETs) for biosensing applications
(in the form of BioFETs) is considered to be a promising low-cost
and fast-forward method on the rise [95]. But what exactly makes
FETs suitable for the purpose of biosensing? Traditionally the key
components of FETs are referred to as as source (S), drain (D) and
gate (G) [123]. Due to an applied voltage at the gate, the conductivity of the semicon-
ductor between the source and the drain is modulated, thus changing the flow of current.
The source and drain can therefore be seen as the starting and ending point of charge
carriers which are connected via the gate. In the context of biosensing these properties
can be used for the detection of biomolecules because the variations in surface potential
correspond to molecular binding events. Depending on the design of the respective FET
these biomolecular events take place on the gate electrode or on the channel connecting
the source and drain. The commonly used detection mechanisms, however, remain the
same: the occurrence of a binding event is either measured by tracking the change in
source-drain current (∆I/I0), the change in conductance (∆ G/G0) or the shift in Dirac
point (in V) (different measurement approaches depicted in Figure 1.6). This principle of
charge detection, that is utilised for BioFETs is based on the set-up of the ion-sensitive
field-effect transistors (ISFETs) proposed by Bergveld in 1970 [6]. ISEFTs themselves
were based on the working principle of metal–oxide–semiconductor field-effect transistors
(MOSFETs), making the BioFETs descendants of MOSFETS. Before diving deeper into
the specificity’s of the BioFET underlying this work, it is valuable to briefly discuss the
physical principles and structure of MOSFETs and their "evolution" towards biosensing
applications.
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Figure 1.6.: i) SARS-CoV-2 virus detection via (∆I/I0) using a graphene FET sensor
(from [98]) ii) Carbon nanotube (CNT) based FET functionalized with a
nanodisc-embedded olfactory receptor for the detection of a terpene oderant
tracked by (∆ G/G0) (from [62]) iii) Aptamer modified graphene FET for
IgE detection in human serum following the shift in Dirac point (from [110])
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Background and Theory

From MOSFETs to BioFETs
In order for electric current to exist as a flow of electric charges, these charges need
to be transported by charge carriers (electrons or holes). Whether those charges can
be transported depends, however, also on the material that they are exposed to. Solid
state materials can be either conductive (metals), semi-conductive (semiconductors)
or non-conductive/insulating (insulators). Their nomenclature is due to the relative
proximity of the valence and the conduction band in the energy band diagram (Figure
1.7).

Figure 1.7.: Energy Band Diagram illustrating the concept of valence and conduction
band (adapted from [123])

With the valence band being the energy band made up of molecular orbitals occupied
by electrons and the conduction band representing the orbitals unoccupied by electrons
and are thus potentially available to electrons moving through the lattice. The smaller
the energy gap (or band gap) between valence and conduction band the more likely it is
for the present electrons to move through the lattice, or from the relative lower energy
state to the higher energy state. FETs are, by definition, semiconductive devices [71].
Therefore electrons present in FETs have to be excited in order to move from the valence
to the conduction band. Several types of FETs exist, with MOSFETs being one of the
most prevalent one. The most commonly used material for MOSFETs is silicon (Si).
Silicon is an intrinsic semiconductor and has four electrons in its valence shell. These
electrons are also referred to as valence electrons and form bonds with their neighbouring
valence electrons. Therefore pure silicon forms a tetrahedral crystal with theoretically
semiconducting properties. Because all the valence electrons are participating in bonds
however, only a few of them actually contain enough energy to move across the lattice.
This makes pure silicon practically an insulator at room temperature. In order to
overcome this the silicon that is used as substrate for FETs undergoes doping. Doping
refers to the purposeful introduction of impurities into the pure crystal which results in
an increase in conductivity (S/m). This can either be done as negative-doping (n-doping)

14



Field-effect transistors (FETs) for biosensing applications

by adding elements acting as electron donors or as positive doping (p-doping) by adding
elements possessing less than four valence electrons and thus leave a hole, which can
subsequently take up an electron. Making holes function as electron acceptors, as they
actually represent the absence of electrons within the lattice, making them fictitious
positive particles. The terms n- and p-type thus refer to the type of charge that can move
within the semiconductor, not the actual charge of the semiconductor, as this remains
neutral, due to the protons and electrons from the used elements. MOSEFTs are either
constructed as nMOSFETs with n-type wells on a p-type silicon or as pMOSFETs with
p-type wells on a n-type silicon (Figure 1.8). The source and the drain electrodes contact
the transistor device at the two ends. The gate electrode, however, is insulated from
the rest of the circuit using a gate oxide material (e.g. silicon oxide). Looking at the
nMOSFET the electrons from the n-type can diffuse into the p-type region (p-n junction),
thereby filling the holes. This results in a depletion layer, because the p-type region has
drawn all the free electrons from the n-type region and is now negatively charged due to
the electrons that diffused into the free holes. This makes it impossible for electric current
to flow through the transistor, as the electrons coming from the n-type region now get
repelled at the p-type region. This can only be overcome by applying a positive voltage
at the gate electrode, creating a conduction channel, which now allows the current to
travel from source to drain. The gate electrode therefore electrically bridges the source
and the drain whenever a sufficient voltage is applied. For the pMOSFET the polarities
are switched, meaning that the gate voltage has to be lower than the voltage of the
body and that the charge carriers are holes instead of electrons. It is also possible to
combine both nMOSFETs and pMOSFETs on one device, making it a complementary
metal-oxide-semiconductor (CMOS).

Figure 1.8.: Schematic illustration of MOSFETs, ISFET and BioFET (e.g. ImmunoFET)
(adapted from [123] and [96])

Now that the working principle of the MOSFET is specified, it is easy to comprehend
how these properties can be utilised for the purpose of biosensing: As charges provide
key contributions to the properties, structure and organisation of biomolecules and
FETs are sensitive to exactly those charges, they can be used to detect the presence
of given biomolecules. For this objective the gate insulator gets modified using specific
biomolecular recognition elements. In the case of the ISFETs the gate electrode gets
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replaced by an ion-sensitive membrane, an electrolyte solution and a reference electrode
[96] (Figure 1.8). They are designed to detect concentrations of ions in a solution. Based
on this development the idea arose to not only investigate electrical charge changes caused
by ions, but to specifically target biomolecules using biorecognition elements coupled to
the ISFET. If it’s possible to monitor the electrical changes close to the gate insulator/the
interface of the electrolyte using an ISFET, any biochemical/molecular reaction inducing
a chemical or electrical change can be detected with the right combination of ISFET +
bioreceptor [96]. This lead to a generation of biosensors referred to as BioFETs. Several
types of BioFETs have been proposed [123] [96], with their name corresponding to the
biorecognition element used: these are ImmunoFETs, with antibodies immobilised on the
gate insulator; DNA-FET or GenFET, which have single DNA strands for detection of
the specific complementary strands; cell-transistors, for the monitoring of whole cells; and
EnFETs, which utilises immobilised enzymes on the sensing area. BioFETs are therefore
special as the electrical change that is measured is due to binding events occurring on
the surface of the insulating layer of the FET. Since the appearance of the first BioFETs
numerous materials and alternative architectures have been proposed that can be utilised
in a similar FET-based fashion for biosensing purposes. These innovations were driven by
the quest for using more affordable materials while maximising sensitivity and selectivity.
Giving some examples these can be more elaborate forms of silicon, like silicon nanowires
(SiNW) [32],[102]; conductive polymers [48]; or carbon-based nanomaterials [50], such as
carbon-nanotube (CNT) [106], carbon dots (CDs) [58] and graphene [39, 110, 86]. These
graphene based field-effect-transistors used for biosensing purposes shall now be discussed
further, as we take a look at the State-of-the-Art in the field.

1.2.1. Graphene Field-Effect Transistors (gFETs) - State of the Art
One of the most recent success-stories of gFET based biosensor is a device aimed at
the detection of SARS-CoV-2 in human samples [98] (Figure 1.6 i)). Here the authors
used a PBASE modified gFET with SARS-CoV-2-spike protein antibodies. They first
tested their device against SARS-CoV-2 spike protein in Phosphate-Saline-Buffer (PBS),
proceeded with cultured SARS-CoV-2 virus and finally moved to human samples from
SARS-CoV-2 positive patients, providing a well-thought-out biosensing device. As Limit-
of-detection (LOD) 2.42 x 102 copies/ml were reported. This example presents the steps
necessary in developing a biosensing device and testing it, as for every added step of
complexity respective measurements, as well as control experiments were done (starting
with spike protein in PBS buffer, then cultured SARS-CoV-2 virus and finally patients
sample). This is mandatory when considering the previously introduced requirements
concerning biosensors, as the sensor ought to only respond to SARS-CoV-2, and should
also do so if the liquid environment changes from less complex (buffer) to more complex
(patients sample in transport medium). For the context of this work also relevant
to mention are publications addressing the development of "electronic-nose" devices
[57], which in recent publications also functionalize Nanodic-embedded proteins on a
CNT-FET [119] [62] [79] and more recently on a gFET device [88] [78] (Figure 1.9).
All these approaches are based on the use of odorant-binding-proteins (OBPs) for the
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detection of oderants [14]. What is especially intriguing is the use of Nanodisc-embedded
proteins as biorecognition elements, allowing the use of membrane in-cooperated proteins
for biosensing applications. Membrane proteins represents an immensely interesting
subgroup of proteins vital to the communication between extra- and intracellular matrix
and determine specific characteristics of a cell type. In the presented example two insect
odorant receptors (ORs) from Drosophila melanogaster were purified and incubated
with phosphatidylcholine dissolved in sodium cholate and the membrane scaffold protein
(MSP). The prepared nanodisc containing the respective OR was immobilised on the
gFET using a PBASE-solution (this form of surface modifications will be discussed later
on) and then tested against the positive and negative ligand with increasing concentrations
from 10 fM to 100 nM. Further empty nanodiscs were tested against the positive ligand.
The sensor showed a selective and concentration-dependent response to the respective
positive ligand for each OR. Both of those more detailed described examples were used in

