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Abstract

The race in biomedical diagnostics between optical detection principles and
electrical concepts is not decided yet. Both approaches continue to offer solutions for fast,
multiplexed, simple and cheap detection of biological relevant molecules. However, if it
comes to the detection of small analytes and/or if the achievable analyte binding density at
the transducer surface is low, label-free optical detection schemes have a problem because
the change in the optical interfacial architecture induced by the mere binding of the analyte
may be simply too minute to be detected. In this work, an innovative and versatile sensing
platform, combining an electrical and optical read-out device to compare the different
signal behaviors during a biological binding event in real time was developed. It is based
in coupling the read out of a graphene-based field-effect transistor (gFET) with that of
surface plasmon resonance (SPR). Various binding events including biotin/neutravidin,
PNA/DNA and ssRNA/ssDNA aptamers for protein detection were investigated and the

results discussed.
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1. Chapter:

Introduction

Since modern medicine arose, it has been of great interest to detect the variety of
diseases and its cause in nutrition and environment. Part of these investigations aim to
identify bio-molecules, such as bacteria, viruses, proteins, hormones, toxins, DNA strains
and heavy metals. Diagnostical tools were established over the past decades to monitor the
concentrations of bio-markers in human samples, e.g. blood, urine and salvia or bio-active
substances in food and the environment. Mostly aqueous solution-based samples are
investigated with electrochemical (cyclic voltammetry, differential pulse voltammetry
etc.), electrical (impedance spectroscopy, resistivity measurements, field-effect transistors,
etc.) and optical (UV/Vis absorption, fluorescence, surface plasmon spectroscopy, etc.)
measurement techniques to obtain the concentration of the bio-molecules. These
approaches continue to offer solutions for fast, multiplexed, simple and cheap detection of
bio-molecules, oligonucleotides, PCR amplicons, genomic DNA (fragments), etc. !

However, if it comes to the detection of small analytes and/or if the achievable
analyte binding density at the transducer surface is low, label-free optical detection
schemes have a problem because the change in the optical interfacial architecture induced
by the mere binding of the analyte may be simply too minute to be detected — a classical

challenge even in commercial instruments like the Biacore™ SPR setups. *




Biosensors

Label-free electronic biosensors have attracted increasing attention in recent
years > due to their potential for implementation in compact and cost-efficient analytical
devices that rival in performance with state-of-the-art approaches such as high-
performance liquid chromatography (HPLC), '*!! gas chromatography-mass spectrometry
(GC-MS),'? and liquid chromatography-tandem mass spectrometry (LC-MS/MS). 1315
Biosensors are analytical devices that typically consist of three main components: (i) a
biological recognition element that binds to the target molecule, (ii) a signaling component

that converts the biological recognition into physically detectable signals (e.g.

analytes electrochemical or optical transducers) and (iii) an
v electronic system for signal amplification/processing and
v user-friendly data read-out, shown in Figure 1. '6

Electrolyte gated field-effect transistors (EG-FETs) are a
biorecognition unit particularly promising class of candidates for point-of-care
monitoring as they allow operation in biologically relevant
transducer media at very low voltages (<0.5 V). *!'7 In EG-FETSs, an

electrolyte, typically a water-based ion solution, is used as

the dielectric and separates the semiconductor from the

SIGNAL

] o gate electrode. The current between the source and drain
Figure 1: Schematic principle of
a biosensor, converting a electrodes is then modulated by the gate potential and

biological binding event to a qye to the high capacitance resulting from the formation
physically measurable

dimension of the Helmholtz double layer at the gate and

semiconductor interfaces, the devices can be operated in
the sub-volt regime. '%!° However, despite dramatic progress in the field and even

3> no commercial EG-FET biosensor

demonstrating label-free single molecule detection, !
has entered the market yet. Arguably, this can be attributed, at least partially, still to a lack
of understanding the fundamental principles of surface-based bio-interactions in these
systems as well as issues associated with low reproducibility, unspecific binding, sensor
drift and batch to batch variations which have hindered large scale deployment of this

emerging class of biosensors.




Target induced conformational changes of recognition units, shown in Figure 2 are
widely considered as main cause for signal transduction but depending on the
functionalization site of the target-specific receptors (e.g. on the channel or on the
electrodes), different measurement principles are discussed in literature. In the case of
biorecognition immobilization on the channel, signal transduction is based on electrostatic
gating effects 2022 which in turn lead to a rearrangement of charge distribution and thus a

change in the overall electronic read-out.

Vs (MV)

Figure 2: The schematic illustrations of an aptamer with its ligand is shown in (A). ?3 Figure
(B) shows the target-binding induced changes of the transfer characteristic on the
electrical sensor readout. * The aptamer selection, purification and amplification process
are schematically shown in (C). (from igem.org).

Conformational changes can also be measured in the case of gate-electrode
functionalization, in which case the transduction is governed by the small capacitance
variations due to receptor-ligand interactions. 25 However, these findings and resulting
conclusions are based on electronic measurements using EG-FET devices with unknown
receptor surface concentrations (or estimated using ex-situ XPS measurements) under
static conditions. 1526 Real-time dynamic measurements 2728 that could correlate the sensor
response directly to the amount of immobilized receptor units as well as monitoring the
degree of conformational changes on surfaces in-situ are not available, thus preventing us
to get the full picture of (bio-) adsorption processes on surfaces and developing a better

understanding of the fundamental principles of EG-FET based biosensors.




Aptamers

Recognition molecules (receptors) are the cornerstone of any biosensor as their
binding affinity and specificity determine the sensor performance. Most commonly,
antibodies have been used in biosensor development since they can selectively bind a wide
range of analytes and are commercially available for many analytes. 22 However, antibodies
suffer from drawbacks such as high production cost and strong batch-to-batch variation.
For this reason, aptamers have been proposed as promising alternative recognition
elements for biosensor platforms (“Apta-sensors”). 22:26.30.31

Aptamers are synthetic oligonucleotides (single-stranded DNA or RNA with a
length between 25 and 70 nucleotides), capable of forming highly organized, three-
dimensional structures that bind target molecules with high affinity and specificity (equal
or even superior to monoclonal antibodies, shown in Figure 2 (A). % Aptamers are
generated in vitro by an iterative selection process, known as Systematic Evolution of
Ligands by EXponential enrichment (SELEX),333* which allows to isolate aptamers against
virtually any molecule of choice, Figure 2 (C). Once identified, aptamers can be produced
in large amounts via chemical synthesis at relative low costs with little batch-to-batch
variation. The chemical synthesis also allows the introduction of functional groups for site-
specific immobilization of the aptamer to surfaces, which is a key factor to maximize
sensor performance. 263 Also, aptamers have longer shelf lives, better chemical stability
and are smaller than antibodies (aptamer ~5-15 kDa, antibody ~150 kDa) allowing higher
surface coverage on the sensor surface, leading to better performance with limits of
detection at sub pM concentrations. 2¢ Despite these advantages, the application of Apta-
sensors is still in an early stage. A major barrier in this respect is the lack of well

characterized aptamer candidates that are optimized for sensor architectures.

Apta-Sensors for Water Pollution monitoring

Water is a crucial resource used for various purposes such as drinking, recreation,

irrigation, aquaculture and industrial applications. Shortcomings in water quality affect




public and environmental health on a global scale. 3 The two main types of contamination
are fecal pollution on the one hand and introduction of hazardous chemicals on the other
hand.

Among chemical contaminants the group of antimicrobial substances have become
a growing concern. In many regions of the world the presence of antibiotics in
environmental waters are contributing to the proliferation of antimicrobial resistance in
bacteria. ¥ Organic water contaminants are traditionally detected by high-resolution
chromatographic methods in combination with mass spectrometry. For some of them
immunological methods have also found application, but unfortunately many of the
emerging contaminants are found at very low concentrations in environmental waters.
Another global threat to water quality is fecal pollution. Fecal material may contain
intestinal pathogens in significant numbers which frequently cause severe outbreaks or
contribute to the background rate of endemic disease. 3 Determination of fecal pollution
still relies on the selective growth of fecal indicator bacteria such as Escherichia coli (E.
coli) and intestinal enterococci using standardized microbiological methods 3° with analysis
time from sampling to results of at least 18 hours. Therefore, alternative methods based on
molecular diagnostics, enzymatic activity measurements or direct cell detection have been
proposed to allow a more rapid detection directly at the water resource. 4

For this purpose, numerous aptamers have been reported in the last decade for
various antibiotic classes, including tetracyclines, [-lactams, aminoglycosides,
anthracyclines, chloramphenicol, (Fluoro)quinolones and sulfonamide (recently reviewed
by Mehlhorn et al.). ** Likewise, the number of published aptamers that bind to whole
bacterial cells has steadily grown, ranging from standard fecal indicator bacteria, such as
E. coli to clinically relevant pathogens, such as Staphylococcus aureus, Listeria spp., or
Salmonella spp. 4143

Most of these aptamers have been characterized simply based on secondary
structure prediction and single binding assays to determine the equilibrium dissociation
constants (Kq) of aptamers free in-solution. However, detailed information on binding
affinities when immobilized on solid-surfaces 22 or other analytical metrics (selectivity,

specificity) are scarce.




Moreover, sequence refinements and optimizations to improve the detection abilities of the
reported aptamers are lacking. This is mostly because the aptamer selection process
(SELEX) is very expensive, time-consuming and the success rate for obtaining aptamers
is low (<30%). 4 As a result, often either poorly characterized full-length aptamer
sequences are integrated into sensor platforms or the same aptamer is used for multiple
proof-of-concept Apta-sensors. #44¢ This lack of functional validation and sequence
optimization make many of the reported aptamers unreliable or inefficient biorecognition
elements, selling short the role that Apta-sensor could play in future environmental

monitoring.