Figure 1.9.: Nanodisc-embedded Odorant Receptor on a gFET device from [78]

an electrolyte-gated or liquid-gated gFET configuration. Alternatively to the liquid-gates
configuration, back-gated [83], top-gated and dual-gated gFETs can be used for biosensing
purposes [97] (Figure 1.10).
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Figure 1.10.: Representation of different gFET configuration i) back-gated GFET; ii)
top-gated GFET; iii) dual-gated FET, where the top-gate can also be a
liquid-gated FET like in iv); d) liquid/electrolyte-gated FET from [86]

Electrolyte-gated or liquid-gated gFET configuration refers to the set-up where the
graphene channel is in direct contact to an electrolyte that contains charges particles. This
configuration is popular with the context of biosensing the majority of the biomolecules of
interest are found in aqueous environments. Therefore the used electrolyte often mimics
the biological fluid. A reference electrode immersed in this electrolyte solution functions
as an out-of-plane gate. Through this electrode a fixed potential can be applied, shifting
the Fermi level (energy level) in graphene and modulating the drain-source current of the
transistor. The applied voltage causes the formation of an electrochemical double-layer
(EDL) at the graphene-electrolyte interface which results in a large capacitance. These
properties, along with some of the consequences (Debye-Hückel screening phenomena)
will be discussed in the section dedicated to graphene later on. It should be noted however
that for the gFET the modulation of current does not only occur due to the external
gate voltage applied through the gate electrode, but that any change in the electronic
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states of graphene itself, caused by the adsorption of molecules or just alterations in the
graphene film, can also regulate the current between source and drain.
Although numerous derivatives of graphene are currently used for biosensing purposes
[104] this State of the Art paragraph mostly covered chemical vapour deposition fabricated
graphene (CVD-graphene) based biosensing approaches. This is because CVD-graphene
should, in theory, be defect free and thus grant greater reproducibility. The next section
will therefore be dedicated to the properties of graphene and how high quality graphene
is characterized.

1.3. Graphene - the honeycomb carbon

As we have seen now and as already comprehen-
sively summarised [105], [26], [91] different types of
graphene based biosensor are available - their com-
mon point? They all take advantage of graphenes
extraordinary properties. Of which the most rel-
evant for biosensing are its electrical conductiv-
ity and high mobility, or ability of charged particles to move through the lattice
(2x105cm2/V s, which is around 200 times higher than silicon) [13], as well as its biocom-
patibility [51]. Its electrical conductivity and high mobility of charge carriers allow for the
detection of the smallest of changes occurring due to charges presented by biomolecules.
These unique properties are a result of the structure of graphene. Graphene is a carbon
allotrop organised in a two-dimensional manner forming a honeycomb-lattice, while
several layers of graphene stacked onto each other form another carbon allotrop called
graphite (Figure1.11).

Figure 1.11.: Schematic illustration of the graphene structure on an atomic scale (left)
and stacking of graphene layers forming graphite (right) (graphic created
by the author using PyMOl ©

This structural speciality is relevant as the electronic structure is highly dependent
on the numbers of graphene layers [120]. The nucleus of a carbon is orbited by six
electrons, four of which being valence electrons and thus able to interact with neighbouring
atoms. These outer electrons of carbon can result in different hybridization states, most
importantly: sp, sp2 or sp3 (sp2 or sp3 shown in Figure1.12). When all the carbon
atoms neighbouring each other share sp2 electrons, they form the planar structure of a
single layer graphene sheet. Each carbon atom is thereby covalently bond to three other
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carbon atoms (via σ-bonds and in-plane), while the remaining out-of-plane π orbitals
form π-bonds. This results in a delocalized network of electrons allowing the electrons to
move freely, resulting in graphene being a zero band-gap semiconductor. A zero band-gap
semiconductor is characterized by the intersection of the valence and the conduction
band, granting constant conductivity. Thereby the conduction band and the valence
band touch at the K and K’ points (or Dirac points) in the reciprocal lattice space
(Figure1.13). These π-bonds also provide the bases for van der Waals interaction leading
to the π-stacking making up graphite. This π-stacking property is also useful for the
modification of the graphene film later on.

Figure 1.12.: Energy levels of the outer electrons of carbon depending on their hybridiza-
tion state as well as hybridization states illustrating the respective order of
orbitals in space (adapted from [118])
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Figure 1.13.: i) Band diagram of graphene ii) Conic energy bands close to the Dirac point
(both from [13])

These properties make graphene a contender for biosensing applications as its high
electrical conductivity is a promising asset for sensitive detection. The properties are,
however, subject to change, as the electronic band structure of graphene is easily altered
by defects and disorders in the lattice. Before we dive into the application of graphene
for a biosensing field-effect transistor we shall thus first discuss the effects defects can
have and which steps can be undertaken regarding quality control.

1.3.1. General properties of graphene
The term graphene, strictly speaking, only refers to one single layer of carbon atoms.
The literature, however, also refers to bilayer (BLG) and mulitlayer graphene (MLG) and
only starts using the term graphite at 10 layers of graphene [118]. The number of layers
thereby determines the band structure that is displayed and therefore the electronic
properties. While single layer graphene has zero band-gap, bilayer graphene also has
zero band-gap, however with the possibility to be tuned, which grants flexibility in
nanoelectronics [124]. If more than two layers are stacked onto each other the electronic
properties further change: with increasing layer thickness, which is accompanied by an
increase in effective mass, the mobility decreases compared to mono- and bilayer graphene
[55]. At this point the conduction and the valence band overlap to a considerable extend
showing a parabolic-like band structure. Next to the number of layers, also disruptions
in the atomic structure of graphene can alter it’s electronic properties. The commonly
known disorders are: corrugations, topological defects, adatoms, vacancies and sp3-defects.
Corrugations include: ripples, wrinkles and crumbles (Figure1.14). These corrugations
are interesting as graphene actually never seems to be completely flat in any real life
circumstance and ripples, that are caused by intrasystem thermal fluctuations are intrinsic
features of graphene sheets. Wrinkles and crumbles however are commonly caused during
fabrication processes, with wrinkles occurring due to water drainage during the graphene
film transfer and crumbles are caused by rapid evaporation [118]. Topological defects
are often found in CVD grown graphene. During the growth process of CVD graphene
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Figure 1.14.: Types of corrugations from [23])

several crystalline structure start to form at different nucleation spots creating topological
defects or non-hexagonal rings in the sp2 carbon network. This results in out-of plane
structures to satisfy the bond arrangements. Finally, vacancies, adatoms and sp3-defects
occur when atoms are missing in the lattice, when an atom is absorbed on a graphene
sheet and when a carbon atom in the lattice in replaced by another atom (e.g. chlor).
All these factors contribute to the respective electrical properties of the graphene sheet,
like the opening of the band-gap and some of them even get exploited for biosensing
purposes, supposedly increasing the sensitivity [46]. The now discussed defects can arise
due to the several fabrication steps required for the processing of graphene. A detail
description and illustration of the fabrication process of the devices used in this work
can be found in the appendix. To validate and control the properties of graphene used
for biosensing application several steps of quality control can be done.

1.3.2. Graphene - quality control

Raman spectroscopy: Raman spectroscopy is a commonly used method to
determine the number of graphene layers. For this a laser beam gets
focused on the respective sample and upon hitting the sample, interacts
with it and gets scattered. This scattering can either be elastic (Rayleigh
scattering) or inelastic (Stokes Raman and Anti-Stokes Raman). During
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the process of inelastic scattering energy transfer from the photon to the
molecule of the sample takes place. The photon therefore either loses
energy (Stokes Raman scattering) or gains energy (Anti-Stokes Raman).
Because inelastic scattering is a very rare event, the energetic loss/gain is
a fingerprint of the specific investigated material, as it is typical for the
vibrational modes of the material. For Raman spectroscopy a laser at a
certain wavelength (energy) is focused on the sample material. By using
an optical filter only the inelastic scattered light (which has a different
energy than the laser) is allowed to pass, is sorted by wavelengths and
finally encounters a Charge Coupled Device detector (CCD detector).
The information can then be presented in a Raman Spectra, which plots
the measured light intensity expressed as arbitrary units against the
frequency of the scattered light in cm−1, the Raman shift. For each
material this spectra will look different, exhibiting peaks at certain light
frequency. For graphene the characteristic peaks are referred to as G peak
(∼1580 cm−1), 2D peak (∼ 2700 cm−1), D peak(∼ 1350 cm−1) as well
a sometimes known D’ peak (at the right shoulder of the G peak and
therefore around 1620 cm−1) [16]. By comparing the location and the
shape of the different peaks as well as the ratio of the G peak and the 2D
peak intensity (I2D/IG) the number of layers, as well as the abundance
of defects can be identified [118]. Pristine monolayer graphene displays
narrow and well-defined peaks, as well as a 2D peak that shows around
two times the intensity compared to the G peak. While with increasing
disorder and defects the intensity of the D and the D’ peaks increases.
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Figure 1.15.: i) Typical Raman spectra for CVD graphene - comparison of monolayer
and bilayer graphene (from [107]) ii) G peak and 2D peak comparison for
monolayer graphene and graphite iii) 2D peak evolution depending on the
number of graphene layers (using two different lasers (514 and 633nm) (both
from [118])