Surface plasmon resonance for biosensing

Since the reports of the propagation of electromagnetic waves along a surface in
the year 1907, ¥/ interest arose on the so-called evanescent waves at the boundary of
interfaces. The investigations of thin metallic foils and the plasma losses corresponding to
the fast electrons within the metal, lead to a deeper understanding of phenomena occurring
on the surface - the term surface plasmons was born. *® The fundamental properties of the
oscillating surface plasmons, such as dispersion, extension and the propagation length of
the electromagnetic fields were discussed in detail and mathematically described. The first

models to evaluate the dispersion properties were on Ag/air interfaces and follow eq 1:

k=2 (ﬂ) 2 eq 1

¢ \e1+e2

with the resulting dispersion kx, by photons coupled to the dielectric interface,
defined by the dielectric constants ¢ and & of silver and air. * The exploitation of the
photon conversion to a decaying evanescent field was exploited by Kretschman et al. by
the incidence of a polarized monochromatic light source to a metallic surface under a
certain angle. ° The collective charge oscillations at an interface between metal and
dielectric, *° lead to a surface plasmon resonance (SPR) at an angle 0, being the resonance
angle. At this angle, most of the photons are converted to an electromagnetic, decaying
field on the surface, strongly dependent to the dielectric constants &1 and €. The

arrangement of an incident light to a thin metal film on a glass prism, exciting the plasmons




at the surface is since then called the Kretschmann configuration, one of the most
commonly used SPR arrangements. Figure 3 shows the schematic assembly of prims, light
source, detector and the plasmon resonance surface (A), whereas in (B) an example of an

angular scan is shown, at two different refractive indices n. and n. + 4n. 31
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Figure 3: The schematic Kretschmann configuration is shown in (A) with the incident light,
illustrated as input signal and the reflected light beam at an angle 8. The decay of the
electromagnetic field is indicated on top of the thin metallic film with the thickness tm. The
reflected angle § dependent magnitudes at different refractive indices n are shown
in (B). !

Due to the variation of the refractive index n by 4n the resonance angle, represented
by the minimum of the reflectance, for the creation of surface plasmons changes. Under
the resonance condition, the emitted photons are converted to plasmons at the surface,
hence missing in the reflected signal. The changes in refractive index can be caused by
different solvent on the surface, happening when exposed to different bulk solutions or
when molecules adhere on the interface. The adsorption of molecules to the SPR surface
can be caused by non-specific interaction or by label-free specific molecule-molecule
interactions with previously immobilized capture probes. Since the establishment of the
Kretschmann configuration, the interface of the metallic and dielectric material, was
investigated with very sensitive optical SPR devices. In the early 1980°s and 1990’s, the
challenges of surface plasmon resonance for bio-sensing were addressed and discussed and
paved the way for analysis > and rapid detection of chemical and biological species. >3

Due to the well-defined surface architecture and continuous improvement of the
measurement technique, quantitative analysis can be achieved and makes SPR

measurements a reliable instrument for biological binding events. >




Graphene as Biosensor

In some cases the wuse of labelling techniques employing fluorescent
chromophores *°, quantum dots, Au Nanoparticles, or magnetic beads may help; however,
in many cases the labelling of the analyte is not an option or undesirable, or the (small) size
of the analyte molecule simply prevents the attachment of a suitable label, e.g., for
odorants, or food pathogens like Mycotoxins. 3

Here, the use of electrochemical and electronic detection principles, based, e.g., on
the use of transistor devices offer an attractive alternative, especially if the analyte is
charged as, e.g. DNA oligonucleotides no matter how short they are. This has been
demonstrated convincingly in many examples reported in the literature by the use of
organic field-effect transistors, short OFET. 36

A drawback of the OFET detection of hybridization reactions, monitored on-line in
a flow cell with buffer, is the requirement of a protective layer that shields the organic
semiconducting material against the in-diffusion of ions from the buffer solution. These
would otherwise destructively interfere with the electronic performance of the transistor.
The drain-source current Ips will be modified not only by the gating charges on the surface
and/or bulk solution, but also by the accumulation within the organic semiconductor. As a
result, an unprotected sensor in physiological buffer solution will be instable and will
underly an unpredictable drift. ¢!

With the introduction of graphene as the semiconducting material used for the
fabrication of the channel of a transistor  this has significantly changed: the assembly and
use of electronic sensors based on reduced graphene oxide (rGO) as the channel material
are by far easier. ®* These devices can operate in aqueous buffer solutions even without any
protective coating because the intrinsic high conductivity of graphene guarantees that most
of the current from the source to the drain electrode flows through the graphene layer and
is there modified by the analyte binding as the transduction mechanism, even if the
conductive buffer solution at physiological ionic strength generates a short-cut to some
extent between the source and drain electrodes. % This will reduce the fabrication costs of
the transistors for commercial use significantly. The schematic transistor architectures for

bio-sensing are shown in Figure 4. Both versions consist of a graphene channel between




the drain and source electrode, but configuration (A) has a liquid gate electrode silver wire,
coated with chloride, while in device (B) the gate electrode is beneath an insulating Al,Os
layer to form a so-called back-gated device. The difference between the two architectures
is the fact, that only the gate electrode of (A) is exposed to the liquid ion channel, therefore

to the analyte.

A B

Liquid gate i 10 pm |
AgCl I !
Drain Source
| 10 um | Graphene channel 50nm Au
Drain Source 30nm Al,0,
l " - 50nm Au Back gate 50nm Au
— Graphene channe .
Borosilica glass Borosilica glass

Figure 4: The two common architectures of graphene field-effect transistors for bio-
sensing are shown. (A) represents the liquid-gated graphene FET and (B) the back-gated
graphene FET. Only the channel architecture (A) is exposed to the ionic liquid, hence the
analyte in solution. Therefore, the solution itself experiences the applied voltage and field-
effect and electrical double layer form on both sides, the gate electrode and the drain-
source channel.

Diagnostics with graphene FETs (gFET for short) is the youngest approach in
general biosensing and for DNA detection, in particular. % However, the cheap fabrication
of graphene transistors and their ease of operation, including the potential for multiplexing
and high integration into arrays, together with the simple data handling by the electronic
read-out promises to offer a versatile, label-free detection scheme for all kinds of analytes.

Based on the MOSFET theory, °® one can derive an equation for the drain-source

current, Ips, as a function of the applied drain-source voltage Vps, shown in eq 2:

w
Ip =p Coxf Ve = Ver) Vo eq 2

with p being the carrier mobility, W and L the channel width and length, Vg and
Vi being the gate and threshold voltage, respectively. For the oxide layer capacitance (Cox)
of a MOSFET, here we need to consider the capacitance of the ionic liquid-graphene
interface, in particular, the solid-solution interfacial capacitance, Ce;, which can be
expressed as 1/Ce1 = 1/Ch + 1/Cair, with Cn being the Helmholtz double layer capacitance

6

and Caifr the diffuse double layer capacitance, ¢’ causing an ion concentration dependency.




Functionalization of graphene

In previous projects on smell sensing the concept of pyrene-based immobilization
of receptors, such as odorant binding proteins to the graphene surface of the FETs was
reported. ® The EDC-NHS coupling chemistry for the stable attachment of the receptor
molecules is shown in Figure 5.

NHS Ester Derivative
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Figure 5: Immobilization strategy used to covalently couple proteins to graphene via a
pyrene derivative with an NHS activated ester group that couples spontaneously to the
lysine groups of the odorant binding protein. %

The same technique can be used for the immobilization of DNA- or PNA capture
probe single strands end-functionalized by amine-groups. PNAs might be preferable
because they are the charge-neutral equivalent of DNA, allowing for the DNA analytes
from solution to hybridize to the surface-immobilized capture probe layer by forming
hybrid PNA/DNA double strands just as well (if not better) as DNA/DNA hybrids.
However, for electronic or electro-chemical sensing that concept offers the advantage that
the off state of the device is neutral; hence, the sensor device experiences upon binding of
a (charged) target strand a maximum change in charge density at its surface.

Whichever immobilization strategy will be employed, an important
characterization step concerns the receptor layer density at the sensor surface. ®{Citation}
It determines on the one hand side the signal strength; however, on the other hand the
optimum density for the best device performance might be reached at a density much lower
than the maximum coverage. E.g., the hybridization event between DNA strands from
solution to the capture probe brush layer at the FET surface might be self-blocking if too

dense.
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Non-specific binding events

A new challenge that should be mentioned here in the context of
electronic/electrochemical detection concepts is the control and eventual minimization of
non-specific binding events of bio-components from real-world analyte solutions
(peptides, proteins, DNA, lipids, saccharides, exosomes, membrane fragments etc. from
body liquids like plasma, blood, saliva, urine or food samples, waste water, etc.). These
would interfere with the signal that originates from the specific recognition and binding of
the analyte of interest to the receptor that is specifically immobilized at the transducer
surface (receptor molecule, antibodies, capture probe oligonucleotides, etc.). In the case of
optical transduction principles, it is generally assumed that the problem is solved by the
coating of the sensor surface by a so-called “anti-fouling” layer that prevents the unwanted
adsorption of any of the bio-molecules other than the analyte of interest to the transducer
surface. Ions are generally not considered because any change in ionic strength or
composition at or near the sensor surface does not translate into a measurable (refractive
index) change that could interfere with the optical detection signal.

This is fundamentally different for electronic read-out concepts because any
(unwanted) change in the ionic milieu of the analyte solution in contact with the electrode
of the sensor device that happens within the electrical double layer will interfere with the

signal of interest and, hence, needs special attention 65,

Development of anti-fouling coatings

Typically, the control and minimization of the non-specific binding (NSB) of
biomolecules other than the analyte of interest from real world samples is typically more
difficult and challenging than designing a receptor for the specific interaction with the
desired analyte. As a consequence, the whole biosensor community has spent a significant
amount of resources to solve this problem by clever chemistries that reduce NSB at the
transducer surface. 7

Different strategies, i.e. the coating of the device by the self-assembly monolayer

of suitable, pyrene-functionalized polymer chains and blocking remaining binding sites
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with Bovine serum albumin (BSA) as known from ELISA kits can be exploited.”! A few
essential features of polymer brushes relevant for their use as anti-fouling coatings are
schematically depicted in Figure 6. The concept of an entropic surface spring is a possible
way for anti-fouling coating strategies, by using pyrene-derivatized polyethylene glycol

(PEG) or zwitterionic betaine. ’?