Scanning Electron Microscopy (SEM): SEM is a straightforward method to
obtain information about the topography of a material/sample. For this
an electron beam is focused on a sample under vacuum conditions. The
electrons hit the sample and interact with the atoms. This produces
various types of electrons, namely Auger electrons, secondary electrons
and backscattered electrons. Different detectors are then required to
registers this information and finally translation into a picture is done.
The obtained pictures allow for a visual evaluation of the graphene film
on the respective devices (Figure 1.16).
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Figure 1.16.: i) Illustration of a graphene wrinkle after graphene transfer onto a SiO2
substrate ii) SEM images of transferred graphene on a SiO2/Si substrate
(arrows indicating a graphene folding line and circle marking a region with
many graphene wrinkles (both from [61])

Atomic Force Microscopy: The Atomic Force Microscope is another tool
that is used to obtain further topological information about the sample.
This is done via scanning the surface using a cantilever. The cantilever
experiences deflection upon coming in contact with the forces between
its tip and the sample. The sampling can be done in either contact,
non-contact or tapping mode. The tapping mode is very commonly used
for samples like those presented here. For this the cantilever is driven to
oscillate up and down at or near its resonance frequency. The amplitude,
however, is fixed and does only change when the cantilever is exposed
to forces from the surface of the sample. From this information a height
profile of the sample is generated. Further AFM images often yield more
information about residues on the graphene film compared to SEM images.
This makes AFM a practical assessment tool when comparing different
transfer and cleaning strategies (Figure 1.17).
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Figure 1.17.: i) ii) AFM images of monolayer graphene on a SiO2 exhibiting various
degrees of residues of polymethyl methacrylate (PMMA) depending on
cleaning method used (both from [21])

X-ray photoelectron spectroscopy (XPS): XPS is a spectroscopic technique
used to determine the elements present in a sample, as well as their
chemical bonds and their oxidation state. This is done by measuring the
kinetic energy (electron-volt - eV) of the photo-electrons emitted from a
sample, after it is exposed to monochromatic X-rays. For the analysis of
graphene this technique can be utilized to assert the hybridisation states
of the carbon atoms. For a perfect layer of graphene the C1 spectra will
show a narrow and almost symmetric peak at ∼ 284.4 eV, corresponding
to the sp2 carbons of the C=C bonds [21]. If lattice defects are present
this will introduce sp3 hybridized carbons (C-C, C-H). These are visible
at ∼ 285 eV [21]. In practice these peaks not be distinguishable from each
other due to the small shift in eV. The shape of the whole peak of the
C1 spectra will, however, broaden and a tail at higher binding energies
will appear. Through XPS analysis further introduced functional groups
can be determined, making XPS analysis a powerful tool for composition
analysis. This is especially useful when differentiating graphene from its
deviates like graphene oxide (GO) and reduced graphene oxide (rGO)
(Figure 1.18), as well as validating surface modifications.
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Figure 1.18.: i) XPS C1 spectra of pristine graphene (from [21]) ii) XPS C1 spectra of
GO iii) XPS C1 spectra of rGO (both from [80])

1.3.3. Electrical characterisations

As already pointed out before the gFET-based biosensor gives information about the
electric current passing the device channel - in this case the graphene layer. The change
in electrical current due to binding events at the channel is therefore used as the detection
mechanisms of this kind of sensor. The electrical current, however, is not only altered by
the chemical environment and biomolecules interacting with the surface, but also by the
voltages applied at the source, drain and gate electrode. While the potential between the
source and the drain generates the flow of charge carriers along the channel, the gate
voltage modulates the electric field across the channel [5]. For an electrolyte-gated gFET
setup three standard curves can be used to characterise the gFET device. Those rely on
the following combinations: plotting the current against the gate voltage (VG) (transfer
curve), the current against the source-drain voltage (output curve) or the current against
the time (time series) [5]. For obtaining transfer curves the VG is swept while maintaining
a fixed bias VDS between the source and drain electrodes. This sweeping results in a
V-like shaped curve (Figure1.19), with the left branch representing an increasing density
in holes (positive charge carriers) and the right branch an increase in electrons (negative
charge carriers). The point of minimum current thereby being the Dirac point, where
the charges are evenly balanced. This point is also refereed to as the charge neutrality
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point (CNP). The CNP is the most commonly used electrical metric in gFET based
biosensing (principle shown in Figure 1.19). The formed V-shape of the transfer curve is
a result of the ambipolar nature of graphene and expresses the exchange in the polarity
of the major charge carriers. Therefore the shape of the transfer curve yields information
about electric aspects and their alterations. If the Dirac point is shifted (to the left/right)
this means that doping is taking place, which is the addition of holes or electrons (p- or
n-doping). If the branches move closer together or broaden this is due to a change in the
transconductance of holes or electrons. If the curve as a whole moves up or down this is
a change in the current amplitude. The modulation of each specific device is the delta
between the respective maxima and minima of current.

Figure 1.19.: Schematic transfer curve (left) (graphic created by the author using Power-
Point ©) and principle of biosensing comparing the CNP (from [5]) (right)

Theoretically the Dirac point of graphene is close to 0 V, but this is hardly the case in
practical experience, as graphene is often p-or n-doped [5]. This doping is the consequence
of residues that are presents at the graphene surface and are leftovers of the fabrication
and transfer process.

1.3.4. Electrochemical properties of graphene and implications for
biosensing

In the configuration of an electrolyte-gated gFET the graphene film, as well as the
reference/gate electrode are in direct contact with a solution containing ions. Although
this electrode can vary in it’s shape, material and the relative position to the graphene
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film it will attract ions from the solution. Which ions the electrode attracts is depending
on its own charge. When sweeping VG the charges will also be redistributed at the surface
of the gate electrode due to the potential difference displayed by the gate electrode.
Silver/silver-chloride (Ag/AgCl) electrodes are most commonly used as electrodes for
electrolyte-gated gFET set-ups as they generally provide stable measurements in buffered
conditions [74]. But also other metal electrodes are used [5]. Independently of the used
material the gate electrode and the graphene film are coupled via an electrical double
layer (EDL) resulting of the redistribution of ions in the electrolyte.The phenomenon
of the EDL has been refined several times, since it was first described by Helmholtz
[56]. Helmholtz started stating that, when a charged electrode is immersed in a solution
containing ions, this will result in the electrode attracting ions that are differently charged
than its own surface [42]. Consequently these attracted and accumulated ions themselves
will attract ions than are of opposite charge, resulting in a double layer (DL). This model
was extended by Gouy and Chapman in the early 1910s, which included considerations
about diffusion. A few years later the theory was further revised by Stern, who essentially
fused the two preceding models into one, also taking adsorption of ions onto the surface
into account [103]. Although this model underwent revisions the Stern model is still
referred to in the literature frequently today (Figure 1.20) and graphene that is exposed
to an electrolyte also encounters the same principles.

Figure 1.20.: i) EDL according to Stern (from [66]), showing the inner Helmholtz plane
(IHP) and the outer Helmholtz plane (OHP) that form the compact layer,
the diffusion layer and the bulk solution ii) Illustration of charge distribution
on the gFET in an electrolyte gated configuration (adapted from [73])

When using graphene for a electrolyte gated FET one of the challenges that have to
be considered is a phenomenon that is a main feature of this EDL, which is described as
Debye screening length (λD) and is defined as:
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λD =
√︄
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with ε0 being the permittivity of the free space (8, 85419 ∗ 1012A2s4kg1m3) and εr

the dielectric constant of the electrolyte (for aqueous solutions this can be assumed to
be the one of water ( 80 (depending on the temperature), kB the Boltzmann constant
(1, 380649 ∗ 1023J/K), T the temperature (in K), NA the Avogadro constant (6.022 ∗
1023mol−1, e the electron charge and I the ionic strength. The highly relevant part of
this equation in the context of biosensing is the ionic strength (I), which is expressed as:
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with i being the total number of ion species, zi the number of the charges carried by
the ion, and ci is the concentration of ions. The ionic strength is presented in mol/l,
meaning that in order to insert it into the equation, multiplying the the Avogadro constant
additionally by 103 is required.
But why is this information important in the context of biosensing?
According to the Debye model charged molecules in solution are screened by counter-ions.
This results in their electric potential being dampened exponentially with distance from
the surface (debye-length). Therefore the Debye-length essentially describes the distance
(usually in nm) from the channel surface at which charges can be detected. This distance
is depending on the ionic concentration of the used electrolyte or buffer and is inversely
proportional to it. Meaning that the higher the concentration of the solution, the closer
the molecule has to be to the surface in order to be detectable. This effect is the result
of the increase of thickness in the EDL with increasing ionic strength, which leads to the
charged particles diffusing slower. To pose an example one can take a buffer system that
is commonly used in biological research: Phosphate-buffer saline (PBS). The standard
PBS solution used is referred to as 1xPBS and can be further diluted reducing the ionic
strength and consequently the debye-length:

Buffer Ionic strength λD
1xPBS 177mM 0.74nm

0.1xPBS 17.7mM 2.35nm
0.01xPBS 1.77mM 7.45nm

This is further illustrated in the following graphic (Figure 1.21), which exemplifies
that buffers of lower ionic concentration are intuitively more favourable for biosensing
applications, as they pose greater sensitivity. This is, however, contradicting the inher-
ent nature of biological fluids, which are predominantly of higher ionic concentrations.
This poses a problem, as samples of patients will be obtained in biological fluids (e.g
blood, blood plasma, saliva) and are due to this debye-length limitations difficult to be
investigated, especially when considering that the graphene film still has to undergo
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bio-functionalization for granting selectivity. Which holds even more true when consid-
ering that proteins are very sensitive to their environment and can undergo structural
changes/defolding when required buffer conditions are not met.