A

2l

Figure 6: At sub-monolayer coverage (A) free transducer surface invites (bio-) molecules
to adsorb. Upon forming a closed monolayer (right panel), the entropic penalty for an
additional molecule trying to adsorb leads to the anti-fouling property of the coating. A
balance of bio-recognition elements and blocking molecules is required for a selective bio-
sensor. 73

Surface plasmon resonance (SPR) can be used to test the function of these
passivation layers. The functionalization of standard Au coated slides as well as slides with
and additional CVD graphene layer are suitable for these optical characterization
techniques. However, in addition they simulate, physically and chemically, the surface of
a graphene field-effect transistor.

As mentioned before, many of the strategies described in the literature for the
preparation of anti-fouling coatings are optimized to reduce NSB for optical transduction
platforms. * Any form of electrical sensing, either electrochemically, electrically or by
electronic devices, face different and additional challenges in that other than in the optical
case it is not only about controlling (preventing) the adsorption of (large) proteins to the
transducer surface, it is about the influence of ions, charges that non-specifically modify
the double layer potential at the surface of the electrode, resulting in a response of the
sensor that has nothing to do with the analyte of interest.

This provides a general understanding of what “passivation” of an electrical/
electrochemical/electronic transducer means as compared for an optical sensor, the former

being extremely sensitive to the presence of charges, like protons and other ions, while an
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optical transducer barely responds to the presence of interfacial ions and only monitors the

non-specific adsorption of proteins or other biopolymers.

Monitoring binding events/dissociation reactions by gFETs and

SPR

A more fundamental understanding of the actual signal generation mechanism of a
g¢FET biosensor that monitors a binding event between a receptor, immobilized at its gate
or channel surface and a bio-analyte molecule approaching from solution and binding at
some “‘site” of the receptor can be given by example data.

Experiments were previously reported, making use of graphene FET devices for
the detection of food pathogens, monitoring the binding of a test protein, bovine serum
albumin (BSA), to the surface immobilized receptor, the anti BSA-antibodies, ** shown in

Figure 7 (A).
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Figure 7: Global analysis of the binding of BSA from solution to an antiBSA-AB
functionalized gFET sensor; (a) shows the original data measured after injecting BSA
solutions of different concentrations, as indicated by the red arrows, and after rinsing pure
PBS buffer though the flow cell (blue arrow); the inset shows the current race after
injecting an analyte solution of only 100 nM concentration; (b) Analysis of the rate
constants, resulting in kon and koff values for the binding process; (c) Langmuir isotherm
of the equilibrium coverage currents, Alps, as a function of the bulk concentration. The
figure was taken from Reiner-Rozman et al. 2015. %*

As one can see, the global analysis, i.e., the combination mode of kinetic Figure 7
(B) and titration experiments Figure 7 (C) allows for the determination of the rate constants
of association, kon, as well as for the dissociation process, Kofr. Both, the kinetic data as well

as the titration experiment, i.e., surface coverage versus bulk concentration lead to similar
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values for the affinity constant for the reaction, Ka = 2x10° M™!, pointing to a Langmuir
model describing a fully reversible process. This model as well as the kinetic and
equilibrium parameters were very close to the values found by studies with the OFET 7>
and by optical techniques. ’® However, assuming that the model and that this affinity
constant are correct, indeed, the measurement at 100nM bulk concentration shown in the
inset of Figure 7 (A) is remarkable: at this bulk concentration the expected coverage is only
171000 of a fully covered antibody layer, yet the change in the source-drain current is
clearly seen with an excellent S/N ratio. The combination of the electrical and optical
measurement device can yield to a better understanding of the correlation of details of the
interfacial architecture, the ongoing processes, and the resulting response of the electric

device.

Correlation with electrochemical and optical transduction

Due to the fact, that specific as well as non-specific binding events contribute to
the signal generation in biosensors, it can be observed, that different transducing
mechanisms, such as electrochemical and optical respond to different interfacial events.
Figure 8 exemplifies schematically some of the scenarios in DNA sensing that were
investigated in earlier optical studies by SPFS and in parallel by various electrochemical
techniques, ranging from cyclic voltammetry, square wave voltammetry and differential

pulse voltammetry analysis. ”’

Fe
increase ionic strength
I
—

decrease ionic strength

In low ionic strength solution In high ionic strength solution

Figure 8: Structural changes for a surface-immobilized DNA double strand upon changing
the ionic strength of the surrounding buffer solution. The collapsing DNA strand results in




a quenched optical signal, while the electrochemical active species ferrocene is not
influenced, resulting in a constant readout. 7”7

Some of the observed effects were related to the (supra-) molecular details of the
interfacial architectures, like the length of the capture and target strands, respectively, the
packing density of the functional layer, or the intrinsic stiffness of the single-stranded
capture and the double-stranded hybrid. Other factors were directly related to the sensing
event: in the case of DNA analytes, the recognition and hybridization leads to a significant
change in the charge density at the transducer surface. At high capture probe layer density
and/or at high coverage this leads to a significant deviation from a simple Langmuir model
which is based on the assumption, that all individual binding events are independent from
each other and, hence, are also independent from the coverage of the sensor surface. These
deviations can have a huge impact on the quantitative evaluation of the measured data. '
And finally, the ionic buffer solution itself influences the measured signal, e.g., the ionic
strength modulates the degree of charge repulsion along the single strand and, hence, the
degree of stretching, it might influence via counter ion condensation, and influences the

repulsion between probe and target strand.
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Figure 9: The readout of differential pulse voltammetry (DPV) on two different surfaces is
shown in (A). Once the capture probe PNA was immobilized on SWCNT (higher signal) and
on glassy carbon electrodes. (B) illustrates the different sensitivities of the surface
architecture. The limit of detection (LOT) as well as the dynamic range vary between the
two different, but yet carbon based systems. 7°

The comparison with electrochemical techniques, in particular, differential pulse
voltammetry, might be particularly enlightening because some of these techniques have
reached an impressive level of performance, e.g., in terms of sensitivity. This is shown in

Figure 9 which demonstrates the high sensitivity of the differential pulse voltammetry
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recordings, taken after surface hybridization reactions between a surface immobilized PNA
capture probe layer and the fully complementary charged target binding from solution.
Admittedly, though, this is not in real time, hence no kinetic data are obtained, and it
required a label, an enzyme at a secondary binding to the target DNA. 7 This represents
once more, that small variations in the surface architecture and read-out method lead to

different results, although the molecular binding sites are unchanged.
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Project Goals

The goal is to develop a label-free detection method for in-situ, real-time and simultaneous
electrical and optical read-out of

e Polymer layer-by-layer deposition to compare the systems

e Surface functionalization to obtain the surface coverage

e Aptamer — ligand interactions.

The proposed electronic read-out platform will be based on graphene-field effect
transistors, functionalized by capture probes, such as oligonucleotide single strands and
aptamer-receptors with the potential for fabrication and commercialization of cheap
disposable sensor chips to be used in medical applications, for environmental monitoring
and for food and feed quality assessment.

Graphene FETs will be fabricated and optimized, based on previous reported
reduced graphene oxide deposition methods. *° Furthermore, Chemical Vapor Deposition
(CVD), ¥ will be tested as an alternative for the wet chemical strategy, aiming at higher
yields in transistor fabrication and better reproducibility of the devices. The electrical
properties of the graphene FETs will be tested by recording the transfer characteristics, the
IpVg curves, of the semiconducting devise in order to characterize these chips

The focus of this work will be on the use of aptamers, for the detection of analytes
and proteins. ¥*7%7 This is a particular promising approach for FET bio-analyte detection
because there are several examples in the literature that describe a significant change in the
spatial organization of an aptamer upon ligand binding®® which lead to a massive change
in the charge distribution at the surface of the transistor that can be easily detected through
the resulting change in the surface double layer potential and its influence on the drain-

source current Ips.
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gFET sensor performance and stability

A cornerstone of the development of a sensor is its stability and the control of the
fabrication process. Herein, the fabrication of the gFET in a most controlled manner will
be discussed and the production procedure adapted to hand it over to future researcher who

want to utilize the graphene FET in their projects, without limitations.

Combination of gFET and SPR

A bi-modal system for the simultaneous real-time detection of label-free analytes
is the aim of this work. The main concept of such a combination is using one flow cell for
the analyte injection, consisting of two sensor platforms. While the optical SPR sensor
platform consists of modified gold surface, that exhibits an evanescent field on the interface
to the probing solution, the electrical FET setup requires a drain-source channel and a gate
electrode, whereas the later can be utilized of the SPR surface itself. Therefore, a combined
system of electrical and optical read-out can use the same functionalized surface,
underlying different transduction mechanisms. As reported, the SPR signal is modulated
by the mass uptake on the vicinity of the sensor interface. Local refractive index changes
lead to the shift of resonance angle, traceable with photodetectors.

A FET on the other hand, requires changes in the local electrical field, either on the
gate electrode or on the drain-source channel. The two separated concepts are shown in
Figure 10 (A), where a gold slide is schematically functionalized for SPR measurements
and the drain-source channel for the FET read-out. Both substrates are illustrated as
graphene substrates, which ultimately leads to a direct comparison of the performance of

both transducers and help to understand the functionality of binding events.
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Figure 10: The different measurement systems of SPR and gFET comprise of a similar
surface architecture: both have graphene, or rGO as surface layer for bio-functionalization
(A). The well understood SPR system can be used compare to the novel architecture of the
graphene FET. (B) illustrates one approach to combine the two devices within one flow
cell.

Evaluate surface functionalization methods

Beside the combination and the investigation of already established surface
modification, other approaches of bio-functionalization will be investigated and reported.
The different surface architectures will be Au, Au/CVD graphene and Au/rGO. Beside the
immobilization of selective molecules, such as antibodies or aptamers, the blocking of non-
specific binding to the surfaces will be investigated and strategies for blocking will be
developed. With the same substrate for optical and electrical read-out, graphene, direct
comparison is possible and conclusions can be drawn from difference in response. Figure
11 illustrates the functionalization of the drain-source channel of a gFET and the graphene

coated gold slide for SPR.