Figure 1.21.: i) Debye-length as a function of the ionic strength of the buffer (here NaCl)
(from [49] ii) Formation of the EDL and debye-length at the interface of
an electrolyte-gated FET (from [125] iii) Reorganisation of biorecognition
element upon binding (from [40])

This is why great efforts are directed towards overcoming this Debye-length screening
effect [18],[125], [27], which include reorganisation of the biorecognition elements upon
binding [81, 40], using crumpled graphene [46, 47] or opting for smaller recognition
elements [69].

Now that the properties of graphene are explained, the device is characterised and
the importance of the chemical environment with respect to the detection-possibilities
are highlighted, the next section will proceed describing the further functionalizing the
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graphene surface.
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1.4. Surface modification

At this point the now prepared gFET is ready
for modifications that subsequently allow for the
further attachment of biorecognition elements and
thus the use of the device as biosensor. These mod-
ifications will target the surface architecture and
are therefore referred to as surface modifications.
The surface of graphene can be modified in different manners [34] of which the arguably
most important ones shall now be further introduced:

1. Covalent surface modifications: Covalent surface modifications of graphene
can be introduced by electrochemically grafting of diazonium salts and Dienophiles
[34], [43]. These modifications alter the sp2 structure of graphene and change the
hybridization state to sp3 for the respective carbon atoms that are attacked by
the radicals. This also changes the electrical properties of graphene. Addition of
diazonium salts, for example, decreases the conductivity [101]. The big advantage of
these kind of modifications is the great stability that is due to the formation of the
covalent bonds [43].In the context of biosensing covalent surface modifications have,
for example, been used to attach antibodies [25], or aptamers [93] to the graphene
linked diazonium salts via click-chemistry protocols. The diazonium salts can be
electrografted onto the graphene film, granting great stability [76]. Another way to
modify graphene by covalent modifications is to oxidize graphite and exfoliating
it in acidic solutions to produce graphene oxide (GO). GO has many functional
groups (e.g. hydroxyl (–OH), carboxyl (–COOH), carbonyl (C=O)) that can be
used for further modifications and reactions. GO can also be reduced to reduced
graphene oxid (rGO) by, for example, hydrazin. This process is supposed to remove
the oxygen-containing groups, while at the same time recovering the conjugated
structure of graphene. The problem with this approach is that it’s difficult to fully
understand how reproducible the introduction of these functional groups really is.
Although this can be analysed using e.g. X-ray photoelectron spectroscopy (XPS)
to get a picture of the abundance of functional groups introduced, this only will
provide limited information to which extent those are homogeneous or consistent
for every iteration of production.

2. Non-covalent surface modifications: While the covalent binding of molecules to
a graphene modified surface provides a very stable linkage, this kind of modifications
also heavily alters the properties of the respective graphene film. This can be avoided
when opting for surface modifications that take advantage of the intrinsic π-system
of graphene.The following interactions are based on this principle:

a) Gas-π Interaction

b) H-π Interaction

c) Cation-π Interaction
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d) πCation − π Interaction

e) Anion-π Interaction

f) Graphene-Ligand non-covalent Interaction

g) π − π Interaction: Similar to electrostatic interactions the diffuse electron
clouds of a π-system exhibits an attractive force to other molecules or to
other π-systems. This phenomenon is widespread and responsible for many
structure-stabilising interactions in biological systems, such as base stacking or
protein folding. Due to this π−π interaction or π stacking pyrene motifs which
are terminated by different functional groups can be used for the modification
of graphene.

1.4.1. Pyrene motifs as surface modifications

Commonly used as florescent probe within the context of spectroscopically-based ap-
plications, pyrene and it’s differently terminated variations are becoming increasingly
important as a straightforward way to modify graphene in a non-covalent manner. Re-
lying on π − π stacking, rather than hybridisation of the carbon atoms, this approach
also takes advantage of the aromaticity of the pyrene units, but instead of utilising
the fluorescent properties of the molecule, it exploits the interaction of the π-orbital
system of the pyrene molecule core with graphene. This mimics the same principle also
naturally occurring for the multilayer graphene sheets forming graphite and are solely
stable due to the accumulative effect of van der Waals forces. Based on this, pyrene
moieties can be seen as small elements employed to conveniently modify the graphene
surface, while at the same time preserving the structural and electrical properties of
graphene. Many differently terminated pyrene molecules are commercially available or
can be synthesised using protocols (Figure 1.22). The seemingly most popular pyrene
derivative for CVD graphene modification is the 1-pyrenebutanoic acid succinimidyl ester
(PBASE) [59, 110, 99, 112, 98] This pyrene linker features an N-hydroxysuccinimide
(NHS) ester that is conveniently reactive with primary amines, forming stable amide
bonds. This is of outmost practicability considering that primary amines are one of
the most abundant functional groups within proteins, peptides, and many other macro-
molecules. The downfall, however, being that hydrolysis of the ester group limits the
stability and the general possibility to even link biomolecules. The linker system should
therefore be carefully selected considering that there are pros and cons to each option,
depending on the biorecognition strategies used later on [75].
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Figure 1.22.: Illustration of different pyrene linkers, with the basic structure of a pyrene
molecule in the middle, these different linkers are commercially available
from Lumiprobe © (PMAL and PBA-NHS ester), Merck © (PBASE, PBA),
AxisPharm © (PETH) and Nanocs © (structure presented here from [44])
(other structures from the indicated company)

The pyrene linker that will now be further introduced has very interesting properties
and is, although not completely unknown in the context of biosensing [44, 53, 100], still
rather unfamiliar, especially for gFET applications.

Pyrene nitrilotriacetic acid (Pyrene NTA)

Nitrilotriacetic acid (NTA) is no stranger to everyone working with protocols that include
protein purification. NTA is commonly used as metal chelator in immobilized-metal
affinity-chromatogrophy (IMAC) - the key part to this are nickel ions that are immobilized
via the NTA (NiNTA). Through the NTA the nickel ions are partially coordinated, leaving
two interaction sites free for interaction (principle shown in Figure 1.23 ii)) with protein
sidechains, specifically proteins that contain a histidine tag (His-tag). Histidin has six
π-electrons, two from which are from the nitrogen lone pair in the imidazole ring, this
allows the nitrogen to bind with the nickel ion. Importantly, working conditions below
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a pH of 6 would be problematic, as the nitrogen be protonated due to its PKA of 6.
After this binding step of the his-tagged protein to the NiNTA the solution is washed
with imidazole, which competitively binds to nickel ions, leading to the elution of the
protein of interest. The exact same principle can also be employed to bind a protein with
a his-tag to a pyrene NTA that is immobilized on a graphene film. Thereby the pyrene
core interacts with the graphene via π-π-stacking (illustrated in Figure 1.23 i)) and the
sidechain containing the NTA is free to bind to nickel ions and is consequently able to
coordinate his-tag moieties on a protein.

Figure 1.23.: i) Nickel coordination through NTA structure (from [85] ii) Pyrene NTA
on graphene simulation using the PyMOL © software (structure created by
the author) iii) Structure of Pyrene PEG NTA (used in this work) from
Nanocs ©

Due to the properties of graphene discussed earlier having only a layer of graphene will
always yield a signal when exposed to biomolecules, resulting in a non-specific response.
It is therefore mandatory to add a specific biorecognition element to the now modified
surface that will introduce a binding site which is specif to the biomolecule that should
be detected. The next section will be dedicated to introducing possible biorecognition
elements.
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1.5. Biorecognition elements

Choosing the appropriate biorecognition element
is crucial to the success of a biosensor. The main
purpose of the biorecognition element is to sup-
ply the biosensor with selectivity to the target
biomolecule. As a response of the biosensor should
be exclusively detectable when a specif analyte
is presented. When deciding for a biorecognition
element one therefore has to consider the size -
also in respect to the debye length, the selectivity,
maybe the easy access or the possibility for mass-
fabrication. It is therefore clever to, as suggested by Morales et. al [77] to follow a
decision map, focusing on selecting a biosensor paradigm based on the desired application
and target rather than they already familiar and used elements. Numerous biorecognition
elements are available, which can either be naturally occurring or synthetically produced
once or which can lie somewhere in-between as pseudo-natural constructs. Of course all
of these elements posses different qualities and recognition mechanisms and we shall now
introduce some of the more commonly used ones in this field.

Antibodies/Nanobodies

Antibodies are a pivotal part of the immune response, aimed at recognising foreign
molecules (antigens), binding them and thus marking them for degradation. They have a
Y-shaped form and consist of two heavy-chains and two light chains. The N-terminal
parts of both light and heavy chains form the two antigen-binding sites, while the more
C-terminal parts of the heavy chains form the tail. Not surprisingly the region were the
binding site is found is highly variable and is also referred to as hypervariable region.
This grants great diversity making the binding sites of antibodies, which are ultimately
only made up of 5-10 amino acids, highly specific for their target. Although this aspects
would be desirable for biosensing applications, the downside of antibodies is their size
∼150kDa. This is why also fragmented antigen-binding (Fab/Fab’) and even smaller
fragment variable (Fv) elements are used [20]. These elements only consist of parts
of the former antibodies, containing only parts of the variable regions. Even smaller
than those elements are nanobodies, that are essentially just made up of the variable
region of one heavy side chains and are ∼15kDa in size. Even though antibodies are
bigger in size, expensive and work-intensive in their production, the are still very popular
in gFET based biosensing applications, and can also be referred to as ImmunoFETs
[98, 126, 65, 70, 59, 87].

Nucleic acids

Nucleic acids are one of the core structures of life. Most relevant in the form of RNA
and DNA, nucleic acids are composed of polynucleotide chains. Each nucleotide consists
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of a sugar, a phosphate group and a base. All double-stranded nucleic acids are made
up of complementary sequences, where the bases interact through base pairing. When
nucleic acids are used for biosensing applications, the product is called a genosensor and
FETs become GenFETs. Regardless of the type of nucleic acid used (DNA, RNA, LNA
and PNA) the general detection principle remains the same: the immobilized sequence
on surface the biosensing device binds to it’s complementary sequence present on the
target. While these hybridization studies are highly sensitive and specific and are also of
great interest and presence [116, 36, 12, 33, 46] their range of application as biosensors is
limited as they are only optimal for targeting nucleic acids.

Aptamers

Aptamers are single-stranded oligonucleotides that are designed to bind selectively to
their target molecules. The process of their development is called Systemic Evolution of
Ligands by Exponential Enrichment (SELEX) [127] This is an iterative process aligning
the target analyte and oligonucleotide sequence against randomly generated sequences
from a library. If there is sufficient binding affinity, the molecule and the aptamer stay
bound and pass to the next round and are amplified, which creates the library for the
next round. This is continued until the required specificity is achieved. The SELEX
process enables the use of aptamers for a broad range of targets as the probes can be
readily modified in a sequence-specific manner and are very small 6–30 kDa in size
and less than 3 nm [121] long. Additionally granting greater specificity due to their
selection process[20]. Although these are very promising prospects and aptamers are
also commonly used in gFET configurations [52, 40, 111, 81, 47, 84], they still have not
reached clinical relevance due to their lack of quality as well as thorough characterization
(folding behaviour etc.) [127].

Enzymes

Enzymes are another group of biomolecules undertaking a vital part of life, as they serve
as catalysts for chemical reactions occurring in cells. This boost in chemical reactivity is
necessary as many of the reaction would otherwise not take place in the required rate.
For catalyzing a reaction the enzyme binds to a substrate and facilitates the breakdown
of this substrate into the product. To be able to recognise the substrate, each enzyme
has a specif binding site. Due to their nature biosensors using enzymes as biorecognition
element will always be enzymatic biosensors. When scanning the literature for enzymes
on gFET, we also commoly meet an old acquaintance, the GOx [122, 113, 45], depicting
how important glucose detection is. This, however, also illustrates the problem with
enzymes based approaches, as they can only be employed for existing enzyme-substrate
systems.
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Biomimetic elements
It is certainly debatable whether the term biomimetic elements is only applicable to the
elements that follow in this paragraph, as it could also be argued that the biorecognition
elements mentioned before can be seen under this umbrella term. Biomimetic, however,
refers more to a set-up simulating and mimicking the function and performance of
biological organs [68]. As regards to biosensing these biomimetic elements can for
example be cells as a whole [38], nanovesicles [3, 89] or bioreceptors [8, 24], although
bioreceptor is also a term that is a bit to imprecise, as this can also simply mean a
biomolecule that binds to a target, but let’s get this to a preciser description. Many of the
receptor proteins within a cell are situated inside the cell membrane. The cell membrane
is a ∼5nm thick lipid bilayer that is essential for the compartmentalization of the cell and
thus a structural feature. The function providing feature are the membrane proteins that
span through or are unilaterally anchored in the cell membrane. They are essential for
transport and communication between extra-and intracellular matrix. Proteins embedded
in the cell membrane and passing through it need this surrounding of the lipid bilayer
to retain their function, making it very difficult to study them outside their social-cell
context. In order to investigate the working principles of one of these proteins it is
however necessary to look at them separately (or only in a limited combination). This is
why so called nanodisc were invented.

Nanodiscs embedded proteins

Nanodiscs are model membrane systems that consist of phospholipid molecules that are
held together by a membrane scaffold protein (MSP). They were first introduced as carriers
for reconstituting membrane proteins after they were solubilized from the cell membrane
using detergents. The possibility to use those kind of membrane embedded proteins
as biosensing devices is a extremely promising one, as this would, theoretically make
any membrane protein that is soluble deployable as biorecognition element. Although
some examples of Nanodisc embedded protein on FETs are known (on gFET [78], on
carbon-nanotubes (CNT) [79, 62, 119, 63], this area is by far not well understood yet.
This is why it’s especially exciting to be presented with the opportunity to test the
nanodisc gFET combination within this work (Figure 1.5). The practical steps as well
as the experimental workflow for using nanodisc embedded proteins as biorecognition
elements on a gFET will now be topic of the following chapter.
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2. Results and Discussion

The main objective of this thesis was to test whether a nanodisc embedded protein can
successfully be immobilized on a gFET device using pyrene NTA and further be used
as biorecognition element. This section is presenting the experimental details of the
approach and will further discuss the results.

2.1. Sample preparation

2.1.1. FET devices

The FET used in the context of this work is a commercially available device from the
company Micrux Technologies © (Figure 2.1)). These devices are characterised by 90
interdigitated gold electrodes on a gold substrate. They are recommended for the use
of impedance, capacitance and conductivity measurements as well as fuel cells. Further
these devices have already been established in the context of biosensing, for example for
the biomarker cTnI [93]. The contacts for source and drain are the gold patches vis-à-vis
of the sensing area (which is the round area containing the interdigitated electrodes).
This sensing area containing the interdigitated electrodes will be further modified with
a graphene film thus acting as the conducting channel between the source and drain
electrodes.

Figure 2.1.: Micrux device (picture and graphic taken/created (using PowerPoint ©) by
the author)
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2.1.2. gFET fabrication

The obtained devices provided the substrates for the following fabrication process. A
detailed explanation of this process is provided in the appendix. In brief: The micrux
substrates with the interdigitated microelectrodes are thoroughly cleaned using UV-Ozone
treatment, followed by several washing steps, and drying. They are further modified
with trimethoxyphenylsilane (2 % solution in ethanol) for 1 h. Afterwards, the chips are
extensively incubated and rinsed with fresh ethanol, dried, and baked for 1h at 120°C
in the oven. When cooled down these chips can be used as substrates for a graphene
film. For this graphene is directly transferred onto these chips. To make graphene
transferable the commercially acquired copper/CVD grown graphene/copper foil gets
treated with reactive ion etching (RIE) to remove one of the cooper foils sides. Onto
this side (so directly on the graphene film) a layer of polymethyl methacrylate (PMMA)
with a 200 nm thickness is spin coated. This gets carefully annealed at 110°C with small
increments and decrements for heating and cooling. Following this the now available sheet
of PMMA/graphene/Cu is cut into small pieces (approximately 1cmx1cm) which shall
later fully cover the sensing area. From these pieces the copper foil is etched overnight
using a 0.2M ammonium persulfate solution. The floating PMMA/graphene films is
thoroughly rinsed with deionized water (DIW) by scooping them in and out of beakers
with fresh DIW. After these washing steps PMMA/graphene film can be transferred onto
the micrux substrate by submerging the chip under the floating film and very gently
taking it out of the water. The chips are then dried for 90min at room-temperature (RT).
After this the graphene layer is annealed to the substrate by putting the chips on a hot
plate and baking for 1 1/2h (30min to reach 90°C, 30min at 90°C and 30min to cool
down to RT). As last step the PMMA layer is removed from the graphene layer using a
UV-Ozone cleaning step, which is followed by an acetone bath. Finally, the chips are
rinsed with acetone, ethanol and DIW and gently dried. The now bare graphene film is
thus ready for characterization, electronic measurements, and further modification.

2.1.3. Graphene characterization

Raman spectroscopy

In the context of this work Raman Spectroscopy was firstly used to obtain information
about the quality of the graphene film on the devices after transfer and PMMA removal
(Figure 2.2. The 2D/G peak ratio is at 2.45 indicating a monolayer of graphene at the
spot of observation. Further the spectra suggest the investigated graphene film to be
relatively defect-free due to only a small D peak. It must be noted however that, to truly
have a full picture one should opt for a technique called Raman mapping where many
spots are sampled, instead of just purposefully selected spots. Due to the design of the
devices used here, mapping was not possible, as always spots between the electrodes had
to be selected.

42



Sample preparation

Figure 2.2.: Raman spectra of graphene film on micrux devices

Scanning electron microscopy (SEM)

As visible in the subsequently obtained SEM pictures (Figure2.4) and as validated by
Raman Spectroscopy the investigated devices for this work show holes within the graphene
film. These holes are most likely results of the layout of the devices: As the surface of
the sensing area is not flat, but has height differences due to the electrodes, creating a
landscape with elevations and decrements. This likely creates a lot of surface tension on
the transferred graphene film, which can only be relived through partial ruptures. Next to
the design also the transfer process itself can lead to these disruptions, as the mechanical
stress of transferring the graphene film onto the substrate is high and trapped water
residues that are maybe still left after the drying step and that are then exposed to the
baking step could be the cause for these holes (Figure 2.3). This however was investigated
using longer drying times (up to 24h), which did not result in a more continuous film or
better electrical properties. At the higher magnification picture one can clearly see the
boarder region being folded and multilayered as a result of the rupture. It can also be
observed that the film along the boarder of the gold electrode seems slightly damaged,
indicating that the film is not flexible enough to bridge this step size without being
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impacted. These kind of damages seem to be problematic, as they pose a source of
non-replicability, that can not be controlled consistently. The intact graphene film gives
an expected visual impression, meaning that the graphene that covers the device is of
desired quality.