19



SOURCE

Figure 11: Graphene can be used on the gFET and SPR interfaces. The drain-source current
of the FET is modulated upon the specific binding of analytes, inducing changes in the
electrical double layer of the sensing area. Using the same sensor substrate graphene both
devices yields in an observation tool to verify the electrical with the optical read-out.

Creation of a software tool

The control and record of all measurement during the sensing procedure is an
essential component towards a reliable sensor platform. Herein will be the simultaneous
recording of multiplexed gFET sensor and/or the combination of gFET and SPR in one
software tool demonstrated. This enables the usage of the novel sensor platform for future
research groups without a deeper understanding for the required amplification mechanisms
of the hardware. The tool requires a well defined graphical user interface (GUI) and plug-

and-play properties for a stan-alone device.

A _____ mixed SAMs B
| WM Jqf‘!)*%“ }
\-——"n-t-8___ ~
\ G / G
) * ()
L4 . . S .
SPR FGFET SPR EGFET

v
v
v
v

-
.

electrodes B rGO W passivation microfluidic well ® analyte * aptamer

Figure 12: The concept of the combined FET/SPR is schematically illustrated here, where
the gate electrode and SPR interface can be functionalized with bio-recognition elements
(A), leading to a modulation of both, the SPR and FET signal. In contrary, if functionalizing
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only the drain-source channel, the read-out of the SPR signal remains constant, while the
FET signal represents the specific binding of analytes

Additionally, a combination of the gFET with SPR, utilizing the SPR slide as gate
electrode empowers the exact same surface area for direct comparative measurements,
Figure 12 (A). The targeted surface functionalization of either the gate or the drain-source
substrate leads to a tunable SPR read-out: in the case of drain-source binding events, the

SPR signal remains constant, unless bulk solution changes occur, shown in Figure 12 (B).
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2. Chapter:

Fabrication of graphene FETSs and gold slides

This chapter shows and fabrication and testing of graphene field-effect transistors,
short gFETs. The focus is on the optimization of the processes and standardization to obtain
reproducible results when the gFET is used as bio-sensor. Key roles play the graphene
substrate, the reduction method and the way it is deposited on the electrode array.
Furthermore, the deposition of gold on glass slides is shown, since this work covers the

comparison of electrical bio-sensors with the optical SPR technique.

Materials and Methods

In this section, all materials, devices and methods are listed for the production of
field-effect transistors with graphene as channel material on glass chips and silicon
substrates. The listed materials and chemicals will be used in the following chapters and

will not be listed again.

Devices and Materials

e Evaporator FL400 Auto 306 (HHV Ltd.)

e Molybdenum evaporation boats (HHV Ltd)
e 1/16” tube end fittings F 702-38 (Bola)

e 1/16” gripper fittings 002310 (Kinesis)

e 1/16” PTFE tubes 58702 (Sigma Aldrich)

e Peristaltic pump IPC 8 (ISMATEC)

e Valve switch MXX, 10-port (Rheodyne)

e Optical microscope HR800 (Horiba)
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e Multimeter 87V True RMS (Fluke)

e SMU 4200 SCS (Keithley)

e SMU 2612B (Keithley)

e SMU U2722A (Keysight)

e uAutolab III (Metrohm)

e SPR device Indicator-G (Sensia)

e Ag wire, diameter Imm

e Flow cell base ED-AIO-CELL (Micrux)

e Flow cell lid FC-PMMA-3,5 (Micrux)

e Interdigitated electrodes, 10um channel ED-IDE1-Au w/o SU-8 (Micrux)
e SPE 110SWCNT (Dropsens)

e Monolayer CVD graphene 4 x 12 mm on Cu (Graphenea Inc.)
e Graphene oxide, modified hummers method, (University of Bayreuth)
e Microscope slides H869.1, 76 x 26 x1 mm (Carl Roth GmbH)
e Kapton Tape, (3M)

e Parafilm, (Sigma Aldrich)

e Sonicator ELMSA S180H (Elmasonic)

e Ultimaker S5 (Ultimaker B.V.)

e PVA filament (Ultimaker B.V.)

e PLA filament (Ultimaker B.V.)

e Plasma etching device 5bis (Oxford Instruments)

e Hotplate Sawatec 300 (Sawatech AG)

e UV Lamp 500W

e Raman Spectrometer LabRAM HR, confocal, 515 nm (Horiba)
e NanoDrop 2000 (Thermo Fisher)

Software

e Lua Script editor (individual software)

e Origin Lab 8.5 (OriginLab corporation)
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Sm Stream Basic (Olympus)

Smart SEM V05 (Zeiss)

Nova 2.1 (Metrohm)

Cura 3.6 (Ultimaker B.V.)

Labview™ 2016, (National instruments)
gFET measurement utility (self made)
SPR wasplas (Univ. Mainz)

LabSpec (Horiba)

Image J (NIH)

Chemicals list

Hydrazine monohydrate, reagent grade, 98% (Sigma Aldrich)
(3-Aminopropyl)triethoxysilane, 97% (Sigma Aldrich)
Triethoxyphenylsilane, deposition grade, > 98% (Sigma Aldrich)
1-Pyrenebutyric acid N-hydroxysuccinimid ester, 95% (Sigma Aldrich)

1-Pyrenecarboxylic acid, 97% (Sigma Aldrich)

Streptavidin—Alkaline Phosphatase from Streptomyces avidinii (Simga Aldich)

Tetrabutylammonium fluoride (TBAF)
Ferrocenemethanol

Copper(Il) sulfate (CuSOyq)

L-ascorbic acid

EDTA

N-butylhexafluorophosphate (NBusPF)
4-((triisopropylsilyl)ethylenyl)benzenediazonium
tetrafluoroborate (TIPS-Eth-ArN;")
Hellmanex™ III (Sigma Aldrich)

DMF (Sigma Aldrich)

THF (Sigma Aldrich)

DMSO (Sigma Aldrich)
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e DCM (Sigma Aldrich)

e Slygard 184 PDMS (Sigma Aldrich)

e DTSP (Sigma Aldrich)

e H>0230% (Sigma Aldrich)

e NH4OH 30% (Sigma Aldrich)

e [Isopropanol (Sigma Aldrich)

e Ethanol, analytical grade (Sigma Aldrich)

e Poly(ethylene glycol) bis(3-aminopropyl) terminated (Sigma Aldrich)
e Biotinylated Alkane-PEG, SPT-0012D (Sensopath)

e DithiolalkanearomaticPEG3-OH, SPT-0013 (Sensopath)

Graphene source

Two different strategies for the production of gFETSs are shown in this section. The
difference between these methods is the source of graphene:
e Reduced graphene oxide
e Chemical vapor deposition graphene
The cleanest way to create a gFET is using the pure chemical vapor deposited
graphene, short CVD graphene, which grew under high temperatures from a carbon source
gas, e.g. ethane or methane, on copper. The second approach is a bulky, but fast and cheap
approach of producing gFETSs, using a water-soluble graphene oxide, deposited on the
substrate and further reduced to reduced graphene oxide, short rGO. The here evaluated
source for CVD graphene is the monolayer graphene on 12 mm Cu-disks from Graphenea
Inc., shown in Figure 13 (A). The source of graphene oxide is the University of Bayreuth,

depicted as four different dilutions in Figure 13 (B). ¥
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Figure 13: (A) CVD graphene from Graphenea Inc. on copper discs with 12 mm diameter.
(B) Synthesized graphene oxide from the University of Bayreuth, Germany. The GO
solution was produced from graphite flakes with the modified Hummers &method.

Both graphene substrates are deposited on electrochemical sensor chips,
commercially available from Micrux Technologies. The layout of the sensor chip consists
of two interdigitated electrodes, which will be used as drain and source electrodes of the
gFET. The size of the electrodes is 10 um with a distance of 10 pum and 90 pairs in a
3.5 mm circular arrangement The deposition methods of CVD graphene and graphene
oxide are shown in Figure 14 and Figure 16. Furthermore, the reduction of rGO is shown
in the illustration to obtain a semiconducting material in the drain-source channel. Before
either CVD graphene or rGO can be deposited on the surface, each chip has to be cleaned

and covered with a self-assembly monolayer (SAM).

Preparation of the surface

a. RCA clean: SC-1 (organic + particle cleaning)

Microelectrodes (ED-IDE1-Au w/o SU8) from Micrux Technologies are cleaned
by submerging in a glass beaker with 5 parts deionized water, 1 part ammonia solution
(30% NH4OH) and 1 part hydrogen peroxide (30% H:0:) (e.g. SOmL dH>O + 10mL
NH4OH + 10mL NH4OH). The glass beaker is heated to 80 °C in a water bath on the
heating plate. During 15 min, all organic residues are removed from the gold and glass
surface. Each chip will be then taken with a tweezer, rinsed thoroughly with dH»O, then

with absolute EtOH and blow dried with compressed air and put into a plastic Petri dishes.

b. Self-assembly monolayer deposition
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For the attachment of graphene oxide and CVD graphene, the surface of the
microelectrodes is being functionalized with (3-Amino-propyl)triethoxysilane (APTES)
for GO or Triethoxyphenylsilane (TEPS) for CVD graphene. For this, a 2 % APTES or
TEPS solution is prepared in absolute EtOH (15 mL EtOH, 0.3 mL APTES/TEPS),
handling the bottles under argon to avoid exposure to oxygen. It is necessary to work in
plastic dishes, because the silane attaches to glassware. The solution is poured over the
chips in the plastic Petri dish and incubated in ambient conditions for 1 hour to allow the
formation of a self-assembled monolayer (SAM). Subsequently, the electrodes are rinsed
with absolute EtOH to remove surplus silane. It is important to not point the jet of the
washing EtOH directly onto the sensing area and carefully blow dry with compressed air.

All chips are placed in a glass petri dish to withstand 120 °C.

c. Annealing of the silane SAM
The glass petri dish with all chips is placed in an oven at ambient pressure and
120 °C for 2 hours, to anneal the APTES or TEPS respectively on the surface. There is no

rinsing or cleaning before the deposition of GO or CVD graphene.