Figure 2.3.: Transfer process under a) low (heptane) or b) high (water) surface tension
[54] - illustrating the consequences of the surface tension for the graphene
film
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Figure 2.4.: Validation of graphene on substrate, also exhibiting defects in the graphene
film, as indicated via Raman spectroscopy
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Atomic force microscopy (AFM)

Next to Raman spectroscopy and SEM, AFM images were obtained allowing for the
further investigation of surface properties. When looking at the paradigmatic images
obtained for the devices used (Figure 2.5), one can appreciate the surface topology
showing defect-free spots, as well as cracks and folds that ultimately also lead to the
observed height differences.

Figure 2.5.: Atomic force microscopy images of graphene film on micrux device (LMB40),
obtained at different spots of this one sample

Now that a first characterisation of the properties of the graphene layer on the device
is done, it is time to investigate the devices concerning their electrical properties.
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2.1.4. Electrical characterization

For this work the effect of the biomolecules was determined by comparing the transfer
curves (Figure 2.6) before and after exposing the sensor to the sample. For this the (VG)
is swept between two voltages with a selected step size (e.g. 5mV) and a specified scan
rate (e.g. 20mV/s). Before biosensing measurements were performed each device was
electrically characterized using 1xPBS buffer. This was done to examine whether the
devices were comparable after the fabrication process.

Figure 2.6.: Schematic (left) and representative device (LMB 26) (data obtained in 1xPBS
buffer) (right)

The devices investigated in the context of this work showed a tendency to be p-doped
(Figure 2.7 and Figure2.8), which is very likely due to remaining residues of PMMA [60].
The mean Dirac point was found to be at 0.123 V, with a standard deviation of 0.064 V
and the median being at 0.131 V. The most negative-doped device was found to have it’s
Dirac point at -0.009 V and the most positive-doped one at 0.238 V. These results clearly
indicate that for the most devices residues of the transfer process were still remaining on
the graphene film, even despite the cleaning step using UV-ozon and acetone. Further
the devices show a mean modulation of 253,5 µA with a standard deviation of 139,2 µA
and the median being at 220,5 µA. The lowest performing device exhibited a modulation
of 80,3 µA and the highest performing one a modulation of 770,9 µA (Figure2.8).
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Figure 2.7.: Distribution of Dirac points of the devices (N=63) (normal distribution is
given as visual indication that there is a bias towards p-doping) (left) and
visual explanation of how the Dirac point is obtained from the data (right)

Figure 2.8.: Transfer curves of all devices that were fabricated with a 90min drying step
(N=63)

All in all the devices showed significant variability concerning their Dirac point and
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their modulation. Indicating that the fabrication process results in varying characteristics
and demonstrating the necessity to obtain baseline measurements to ensure device quality.

2.1.5. Surface modifications

The presence of various pyrene linkers can be verified by raman spectroscopy, as was
done for various linkers (all after an incubation period of 2h on the device) (Figure 2.9).
The appearance of new bands, as well as G band splitting (in the case of PETH) and the
emergence of the D’ band indicate the successful immobilization of the different linkers.

Figure 2.9.: Raman spectra of various pyrene linkers on graphene

The linker relevant for this work, pyrene NTA, was obtained from Nanocs © and had a
molecular weight of 2000g/mol. Considering the molecular composition it’s calculable
that the molecule contains 32 polyethylene glycol (PEG) units. PEG increases the
solubility, making the bought powder water soluble. Pyrene NTA was therefore dissolved
in MQ water at a concentration of 5mM. Then 15-20µl of this solution were put on
the sensing area of the graphene modified micrux devices and incubated for 2h. This
was done in a glass petri dish bedded with a wet tissue in order to prevent evaporation.
After the incubation the device was carefully rinsed with MQ and buffer. The presence
of pyrene NTA on the graphene film was validated using raman spectroscopy (Figure
2.10). The raman spectra of pyrene NTA displays a clear reduction in 2D peak intensity,

49



Results and Discussion

compared to unmodified graphene with a ratio (2D/G) of 1.15. Further the D’ peak
becomes visible and the D peak starts to appear, which is not detectable or very minor
in pristine graphene. It has to be mentioned, that dissolving pyrene NTA in MQ might
also pose a possible difficulty: as graphene is highly hydrophobic it’s not quite clear how
stable the interaction can be over time, especially when working in a flow cell set-up
which also includes mechanical forces. The general immobilization, however, seems to be
successful.

Figure 2.10.: Raman spectra of pyrene nta on graphene, different spots on one chip
indicating the homogeneous immobilization of pyrene nta (left) Raman
spectra of bare garphene compared to pyrene nta on graphene (right)

2.1.6. Biorecognition elements

Nanodisc containing glycophorin A were used as biorecognition elements is this work.
The nanodisc were kindly provided by a cooperation of the group of Frank Rosenau in
Ulm and the Biosensor Technologies group from the Austrian Institute of Technology
(AIT) in Tulln. The nanodisc were reconstitued in a nanodisc buffer (20mM TRIS,
0.5mM EDTA, 100mM NaCl @pH 7.22). They were shipped in two compositions, one
as empty nanodiscs and the other containing a glycophorin A domain with a biotin-tag.
The MSP1D1 protein was used as MSP and included a his-tag. The nanodisc were at
a concentration of 160 µM and ∼150-180kDa in size. In order to test whether this can
be used as biorecognition element the following approach was laid-out: Through the
his-tag on the MSP the nanodisc should be immobilized on the graphene using the pyrene
NTA properties. For this the graphene + pyrene NTA incubated chip was presented
with a 100mM nickel sulphate (NiSO4) solution for 1h and afterwards incubated with
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the nanodisc solution. The device should then be tested against a ligand that has a
high affinity towards biotin: streptavidin. The next section will cover the results of this
proof-of-principle biosensing approach.

2.2. Biosensing

In order to test whether the devices are successfully applicable for sensing measurements,
they were tested against ranging concentrations of streptavidin. The avidin/streptavidin-
biotin affinity is extremely high (KD= ∼ 10−14) and is regularly used in a proof-of-
principle way to check biosensing devices or in a surface modifying fashion [108, 114, 82,
37, 94, 9]. The measurements were performed in a flow cell set-up (as shown in Figure
2.11). For this the microfluidic pump was filled up with buffer until the tubes were
wetted, the chip was carefully inserted into the commercially available cell (Micrux ©
and the cap (containing the gate electrode) was closed. With a flow rate of 20µL/min
buffer was pumped through the cell from inlet to outlet. The liquid from the outlet
was collected as waste. This set-up resulted in the electrolyte-gated gFET configuration
required for the measurements. Transfer curves using the same buffer were obtained
before the experiment started, after every modification step and after every exposure
to streptavidin in buffer at increasing concentrations. For the recording of the transfer
curves the measurement cell and the gate were connected to a source meter unit (SMU)
U2722A (Keysight Technologies ©) and a silver chloride wire was used a the gate electrode.
For the electrical measurements the SMU was controlled via the software Dirac time (©
Patrik Aspermair). The source-drain bias (VDS) was kept constant at 0.05 V and the
gate voltage (VGS) was swept between -0.5 and 0.5 V, with a scan rate of 20mV/s and a
step size of 5mV. For each steps three IDVG curves were recorded consecutively (always
the last one is shown in the following graphs).

Figure 2.11.: Experimental set up, showing the flow cell from Micrux ©, with and without
cap and the placement of the devices
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Since the nanodisc were reconstituted in nanodisc buffer this buffer was used for the
baseline measurements and as diluent for the streptavidin stock solution. As described
before this buffer contained: 20mM TRIS, 0.5mM EDTA and 100mM NaCl @pH 7.22.
Which corresponds to an ionic strength of I=0.19M and a debye length of 0.68nm, which
is similar to 1xPBS. This is actually already problematic, as the pyrene linker and the
subsequent attachment of the nanodisc are already exceeding this distance. With that
being said, in a comparable approach 1xPBS was used and biosensing experiments were
successfully conducted [78], indicating that it is not really well understood what happens
at the surface regarding spatial orientation. It can also be argued that this might make
electrostatic gating effects non-significant, because those are screened due to the small
debye length [79]. In any case was the buffer kept to ensure the stability of the nanodiscs.
The first IDVGs were recorded on bare graphene. Afterwards the device was presented
with the nanodisc + glycophorin A solution. Following the 2h incubation, the chip was
carefully rinsed with buffer, placed back into the measurement cell, flushed with buffer
and measurements were obtained. The immobilization of pyrene NTA resulted in a
positive shift (+42.5 mV) (presented in Figure 2.12. This p-doping effect can be explained
by the electron withdrawing functional group of nta, but this also could indicate that
the functional group is in fact close to the surface and can therefore have this effect that
is similar to the p-doping effect found for other pyrene linkers (predominantly PBASE)
[115, 109, 128, 117, 67].
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Figure 2.12.: Transfer curves of immobilization steps on gFET (LMB8): 1) indicating a
positive shift for pyrene NTA, 2) a negative shift for the nanodiscs (middle)
and 3) stability of nanodiscs in buffer (15min)

Following the immobilization of pyrene NTA on the graphene surface the device was
immersed in the 100mM (NiSO4) solution for 1h. The chip was carefully rinsed with MQ
and immediately afterwards incubated with the nanodisc solution containing glycophorin
A for 2h. After the incubation with the nanodics + glycophorin A solution the chip was
placed back into the measurement set-up, flushed with buffer and IDVGs were recorded.
Here a negative shift (-45mV) was observed (Figure 2.12. This can arguable be due to
the amino acids from the protein which can partially donate electrons to the graphene
channel [41, 10, 90, 11]. This n-doping upon immobilization of nanodics containing a
protein was also observed by Murugathas et al. [78]. They further observed a significant
reduction in current modulation, which was not the case in this experiment. We further
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also observed n-doping when using only empty nanodiscs, which still however contain a
MSP. The device was then left for 15min in the cell, before another round of IDVGs were
recorded in order to check whether the immobilization was stable (Dirac point: 0,1742).
As this was the case the experiment could be continued (Figure 2.12. For this a dilution
series of streptavidin was prepared. Starting with a stock solution at 100µM and further
diluted with ND buffer. These solutions were then presented to the device with increasing
concentrations. This was done using the microfluidic pump. Each concentration was
presented to the device for 15min using a flow rate of 20µL/min. Afterwards IDVG curves
were recorded. With increasing concentrations a negative shift was observed (Figure 2.13.
The obtained Dirac points were then plotted against the concentration (Figure 2.14), the

Figure 2.13.: Biosensing data presenting the device with increasing concentrations of
streptavidin

same was done for the calculated △Dirac, which is the change in mV from the starting
point (Dirac point of nanodiscs in buffer) as absolute value (Figure in linear scale and
in log scale 2.14). Comparing the delta, rather than absolute values, is preferable as
the respective system is taken into account. This also makes experiment performed on
different devices comparable.
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Figure 2.14.: Data Vdirac LMB 8

Since the expected KD is ∼ 10−14, and thus very low one can argue that going up
to a concentrations as high as 100 µM is an excessive measure, but at the same time
this has to be seen as a process-oriented approach trying to gather preliminary data.
Moreover it is essential to reach saturation of the sensor in order eventually evaluate the
correct binding affinity (as illustrated in Figure 2.15). Further it has to be noted that
the response is rather small (max. ∼ 25mV ), although still distinguishable from noise.
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Figure 2.15.: Operation regimes of surface-based biosensors: concentration-limited regime
vs. Ligand-depletion regime (from [28])

As every experiment is only ever as good as its control experiments, the following ques-
tions should be raised after evaluating the data obtained for each biosensing experiment:

Biosensing experiment

Sensor doesn’t show response

Evaluate experiment
and try to identify possible problems

Sensor shows response

Is the experiment reproducible?

Is the response specific?/Does the sensor respond
to another ligand?

Does the sensor still respond to the ligand
if the immobilized biorecognition unit

is not present?

Figure 2.16.: Decision tree for biosensing experiment evaluation (created by the author
using PowerPoint ©)
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Hence the obvious control experiments for this experiment were: 1. reproducing the
experiment using a maybe more suitable concentration range (only up to around 100pM);
2. Test another device that underwent the same modification steps against a different
ligand 3. Use a device which has the empty nanodiscs immobilized and test it against the
same concentration range of streptavidin. Although this approach seemed rather straight
forward, there were several issues encountered. The first and most problematic being that
follow up experiments seemed to face reoccurring stability issues regarding the connection
of the set-up with resulted in unreliable measurements. After repeated attempts to fix this
connection issues, it was discovered that the gate electrode might be the cause of problems
and indeed, after searching for plausible reasons it was found that the nanodisc buffer
which contained tris(hydroxymethyl)aminomethane (TRIS) was very likely destabilizing
the silver-chloride wire used as gate electrode [72]. Since the biosensing measurements of
the most relevant benchmark study were conducted in 1xPBS [78] (although they as well
used a TRIS/NaCl buffer for elution, resulting in the assumptions that the nanodiscs
stay stable over time, even when the bufffer is changed from nanodics buffer to PBS), this
approach was subsequently also tried for the experiments that followed the realization
that the combination of buffer and gate electrode was unsuitable. But the results obtained
when using the nanodisc buffer were not reproducible with the PBS based configuration
(Data not shown). This could also possible be due to destabilization of the nanodisc,
although this is only an assumption. This lack of reproducibility combined with the
running out of time, lead to the unsatisfactory outcome of only having interpretable data
from one biosensing experiment performed. Additionally to the electrical measurements,
however, surface investigations were conducted providing supplementary data.
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2.2.1. Surface investigation for biosensing approach

AFM measurements were performed, investigated one sample with bare graphene, one
with graphene + pyrene nta and one sample with graphene + pyrene nta + nickel-ions
+ nanodiscs containing glycophorin A. Although an increase in surface roughness and
clusters of different diameters were observed (Figure 2.17), which are an indication of
successful immobilization ([78]-supporting information), this data should be interpreted
with caution, as it can not be unambiguously assumed that what we see here are indeed
nanodics.

Figure 2.17.: AFM images of i) bare graphene ii) graphene + pyrene nta iii) and vi)
graphene + pyrene nta immobilized nanodiscs (with glycophorin A)

In addition to these measurements X-ray photoelectron spectroscopy (XPS) was carried
out. XPS was performed for one sample of pyrene nta alone, one sample of pyrene nta
immobilized on graphene on a micrux device as well as one with additionally immobilized
nanodiscs containing glycophorin A. The results of this investigation (Figure 2.18) indicate
the successful immobilization of nanodics on the graphene film using the pyrene nta
functionalization strategy. This can be reasoned because of the relative decrease in C=C
bonds accompanied by a relative increase in "shake-up" (plasmon π − π∗), as well as
an increase in peptide-bonds. Again with the limitation that, since the data is fitted
according to the data obtained, this can only be regarded as an evidence that the nanodisc
are immobilized, not a proof. It has also to be mentioned that this kind of investigation,
although very powerful, doesn’t tell us anything about the way the elements are present
on the sample, just that they are present. Meaning that we can only assume that it
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was,in fact, the functionalization strategy used which is not responsible for the signal
possible corresponding to the nanodiscs and not simply unspecific absorption on the
surface.

Figure 2.18.: XPS analysis of i) pyrene nta ii) graphene + pyrene nta iii) graphene +
pyrene nta + nanodiscs

With all that being said, it can be argued that these results indicate that indeed
the nanodics can be immobilized onto the presented gFET. Regarding the potential for
biosensing applications, however, no meaningful final conclusion can be drawn. Although
the immobilisation strategy using pyrene NTA and therefore taking advantage of the
often already available his-tag seems, in theory, rather straight-forward and appealing,
several aspects remain unclear. One of them being the question whether the specific
pyrene NTA used, with it’s long PEG chain was the best choice. This argument is
due to the fact that it is not yet understood how this long chain behaves - does it stay
upright in the electrolyte solution? Does it lay flat and potentially interact with the
graphene film (as possible indicated by the electron withdrawing properties). What
happens upon binding of the his-tag of the nanodisc to the pyrene NTA? How are defects
within the graphene film influencing these observations? All these questions can not
be answered with the data presented here. Therefore it can be assessed that, although
biosensing with gFET certainly is a very powerful tool due to the high sensitivity that
can be achieved, the field graphene based biosensors still might have to undergo some
alterations until robust, reusable, selective devices are available, which can be illustrated
on the basis of this work here. In case of the devices presented in this work it would
arguable be a reasonable idea to invest time in re-designing the layout - reducing height
step and thus levelling electrodes and substrate in order to also reduce defects in the
long-run, as this is the first step that can be undertaken towards reproducibility. Further,
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in order to use nanodisc for this application one might still have to dedicate time to
better understand possible interactions between graphene itself and the nanodiscs, as
well as understanding the impact the different immobilization strategies might have.
Also the problem of the debye length has to be considered in this context, especially
when thinking about clinical biosensing applications that inevitable demand the use of
solutions with high ionic strength. Therefore it has to be better understood what exactly
is happening at the surface concerning spatial orientation. For all of these purposes
devices exhibiting less variances would be beneficial, as the lesser aberrations that occur,
the more insightful investigations regarding the aforementioned topics can be conducted.
In the end only devices providing all the required criteria will be acceptable in terms of
medical applications pushing the standard for scientific research into that direction and
raising the bar to really understand the biophysical and biochemical processes involved.

Noteworthy remarks

At this point several aspects that also play a part in the output of a biosensor have
not been mentioned yet and will also not be covered in this work. However it has to
made clear that these are also contributing factors and some of them should at least be
mentioned to flag their relevance.

• Layout of gFET: Since the contact width (W) and the contact length (D) play a
critical role in the intrinsic performance of the gFET, as their ratio influences the
resistance of the device and its electrical sensitivity [35]. Therefore the respective
design will always have an impact on the performance of the device.

• Microfluidic set-up: Of course the settings of the microfluidic set-up are something
that can be addressed. On the one hand mass transport should not be limited thus
a sufficient flow rate has to be selected, but higher flow-rates are potentially desta-
bilizing to the surface architecture. Simulations of different flow-rates in different
surface architectures could therefore be helpful to understand what the surface is
exposed to. Also the entrapment of air can be fatal for measurements. Further
challenges include non-specific absorption/binding (NSA/NSB) and integration and
automation [17].

• Unspecific absorption: This aspect has only be touched upon in the context
of this work, but its highly significant, as biosensors don’t provide the same
compartmentalization as biological systems do, making non-specific absorption
more abundant in biosensing settings [30]. This is even more relevant, as biological
fluids represent crowded environments and are thus tricky samples to work with.