The interdigitated electrodes are coated with a linker for either GO or CVD graphene and

the deposition is followed immediately.

Fabrication of CVD graphene FET

After the glass substrate with interdigitated electrodes is prepared with a
triethoxyphenylsilane SAM, the CVD graphene can be deposited to connect the drain and
source electrode for a gFET. The schematic of the wet-transfer process, starting CVD

graphene on a thin copper foil, is shown in Figure 14.
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Figure 14: The process of deposition of CVD graphene on a glass substrate with
interdigitated electrodes. First the backside of the copper disc is plasma etched to remove
residual graphene, then the copper foil is etched in a diluted hydrochloride solution. The
remaining graphene, supported by a PMMA layer is transferred to the chip and annealed
for 30 min at 90 °C. The PMMA is removed in the final step.

CVD graphene deposition steps:
1. O2 plasma etching (back of the sample)
50 W/100mT/25sccm/1 min
2. Etching of Cu foil
Cu foil floating in a solution of HCI 2 ml /H202 2 ml and /H20 250 ml for two days
3. Transfer onto the host glass substrate
. Transfer the floating PMMA/graphene to clean dH,O water two times.
. Place the sample under the floating PMMA/graphene
. Lift the sample and contact the PMMA/graphene from below on one edge
. Remove under gentle nitrogen flow the residual dH>O

4. Annealing of CVD graphene to substrate

. Start Sawatec 300, hot plate
. Run annealing program as shown in Figure 15
30min @90°C
30 min 30min
RT RT

Figure 15: Annealing step after the deposition of the CVD graphene.

5. Remove PMMA protective layer
. UV exposure (power S00Watts, lamp current 25 V) for 30 min
. Immerse the chip in acetone for 30 min at 30 °C

. Remove chip under continuous rinsing with acetone to avoid contamination
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. rinse the substrate with isopropanol thoroughly.
. Gently dry under nitrogen flow
The CVD graphene is now deposited on the electrodes and ready for electrical

characterization or bio-functionalization.

Fabrication of reduced graphene oxide FET

Subsequently to the cleaning and silanization of the surface with APTES, the
graphene oxide is drop casted onto the interdigitated electrodes. The deposition of graphene

oxide and the reduction process is shown in Figure 16.

APTES droplet GOdrop cast Hydrazine vapor Thermal reduction
fas reduction to rGO at 200°C.

Figure 16: The deposition of graphene oxide starts with a self-assembly monolayer of
APTES. Subsequently, the graphene oxide in a diluted dH;0 is drop casted onto the
substrate. After a rinsing and baking step for one hour at 120 °C, the GO is reduced to rGO
in hydrazine vapor for 4 hours. A thermal reduction afterwards increases the stability of
the rGO gFET.

a. Preperation of GO solutions

The graphene oxide used for the deposition on the interdigitated electrodes was the
GO from the University of Bayreuth.  The concentration of the GO solution is
4.28 mg/mL according to concentration measurements of the produced solution from
Bayreuth 2017. Four different dilutions were prepared to determine the best GO solution
concentration: 50 pg/mL, 25 pg/mL, 12.5 pg/mL and 6.25 pug/mL in dH2O. After the
measurements with the produced gFETs, Chapter 2: Graphene oxide concentration
determination ,the optimized concentration of 12.5 pg/mL was used to produce gFETs.

b. GO drop casting

The GO suspensions are applied by a drop cast method onto the chips. For this, a

drop of 15 puL of GO suspension is pipetted onto the interdigitated electrodes of the chips,
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allowing the GO flakes to attach to the APTES layer for 2 hours precisely. The time is very
crucial to form a uniform layer on the sensing area. Subsequently, the surplus GO
suspension is rinsed off with dH>O, not directing the jet onto the array area and carefully

blow-dried with compressed air.

Reduction of graphene oxide

a. Hydrazine reduction

All GO-modified chips are placed in the center of a glass Petri dish for chemical
reduction. Because of the carcinogenic properties of hydrazine, it is important to work
under the fume hood at all time and treat the waste with special care. 1 mL of hydrazine is
pipetted into the corners of the glass dish, while the chips are all placed in the center.
Immediately, the lid is sealed air-tight with Kapton tape right afterwards and the dish is
placed in the oven inside the fume hood at 80°C for 4 hours.

After reduction, the petri dish remains in the fume hood without lid for 1 hour to
evaporate the remaining hydrazine before rinsing each chip with dH>O and subsequently
with isopropanol to remove hydrazine residues. Gently blow-dry and store the chips in a
desiccator or directly perform the thermal reduction.

b. Thermal reduction
For thermal reduction, chips are placed in a pre-heated oven at 200 °C under

vacuum for 2 hours. This leads to a more stable and reliable electrical chip performance.
The chips are taken out of the oven after 2 hours and cooled down to room temperature.
The resistance of the chips is measured with a Fluke multimeter immediately after
reduction. The chips are stored in a desiccator at vacuum until further functionalization and

measurement.

Optimize graphene oxide concentration

The graphene oxide concentration of 4.28 mg/mL in dH>O is too high for the
deposition of monolayer graphene on the surface, therefore it needs to be diluted. To

optimize the properties of the rGO field-effect transistors, different GO solutions were
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prepared and deposited on the substrate, according to the protocol in Chapter 2: GO drop
casting. The criteria for a good field-effect transistor for bio-sensing are manifold:

- Flakes need to connect the drain-source electrodes

- Presence of semiconductive properties (transfer characteristic)

- Single- or few-layered graphene deposition

- High mobility of the finally produced gFET

- Linear dependency to environment changes (pH, ionic strength)

- Low ohmic resistance to avoid gate leakage current
Four different concentrations were drop casted on the gFET and judged according to these

criteria.

GO reduction measurement setup

The reduction of the insulating material graphene oxide to the semiconductive rGO
is a crucial component in the fabrication of rGO gFETs from GO as base material. The
connection of the drain and source electrode with rGO flakes only leads to a
semiconducting material, suitable for bio-sensing, because the unreduced GO itself can’t
be used for electrical measurements. The reduction of GO was carried out in two steps:

80 and subsequently thermal reduction *°. Both

The first hydrazine vapor reduction
fabrication steps are explained in detail in Chapter 1: GO drop casting.

The change of conductivity as indicator for the success of the reduction was
measured in real-time during the reduction. For that purpose, a measurement set-up was
created with a source measure unit (SMU). Two wires were soldered to the two electrodes
of the interdigitated Micrux chip and a constant voltage of 10mV was applied by the SMU.
The drain-source current Ips was measured throughout the entire reduction procedure and

should increase in case of a reduction of the graphene oxide. The measurement was carried

out during the hydrazine vapor reduction and thermal reduction. The conductance of the

Ips

rGO is calculated with eq 3 Gps = U eq
DS

3conductance, which is the reciprocal of Ohm’s law
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GDS= — eq3

where Gps is the calculated drain-source conductance, in S or 1/Q, Ips the measured drain-

source current, in A and Ups the applied drain-source voltage in V.

Fabrication of gold slides for SPR

Gold coated glass slides for SPR measurements were prepared in house.
Microscope slides H869.1 from Carl Roth GmbH with dimensions 76 x 26 x 1 mm were
used as base material for the optical measurement experiments. The slides were cut in
20 x 26 mm pieces with a ruler and a diamond cutter to make them suitable for the prism
in the SPR device. The slides were immersed in a 2% Hellmanex™ III solution and
sonicated for 15 minutes. Subsequently, the slides were immersed in dH2O and after in
analytical grade ethanol. each time sonicated for 15 minutes. The evaporator Auto306 Lab
Coater from HVV Ltd. was used to coat the slides with 2 nm chromium as an adhesion
layer and subsequently with a 50 nm gold layer, which is suitable for the excitement of

plasmons on the surface, necessary to perform SPR experiments.

Preparation of buffer solutions

Measurement buffer PBS:
PBS 1x: 1 Phosphate buffered saline tablet dissolved in 200 mL dH20
PBS 0.1x: 1 Phosphate buffered saline tablet dissolved in 2000 mL dH»O

Activation Buffer:

MES buffer: 0.1 M MES (pH adjusted to 5 with NaOH)
Immobilization buffer (CB):

Carbonate buffer: 0.1 M NaHCOs3, 0.1% w/v SDS (pH adjusted to 9 with NaOH)
Hybridization buffer

0.3 M NaCl, 0.02 M Na2HPO4, 0.1 mM EDTA (pH adjusted to 7.4 with HCI)
Tris buffered saline (TBS):

0.1 M Trizma® base, 0.02 M MgCI2 (pH adjusted to 7.4 with HCI)

TBS-T: To obtain a TBS washing buffer, 0.05% of Tween 20 were added
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Reading buffer” (RB):
0.1 M Trizma® base, 0.02 M MgCI2 (pH adjusted to 9.8 with HCI)

Gate Capacitance C;:

There are a few parameters describing the performance of a gFET, determining the
output performance as sensor. While the length L and the width W are given dimensions
of the FET layout and Vps is the driving voltage applied to the drain-source channel, the
gate capacitance C; needs to be determined to further characterize the gFET and to calculate
the mobility (Chapter 2: Mobility calculation). Cyclic voltammetry (CV) was used to
obtain the gate capacitance C; in a liquid gated FET system. A flow cell was assembled
with a chloride-coated gate electrode (Chapter 4: Flow cell 1: micro fluidic design) and the
graphene coated IDE1 chip from Micrux. The current was measured during a voltage
sweep in a two-electrode configuration, with the gate electrode as WE and both electrodes
of the IDE1 chip connected to CE and RE. CV scans at different scan rates were performed,
and the resulting currents at each scan were used to determine the gate electrode
capacitance. The linear fit of the slope of the plotted currents (Ampere) versus scan rates
(Volts/sec) results in the gate capacitance C;j, according to the definition of current in

Ampere (A) and the capacitance in Faraday (F), derived for the equations of the units:

Ampere: A = g eq4
Faraday: F = % eqs

A _ Y% o
slopecyscans = V_/s = V_/j =V F eq 6

When replacing the ampere in eq 6 by eq 4, it can be shown, that the slope corresponds to
the capacitance of the system. The value for Ci is important for the further calculation of

the mobility p of graphene.