• Data fitting: Although this facet does not play a big part in this particular work
it should still be mentioned that this is a relevant part of data treatment in the
context of biosensing. With every model used one has to consider the assumptions
this model makes about the system in interrogation. In the case of the often used
Langmuir-isotherm, the assumptions are that the surface is homogeneous (also only
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providing one type of interaction site), each of these sites are equivalent and only
provide one binding site is available per molecule. This is of course a simplified
way of regarding binding interactions as molecules can also have more than one
binding site, something that has to be taken into account when fitting your data.
It is then mandatory to think of what kind of Model is used and why and be aware
that different models will also make the results appear differently [15].

Even these points are by far not covering the whole complexity of biosensors and
although even simplified approaches often result into representing reality quite well, it
should just be kept in mind that there are many more aspects to consider.
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3. Conclusion and outlook
The work of this thesis was focused on testing an already quite established set-up con-
cerning a new combination of surface modification and biorecognition element. Although
nanodisc have already been successfully immobilized and tested as biosensing directed
biorecognition elements on gFET, the functionalization strategy used here was a different
one, taking advantage of the NTA-His-tag relation. Further, due to differences in design
of the devices not every biosensing device will show the same outcome when presented
with functionalization strategies as well as biosensing approaches, making it indispensable
to test different approaches on different devices. A successful nanodics immobilization
strategy would open the door to conveniently utilizing membrane proteins in the context
of biosensing. Hence explaining the motivation for this work. Before this could be
realized a considerable amount of time was dedicated to better understanding of the
device properties and fabrication steps. This resulted in evaluating parameters such
as the drying time during the fabrication process and performing substantial quality
control that included SEM pictures and raman spectroscopy and thus quite some time
spent in the clean room. This was absolutely indispensable as it provided great insight
into the reasons behind inconsistent electrical measurements. This was followed by a
period of time in which several surface modifications strategies were carried out (pyrene
linkers and covalent-modification strategies) and combined with biorecognition elements
(predominately aptamers) ans tested against their respective ligand. Finally, I decided
to focus on the pyrene NTA nanodisc combination as this sparked the highest intrinsic
motivation and curiosity, likely due to the fact that membrane proteins play such a
fascinating role in the organisation of cells and are thus very fascinating. Particularly
because many receptors are membrane bound and transmit signals from the extracellular
to the intracellular matrix upon ligand binding. This also means that they often have
a high affinity towards their ligand and are therefore also of considerable interest for
biosensing applications. This dedication to the topic resulted in some preliminary results
that can be considered an interesting, although minor contribution to understanding
how these protein containing lipid-bilayer constructs can be utilized as biorecognition
units in the future. In general will it be intriguing to see in which direction the vast
field of biosensors in general and graphene based biosensors in particular will develop.
This is accompanied by ethical considerations as the development towards point-of-care
(POC) devices in medical settings can be regarded positive when individual fluctuations
of patients are taken into consideration. Since this has the potential to take health care
to a new individualized low-cost level. However, personal/every-day biosensing devices
should still be handled with caution as they might promise more than they deliver, taking
advantage of the hopes of their customers to improve their health by providing a lot of
personal data as well as possibly being without medical supervision. Of course, in an ideal
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world were biosensing would be used in the optimized and supervised way, healthcare
could move away from treating people upon already having a disease towards prevention
strategies that are based on highly sensitive and selective devices. This becomes especially
important when considering that the trend towards POC devices is constantly advancing
and that the need for fast and reliable diagnostics that is financially accessible to the
broad population is more essential than ever. This need will further pave the way for
interdisciplinary research that will be required to address the complex problems posed
by the discipline of biosensing.
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A. Appendix

Fabrication protocol

This protocol should provide a comprehensive "recipe" depicting all the preparation steps
for fabricating the graphene field-effect transistors used in this work. The graphics for
this protocol were created by the author using PowerPoint © and BioRender ©, as well
as camera pictures obtained by the author.

1. Purchase of substrates:
For this work commercially available devices from MicruX Technologies were
purchased. Specifically Thin-film Gold InterDigitated Electrode (10/10 µm) without
the epoxy resin SU-8 (ED-IDE1-Au).

2. Quality check:
In a first step the purchased devices have to be checked for their quality. Each box
contains 50 devices and although industrial-fabricated there can be size aberrations
or damaged electrodes, which disqualify the devices for further use. Therefore the
chips are individually placed in the measurement cell in order to check for size.
During that the devices are also optically checked for severe damages. Depending
on the batch it can also be valuable to further do random checks of the electrodes
under a light microscope to validate the intactness.

3. Cleaning:
In order to remove organic residues from the substrates they are placed into a glass
beaker with acetone for 15 minutes, covered with a glass plate and put on a shaker
for gentle oscillation of the liquid. Afterwards the substrates are individually rinsed
with MQ and placed into a glass beaker with MQ, covered and shaken for another
15 minutes. Finally the substrates are individually rinsed again using Ethanol and
immersed into a glass beaker with Ethanol, which is again put on the shaker for 15
minutes with a glass plate as coverage. After that the substrates are blow-dried
with the air gun. For that the back of the substrate is held with the tweezers and
the right (or left - depending on handedness) corner of the substrate is held against
a paper towel on the table. Then the air-flow is appropriately applied to completely
dry the substrate. Although maybe seemingly counterintuitive, it is important to
finish the washing step with ethanol, as water residues are incompatible with the
chemical used for the next step.
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Figure A.1.: Schematic of device cleaning steps
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4. Silanization
In order to improve the adhesion of graphene onto the substrate a silanization
step is implemented. For this a 2% solution of trimethoxyphenylsilane (TMPS)
in ethanol is mixed and poured in a plastic petri dish. It is highly relevant that
plastic is used for this step as silane sticks to glass. The chips are then carefully
immersed in this solution for 1h and sealed with an aluminium foil under the fume
hood. Afterwards the chips are immersed in a beaker of fresh ethanol, rinsed with
ethanol, immersed in another beaker of fresh ethanol and again rinsed with ethanol
before they are dried and placed into a glass petri dish. Finally the chips are put in
the oven for baking at 120◦C, again being covered under an aluminium foil. After
baking the glass petri dish containing the chips is removed from the oven and left
for cool down (usually this was done as overnight step). When the chips are cooled
down they can be stored in petri dishes or gel boxes. The chips are now ready for
graphene transfer.

Figure A.2.: Schematic illustration of the silanization process

5. Graphene transfer
In order to make graphene transferable, the commercially acquired cooper (Cu) -
graphene - cooper sheet from Graphenea © was cut and treated in the clean room.
Because the bottom layer of cooper is already retreated for easier removal, this
layer was removed via reactive ion etching (RIE). Onto this side (so directly on the
graphene film) a layer of polymethyl methacrylate (PMMA) with a 200 nm thickness
was spin-coated and annealed. The Cu/graphene/PMMA pieces were then brought
to the lab, where they could be cut into smaller pieces that would well cover the
whole sensing area of the devices. For removing the remaining Cu-layer, a 0.2M
ammonium persulfate solution was prepared, by dissolving the required amount of
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ammonium persulfate ((NH4)2S2O8) in DIW. As every film requires it’s own beaker,
one can calculate with 80-100ml per film. Each small piece of Cu/graphene/PMMA
was then individually put into a teflon beaker containing the NH4)2S2O8 solution
with the Cu side facing the solution. This was left overnight for allowing the full
etching process to be finished. On the next day this is proceeded by five rinsing
steps, carefully scooping out the floating graphene film using a small falcon tube
cap and each time placing it in a new beaker of fresh DIW. These washing steps
will remove remaining residues from the etching solution. The graphene film is
then transferred onto one of the cleaned and silanized chips by extremely carefully
submerging the chip under the graphene film and moving it toward the edge of the
beaker. While holding the chip in a tilted manner with the tweezers the graphene
film can be positioned correctly and slowly and carefully removed from the water.
This requires great attention, as any folding will result in defects on the film. When
successfully transferred onto the chips, the chips are left for drying on a glass slide
at room temperature for 90min, while covering them with a glass petri dish, but
positioning it unleveled, so that air can still circulate. Following this drying step
the chips on the glass slide are put on the hotplate for graphene annealing. This is
done by slowly heating up the hotplate to 90◦C, which is done over 30min. Then
the chips are left for 30min at 90◦C and are afterwards slowly cooled down again
to RT. So 30min to reach 90◦C, 30min at 90◦C and then 30min (or more when
required) to cool down to RT. Now the graphene film is annealed and only the
PMMA layer has to be removed before the devices can be used. This should ideally
rather be done promptly before doing experiments to avoid the longer exposure of
graphene to air. Alternatively the chips can also be stored under nitrogen after the
removal.

Figure A.3.: Schematic of graphene film preparation and transfer
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6. Polymer removal
The PMMA polymer layer is removed to make the graphene film accessible for
further surface modification. For this the chips are put on a glass slide which is
placed in the UV-ozone chamber, where the chips are then under plasma cleaning
for 10min. Afterwards the chips are immersed in a beaker with fresh acetone that
is put on the shaker for 30min. The rotations should be moderate, so that the
liquid only moves in slow circles. After the acetone bath the chips are individually
rinsed with acetone, ethanol and MQ and gently dried. The chips are now ready
to use. Usually this is also a good time to check some properties of the device
like measuring the resistance (Ω) and recording a transfer curve (IDVG) using a
standard buffer.

Figure A.4.: Schematic of PMMA removal steps
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