Mobility calculation

The reported ambipolar properties of reduced graphene oxide and CVD graphene

can be observed in the transfer characteristic of a graphene-based FET. °! To evaluate and
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compare the resulting data with other graphene sources and fabrication methods, an
intrinsic parameter, the mobility of the material can be calculated. Graphene has
remarkable electron and hole mobilities at room temperature and this parameter can be
calculated for different architecture of the graphene field-effect transistors and the applied

drain-source voltage Vps, using eq 7:

L
Herr = Myin " -0~ eq 7
7 W-Vps-Ci

where mii is the slope from the linear fit (change of Ips per Vi), L and W the channel
length and width, respectively, Vps the applied drain-source voltage and C; the gate
capacitance. °> The mobility pesr represents the hole mobility of the substrate on the
negative slope (left), while the electron mobility can be determined from the positive slope
of the graphene FET IpbVg curve. This ambipolar behavior cannot be found in classical
metal-oxide FETs (MOSFETs) and gives graphene a unique property as a device with a
zero-bandgap architecture. The herein reported FET architecture has a channel length L of
10 um (drain-source distance), a width W of 490 mm (accumulation of all opposite drain
and source electrodes) and a measured gate capacitance C; of 3.3 uF. The linear fit was

obtained from the p- and n-type regimes of the IpVg curve, giving the value for myi.
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Results of gFET fabrication

All measurements for the fabrication and optimization of the graphene FET with
CVD graphene and reduced graphene oxide are shown in this chapter. The characterization
of the gFET was done electrically with IpVg curves, Ip(t) measurement to observe the
baseline drift, SEM, RAMAN and AFM experiments. The optical density (OD) of different
GO solutions were measured with an OD-meter and the results of the image processing

software to determine the rGO surface coverage is shown here.

Scanning electron microscope images of graphene

SEM images were recorded to determine the nanostructure of graphene flakes,
verify the coverage of the drain-source channel with graphene and to observe the covered
sensing area. Figure 17 shows the drain-source channels covered with CVD graphene. In
Figure 18, the rGO flakes forming the sensor channels are shown. The SEM images of a
gFET after 16 hours of hydrazine reduction are shown in Figure 19, where defects in the
rGO substrate can be observed. A possible reason for the defects is the extensive reduction
time in hydrazine vapor. This observation leads to an investigation of the minimum
reduction time for the here used graphene oxide. Chapter 2: Real-time reduction
measurements illustrates the conductivity increase of rGO in real time, indicating the

minimum reduction time required to obtain a working gFET device.

o
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Figure 17: SEM images of CVD graphene on interdigitated electrodes. (A): full coverage of
drain-source channel at magnification of 1,000x. (B): crack in CVD graphene at edge of
electrode array, magnification 500x

3 e ~ = s ¢ -l 3 w A
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Figure 18: SEM images of reduced graphene oxide after 4 hours of reduction. (A): spread
coverage of interdigitated electrodes, magnification 400x. (B): visible double layers of rGO
flakes when they overlap, magnification 1,000x

The SEM images in Figure 17 and Figure 18 allow a comparison of CVD graphene
and rGO. Both graphene sources with the herein reported deposition methods are forming
a conductive drain-source channel, but exhibit significant morphological differences. The
deposited CVD graphene consists of a uniform graphene sheet, only interrupted by minor
cracks on the surface. The rGO consists of flakes in a dimension between 3 and 30 um due
to the exfoliation process of the GO. The concentrations or rGO flakes needs to be above
the percolation threshold to guarantee a drain-source connection.

The rGO images were taken after the reduction of 4 hours in hydrazine vapor. After
the reduction in hydrazine vapor for more than 16 hours, the graphene sheets suffered from
damages in the rGO lattice, leading to the formation of holes in the rGO flakes, shown in

Figure 19.
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Figure 19: SEM images of defects in reduced graphene oxide after reduction for more than
12 hours. Defect size approximately 100 nm to 200 nm. A: rGO flakes covering the
interdigitated electrodes, magnification 2,000x. B: defect holes in rGO flakes,
magnification 10,000x

Real-time reduction measurements

The measured drain-source current Ips was logged during the reduction of graphene
oxide. The resulting increase of conductance is shown in Figure 20. The hydrazine vapor
reduction and thermal reduction are recorded subsequently on the same chip and the
increasing conductivity indicates a successful GO reduction. The hydrazine vapor reduces
the GO within the first hour to approximately 75% of the final conductance. After 3 hours,
the reduction reaches its peak and the conductance decreases slightly afterwards. This is
either caused by the decrease of hydrazine in the vapor chamber or the formation of
damages in the rGO. After 4 hours, the chip reaches a plateau of conductance and after 8

hours the chip was removed from the hydrazine vapor reduction oven.
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Figure 20: The reduction of graphene oxide measured in real time. The conductance
increases during the reduction process, indicating the successful reduction to rGO. First,
the graphene oxide on the interdigitated electrodes was reduced for 8 hours in hydrazine
vapor at 80 °C, subsequently the same chip was thermally reduced at 200 °C under vacuum
for 3 hours to obtain the minimum reduction time.

Due to the decrease of temperature and the absence of hydrazine, the conductance
dropped between significantly before the thermal reduction, but during the thermal
reduction, the conductance increased again and remained at this level. The hydrazine and
thermal reduction sequence is important. Experiments with the inversed order lead to a

dramatically lower outcome conductance and were therefore not further investigated.

Raman spectra of rGO and CVD graphene

The results of Raman spectroscopy of the produced CVD graphene and rGO FETs
are shown in Figure 21. The CVD graphene shows a distinct 2D peak that determines a
pristine and single layer graphene °>. The background measurement was performed on the
bare electrode substrate. It is only possible to observe a reduction of graphene oxide in a
comparative study. The graphene oxide was measured after deposition on the interdigitated
electrodes and again after the reduction with hydrazine. The ratio of D and G bands unveil
the successful reduction when the ratios are compared. This is in agreement with previous

reports of the rGO FET fabrication. %
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Figure 21: The Raman spectra of CVD graphene and reduced graphene oxide, recorded
with a Raman spectrometer and a laser wavelength of 515 nm. A: The CVD graphene after
deposition on the electrode surface shows a strong 2D band, representing a monolayer
graphene. B: The reduction of graphene leads to a decrease of the G band, observable in
the comparison with the graphene oxide.

AFM measurements of graphene

For topographical information of the reduced graphene oxide, Kelvin probe force—
microscope, short KFM and atomic force microscope images were recorded at the
Technical University of Vienna by Patrick Mesquida. The images in Figure 22 show the
KFM and AFM representations of the rGO surface and the electrodes. The KFM image (A)
gives information about the work function of the material and it can be observed, that the
rGO is homogeneously reduced, while the black spot in the middle indicates the uncovered,
non-conductive glass substrate. The AFM image (B) measures the height profile of the

surface and indicates, that the graphene sheets are approximately two to three layers thick.
94
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Figure 22: Topographical images of the reduced graphene oxide surface. A: KFM image of
the interdigitated electrodes covered with rGO. The KFM image is a representation of the
work function of the surface and shows that the rGO flakes are homogeneously reduced.
The black spot in the middle is the uncovered glass slide. B: precise AFM images show the
height of the graphene sheets and the recorded profile of one flake leads to the
assumption, that the flakes consist of about two to three layers of graphene. **

Graphene oxide concentration determination

The results of the graphene coverage evaluation between the drain-source coverage
is based on two important parameters: knowing the concentration of the graphene oxide
solution beforehand and SEM imaging after the deposition. This is a controlling loop and
can cause iterative adjustments to obtain little chip to chip and batch to batch variations.
The concentration with the best sensor performance has to be evaluated and will be used

for the gFET production afterwards.

Nanodrop OD measurements

For a reproducible gFET production with reduced graphene oxide, it was necessary
to measure the dilution from the stock solution with an optical density measurement tool.
The NanoDrop 2000 OD is capable of measuring the absorbance from 250 nm to 700 nm.
The spectrum of four different GO concentrations is shown in Figure 23 (A). At the
wavelength 298 nm, the GO absorbance has its maximum and the peak can be used to

determine, if the created dilution contains the necessary concentration for the gFET
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fabrication. From the absorbance at 298 nm, a fitting curve was calculated and is shown in

Figure 23 (B). The fitted curve follows a linear function, written in eq 8:

c= Absorbance+ 0.00396 pg/ml
- 0.01949

eq 8

where c is the concentration of GO in pg/mL. The measured value of the absorbance
from the NanoDrop 2000 can be filled into the equation to calculate the concentration of
the prepared GO solution in dH>O. The desired concentration can be adjusted according to

the result of the calculation.
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Figure 23: The NanoDrop 2000 measures the absorbance of solutions. It is used to
determine the graphene oxide concentration in dH>O. A: Spectra of four different GO
concentrations with a maximum absorbance peak at 298 nm. B: Linear fit of measured GO
absorbance. The linear equation can be used to determine the GO concentration of any
given dilution.

SEM image evaluation

Scanning electron microscope images were recorded to obtain the dispersion of
rGO flakes on the interdigitated electrodes after the reduction. Four different GO
concentrations were prepared and drop casted onto the electrodes, described in Chapter 2:
Fabrication of reduced graphene oxide FET. The SEM images of the four different

dilutions casted on the chips are shown in Figure 24.
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Figure 24: The SEM images of the interdigitated electrodes with different surface
coverages at four different concentrations of GO solutions. All SEM images have a
magnification of 400x and show the density of rGO flakes. A and B: densely packed rGO
flakes. C: rGO flakes connect the drain and source electrodes, but minor overlap of
different GO sheets. D: The rGO concentration is very low and connects the electrodes
partially.

The SEM images show, that the rGO covers almost the entire surface at GO
concentrations of 50 ug/mL and 25 pg/mL. There are many overlapping sheets leading to
a multilayer formation. The dilution of 12.5 pg/mL covers the drain-source channel but has
little overlapped sheets. Dilution 6.25 ug/mL is loosely packed on the surface, leading to a
poor connection between the 10 um distant electrodes.

The software tool Image J form NIH was used to determine the coverage of rGO in
the gap between the electrodes. Figure 25 shows the evaluation of the SEM image with the
analysis function of the software. The threshold in the grayscale values was used to
distinguish between the uncovered glass slide, a single graphene sheet and more-layered

graphene sheets.
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Figure 25: The images represent the graphical analysis to determine the coverage of rGO
on the gFET surface with a drop casted GO concentration of 50 ug/mL. (A): section of SEM
image with grayscale histogram below, 400x magnification. (B): The grayscale was
adjusted to determine the uncovered glass slide. (C): Single layer graphene sheets. (D):
represents the double layered graphene sheets.

The drain-source channel was evaluated with the graphics tool ImageJ and it leads

to the coverage as shown in Figure 26.
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Figure 26: The channel between drain and source electrode was evaluated with the
graphical software tool Image J to determine the rGO coverage. Different GO
concentrations were deposited on the gFET to determine the best properties for bio-
sensing. It can be seen, that the concentration of 50 ug/mlL and 25 ug/mL cover more than
90% of the channel surface, but this leads to more than 50% of double layered graphene
sheets. At 25 ug/mL, around 50% of the channel are covered and the single layer graphene
sheets exceed the double layered. At a low GO concentration of 6.25 ug/mL, only 40% of
the channel are covered by graphene sheets.

The outcome of the image analysis leads to a surprising observation: the
concentration of single graphene sheets is not decreasing as fast as the multi layered rGO
at low concentrations like 12.5 ug/mL and 6.25 pg/mL. The critical GO concentration is at
about 6.25 nug/mL and lower, so this cannot be reduced further, otherwise the drain-source
electrodes are no longer connected. Electrical measurements need to be carried out to

evaluate the different surface coverages for their performance.
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IpVc measurements for pH sensing

The graphical analysis indicates the best GO concentration for a sufficient surface
coverage. To evaluate the electrical properties of the fabricated gFET, the transfer
characteristic, or IpVg curve, can be measured. Figure 27 shows the semiconducting
properties of the different GO dilutions. The subject of investigation were gFETs with
different GO concentrations after hydrazine vapor reduction at 80 °C. After the first round

of measurements, the same chips were further thermally reduced in vacuum at 200 °C.
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Figure 27: The figure represents the IpVs curves of different deposited graphene oxide
concentrations. The black curves were measured after the reduction in hydrazine vapor at
80 °C at ambient pressure. The blue curves were measured on the same gFET after an
additional thermal reduction at 200 °C in a vacuum oven. The red lines are linear fits in the
p-doped branch of the gFET. There is a significant increase for all slopes after thermal
reduction. The gFET with a deposited GO concentration of 12.5 ug/mL shows the highest
mobility.

It can be observed, that the gFET with GO concentration 12.5 pg/mL has the
steepest slope (Ips/Vgs-ratio) after hydrazine vapor and thermal reduction, shown in Figure
28. The figure represents the slopes of each GO concentration at different degrees of
reduction. The slope increases for each gFET from before and after thermal reduction is
indicated on top of each bar diagram as a factor. It can be observed, that the thermal

reduction leads to the highest increase in slope for low GO concentrations, but the sweet

spot for GO coverage is at a concentration of 25 pg/mL with the steepest total slope.
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Figure 28: Evaluation of the slope of each gFET after hydrazine vapor and after
subsequent thermal reduction. The steepest slope with around 750 uA/V was obtained for
a GO concentration of 12.54 ug/mL after thermal reduction, while the 6.25 ug/mL chips
exhibit the highest increase after thermal reduction, by a factor of 2.83.

The transfer characteristic of all four GO concentrations were also measured under
different pH values of the ionic solution. The pH ranges from pH 3 to pH 9 and the IpVg
curves were measured after hydrazine vapor reduction and again after an additional thermal
reduction, shown in Figure 29. All chips show an increased slope after the thermal
reduction. The Dirac point shifts to a more positive voltage for all measurements with
increasing pH values. The plotted IpVg curves are represented as the delta of the drain-

source current Ips, to compare them among each other.
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Figure 29: The four IpVs curve plots show the pH dependencies of four gFETs with different
GO concentrations. Black lines are gFETs after the hydrazine vapor reduction. Blue lines
show the transfer characteristics after an additional thermal reduction. With increasing
pH values of the ionic solutions, the curves shift to the right. It can be observed, that the
chip C with 12.5 ug/mL has the steepest slope throughout the entire pH range. All chips
have an increased slope after the thermal reduction.

The IpVe curves of different GO concentrations show a linear characteristic curve
after hydrazine vapor reduction and subsequent thermal reduction. The slope changes with
the surface coverage between the drain-source channel. Figure 30 shows the Dirac point

shift at different pH values and the baseline drift of different rGO surface coverages.
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Figure 30: Plot A shows the Dirac point at different pH values of all four chips before and
after thermal reduction. The Dirac point shift is slightly shifted towards a positive voltage
after thermal reduction. Plot B shows the baseline drift of the gFETs with different
graphene surface coverages. It occurs that a higher rGO coverage leads to a stronger
baseline drift. The 50 ug/mlL chip drifts within 30 min about 120 uA, while the chip with
6.25 ug/mL changes only for 40 LA.

It can be observed, that the four chips are very similar for the Dirac point shift
before and after thermal reduction, although the signal is more stable. Interestingly, the
gFETs with the lowest surface coverage lead to a smaller baseline drift, which can be

attributed to a smaller surface, area exposed to the Figure 30 ionic solution, shown in .

Comparison CVD graphene and rGO

The fabrication of gFETs with different graphene substrates was shown in
Chapter 2: Fabrication of CVD graphene FET and Chapter 2: Fabrication of reduced
graphene oxide FET. The morphology was investigated in Chapter 2: Scanning electron
microscope images of graphene and the purity in Chapter 2: Raman spectra of rGO and
CVD graphene. It is crucial to investigate the electrical characteristics of the graphene
substrates. The transfer characteristic and baseline drift over time are parameters
influencing the quality of the bio-sensing performance. The comparison of gFET with CVD

graphene and rGO is shown in Figure 31.
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Figure 31: Plot A shows the comparison of the transfer characteristic of to different
fabricated gFETs. Blue is rGO and black CVD graphene as drain-source channel substrate.
The insert is a close-up to the CVD graphene IpVs curve. Plot B illustrates the baseline drift
of the rGO FET (blue) and the CVD graphene FET (black) at an applied gate voltage of -

600 mV. The CVD graphene FET has only 30% responsiveness compared to the rGO FET,
but a very stable baseline.

Measurement of gate capacitance C;:

The capacitance was obtained from cyclic voltammetry experiments, shown in
Figure 32 (A). At scan rates of 10 mV/s, 20 mV/s, 40 mV/s and 80 mV/s the current was
measured and the resulting values at 230 mV are plotted in Figure 32 (B).
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Figure 32: Cyclic voltammetry measurements at different scan rates are shown to obtain
the capacitance of the Micrux cell with an AgCl wire gate electrode (A). The current at

230 mV is plotted versus the scan rate in (B) and a linear fit results in the capacitance of
the system: 3.3 uF.
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The evaluated slope equals the gate capacitance C; and is 3.3 uF with 10% deviation, which

is in good agreement with literature Randin et al. for basal plane electrodes.

Mobility comparison of rGO and CVD:

The mobilities of the herein produced graphene FETs were calculated with the
known parameters for the channel length L, the width W, the measured gate capacitance
Ci and the applied drain-source voltage Vps. The linear fit of the slopes, negative and
positive to the Dirac point, allow the calculation of the mobility u of the fabricated
graphene field-effect transistor. The linear fits of rGO and CVD graphene FETs are shown

in Figure 31 and the values are used to calculate the mobility with eq 7:
rco = 725 € [}, +/-10%

pevn = 176 € /), +/-10%
The values are low, compared to previous reports (5000 cm?/Vs”® to 200,000cm?/Vs®),
while others report low mobilities of 1cm2/Vs *® in literature, but the absolute changes in
current are by three orders higher than other reports. While usually low pA are recorded in
order to measure the changes in the current, the here reported gFETSs exhibit currents up to

mA, improving the signal to noise ratio due to lower amplifier requirements.
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Discussion

Intuitively, a higher surface coverage would lead to stepper slope, but in contrary,
the slope of the gFET is steepest for the lower concentration of 12.5 ug/mL, shown in
Figure 27. It can be observed, that low GO surface coverage can be better addressed by the
thermal reduction, leading to a slope increase by a factor of 2.8, while high surface
coverage can only increase by 1.8 times. The sweet spot for surface coverage is at about
12.5 pg/mL for 2 hours, leading to the steepest slope after the hydrazine vapor reduction
and can increase by a factor of 2.5 to more about 750 uA/V. A possible explanation can be
found in the surface coverage study, shown in Figure 26. A higher single layer graphene
sheet coverage can be better reduced by vacuum at 200 °C, leading to a higher slope.
Furthermore, the linearity of the transfer characteristic over the gate voltage range of
several 100 mV increases dramatically. A steep slope represents the sensitivity of the
gFET. When using the gFET as bio-sensor, it is important to set the working point, the gate
voltage, in the linear regime of the IpVg curve and to have a big change of drain-source
current Ips, when the gate voltage changes due to binding events. The produced gFET have
a Dirac point between 100 mV and 200 mV and the center of the linear regime can be found
at-200 mV to -300 mV, perfect for bio-sensing applications where low voltage is necessary
to avoid electrochemical effects. For the here fabricated and stable gFETs a mobility of
725 cm?/Vs can be reported, leading to a fairly good performance according to the size and
facile deposition method. The advantage of the sensor architecture is the cheap fabrication
on a commercially available chip and the high readout current, exceeding 1 mA, so
amplifiers can handle the data acquisition without special anti-noise circuits. The gFET
fabrication procedure, characterization and application are discussed in detail in the

publication, with the contribution of this work. %
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Manuscript #1:

Before proceeding, the publication summarizing the design and implementation of
OFET and graphene FET devices for electronic bio-sensing is attached, herein referred as

Kotlowski et al. 2018. *°

Kotlowski, C., Aspermair, P., Khan, H.U., Reiner-Rozman, C., Breu, J., Szunerits, S., Kim,
J.J., Bao, Z., Kleber, C., Pelosi, P. and Knoll, W., 2018. Electronic biosensing with
flexible organic transistor devices. Flexible and Printed Electronics, 3(3), p.034003.
https://doi.org/10.1088/2058-8585/aad433
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Abstract

In this short review, we summarize the design and implementation of organic semiconducting materials-
based field-effect transistors (OFET's) and the fabrication and use of reduced graphene-oxide field-effect
transistors (GO—FETs) as flexible transducers for electronic biosensing. We demonstrate that these
platforms allow for the quantitative, in situ, and in real time monitoring of bio-affinity reactions between
analytes from solution to the surface-immobilized receptors. The examples given include the binding of
anti-bovine serum albumin (BSA) antibodies to their antigen, BSA, covalently attached to the channel of

an OFET, or the reverse mode of operation, i.e., the binding of BSA from solution to the antibodies
immobilized on a rGO transistor. Finally, we will discuss a few results obtained with odorant binding
proteins used as receptors on a rGO-FET transducer for the realization of a biomimetic smell sensor.

Introduction

Recently, the field of organic electronics has attracted
increasing interest and a consequent growth in scien-
tific research [1, 2]. A particular focus has been on
wearable electronics for sensing and monitoring
applications [3-5]. Current wearable sensors monitor
simple analytes, such as ions, glucose, lactate, etc. In
contrast, the human body emits hundreds of volatile
organic compounds (VOCs), indicators of a person’s
health status, their metabolic activity, or their stress
situation.

Electronic smell sensors are best suited for such
applications as they (i) can be integrated into cell
phones for breath analysis [6, 7], (ii) can be embedded
into the fabric of clothing to monitor physiological
and pathological conditions [8], and (iii) they could
also be even implanted into the body for continuous
monitoring of specific markers [9].

In addition to the category of flexible organic elec-
trochemical transistors that have gained interest [10],
electronic field-effect transistor (FET-) sensing devices
can be:

+ based on organic semiconducting materials (defined
as an organic field-effect transistor (OFET))
[11-13];

+ made on flexible and stretchable substrates [14, 15];
« fabricated on graphene [16];

+ functionalized by biomimetic molecular modules
like antibodies [17, 18], oligonucleotide capture
strands [19], aptamers for marker molecules [20]
and small VOCs [21], or odorant binding proteins
to monitor olfactory cues [22];

+ operated in liquids [11] and in air (provided the
sensitive biological material is protected by hydro-
gels) [23].

In this paper, we summarize some of our own
research results in this area. The first example that we
discuss concerns the design and assembly of a flexible
OFET and its characterization as an electronic trans-
ducer for the quantitative evaluation of the recogni-
tion reaction between a model marker protein, bovine
serum albumin (BSA), immobilized on the channel

©2018 IOP Publishing Ltd
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Figure 1. (A) Schematics of the OFET device architecture with surface-immobilized antigens and the corresponding antibodies bound
from solution: a thin polymer layer (Cytop) as the dielectric was spin-coated onto a doped Si substrate covered by 200 nm of SiO, used
as the gate. Onto this the Au source and drain electrodes were evaporated (see also (C)) and it was then covered by pentacene which

was used as the polymeric semiconductor. (B) The OFET, prepared on a flexible poly(imide) substrate. (C) Mounting the device onto a
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surface of the transistor, and a high affinity antibody
binding from solution.

In the next section, we then introduce a novel mat-
erial, graphene, as the channel material connecting the
source and drain electrodes of a transistor. As a test
sample, we again use the BSA—anti-BSA antibody sys-
tem; this time, however, we immobilized the antibody
on the gate surface and characterized the performance
of the device as an electronic sensor monitoring the
binding of the analyte, BSA, from solution.

And finally, we present a few results of a major
effortin our group, i.e., the use of graphene-based FET
devices as electronic biomimetic smell sensors.

Protein (antibody) sensing by OFET
devices

The use of Si-based electronic devices for monitoring
biological processes is relatively well established
[24, 25]. What has been less demonstrated so far is the
use of organic electronic devices, which appear much
more recently in the literature, as an option to be
applied in combination with physiological buffer
solutions for biosensing applications [26].

Our approach was based on a design concept given
in figure 1: a very thin layer of a fluoro-polymer,
Cytop, as the dielectric, was applied by spin-coating
onto a 200 nm thin SiO, coating plus the Si substrate,
which was highly doped in order to be used as the
back-side gate electrode of the transistor. After

evaporating the source and the drain Au electrodes
(with a width (W) of 500 pim and length (L) of 50 pim),
pentacene, as the semiconducting organic material,
was deposited by evaporation [14] (figure 1(A)). Alter-
natively, a flexible poly(imide) substrate could be used
for the device fabrication, resulting in a transistor that
could be easily bend (figure 1(B)) [14].

An ultrathin (5-10 nm) fluorocarbon layer func-
tioning as a protective barrier that prevents ions from
the adjacent analyte buffer solution from diffusing
into the organic channel material was deposited onto
this OFET device by plasma polymerization. This is
also shown schematically in figure 1(A). The further
(vacuum) deposition of a maleic anhydride layer then
allows for the direct coupling of biological functional
units to the device structure via their amine moieties,
e.g., the lysine groups of proteins. These then act as
receptors for bio-affinity reactions between these sur-
face-immobilized units and their interaction partners,
the analytes of interest. This is depicted in figure 1(A)
for the immobilization of BSA, with its antibody as the
analyte, binding from solution. These transistor devi-
ces were then mounted to a flow cell and exposed to
analyte solutions of different concentrations for bind-
ing studies in situ and in real time (figure 1(C)).

An example for a global analysis, i.e., the combina-
tion of kinetic and titration measurements for anti-
BSA binding to surface-immobilized BSA proteins, is
shown in figure 2. Upon injecting analyte solutions of
increasing concentrations, ¢, a decreasing current
between the source and the drain is seen, reflecting the
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Figure 2. (A) Global analysis of the binding of anti-BSA
antibodies from solutions of increasing concentrations to the
surface-immobilized antigen molecules, BSA; (B) Langmuir
adsorption isotherm from the titration date of (A), plotted as
surface coverage, 0, as a function of the concentration of BSA
in the bulk solution. The red S-shaped curve is a fit to the data
with K4 = 350 nM.

increasing occupancy of the originally empty receptor
sites on the channel, the immobilized BSA, by the ana-
lyte anti-BSA up to a saturation level at full coverage.
This is shown in figure 2(A). Upon rinsing the flow cell
with pure buffer the full reversibility of the binding
reaction (except for a slight drift of the device read-
out) suggests the applicability of a Langmuir binding
model for the quantitative evaluation of both kinetic
parameters for the association, k,,, and the dissocia-
tion constant, kg, (not shown and analyzed here) and
for the affinity constant, K, or the inverse, i.e., the dis-
sociation constant, Ky = 1/K,, equivalent to the half-
saturation concentration, ¢ s, [17].

According to the Langmuir model the surface cov-
erage, 0, is given by:

0 = Kac/(1 4+ Kxo). (1)

The stationary current changes, Alsp, reached after
each change in bulk analyte concentration, c,
expressed as surface coverage in percent of the full
coverage, i.e.,

0 = Algp/Algp ™, (2)

as a function of the corresponding bulk concentration
results, when plotted in a lin-log format, in the well-
known S-shaped Langmuir isotherm curve. This is
shown in figure 2(B). The red curve is the fit to the data
with the only fitting parameter being the dissociation

CKotlowski et al

constant, K4 = 350 nM, a value well in line with
reported data from the literature [27].

Immunosensing by reduced graphene
oxide (rGO)-FET devices

The next example that we briefly present concerns the
use of graphene as the channel material for transistor
fabrication [28, 29]. In our case, for simplicity and
availability of materials, we start the device fabrication
with graphene oxide (GO), which upon reduction (see
figure 4(A)) leads to semiconducting rGO [30]. Its
excellent conductivity has one important advantage
when operating in direct contact with physiological
buffer solutions: even in cases where there is no
protective coating that shields the electrodes or the
channel material from exposure to an electrolyte with
a relatively high ionic strength, the operation of
the device is straightforward. The low resistance of the
channel leads to a situation where 90%-95% of
the current between the source and the drain electro-
des passes through the rGO, and only a negligible
fraction of the current runs through the electrolyte as a
shortcut, which can be ignored [18]. This makes the
fabrication protocol, compared to the OFET prep-
aration described above, a lot easier as it avoids any
processing steps that were essential to protect the
sensitive organic/polymeric semiconducting channel
material in OFETs.

Figure 3 summarizes the essential steps for the
preparation of rGO-FETs, operated in the liquid-
gated mode [18]. A very helpful simplification step was
achieved with the use of one of the many microchips
available in the electrochemical equipment market.
We chose one that was only a few mm in size
(figure 3(A)), and had an interdigitated Au electrode
array of ~3 mm in diameter (figure 3(B)), with a spa-
cing of 10 pum between the source and drain electrodes
(figure 3(C)). The preparation of the rtGO-FET, which
is the conversion of this electrochemical chip into a
transistor for biosensing, is given in more detail in
figure 4: the electrode area is exposed to an APTES
solution, a procedure which leads to the coating of the
glass substrate between the Au areas with a monolayer
of positive charges (figure 4(A)). These then help to
attract and physisorb the GO flakes from a colloidal
dispersion. Upon exposure of the deposited GO flakes
to hydrazine vapor (figure 4(A)) [31] and a subsequent
thermal treatment these flakes are reduced leading to
highly conductive rGO flakes (bridging the space
between the source and drain electrodes) [32].

The resulting conductive channels between the
source and drain electrodes are randomly covered to a
high degree with rGO flakes forming a continuous
bridge of monomolecular or few-layer graphene
sheets as was documented by AFM images (see
figure 4(B) and the height scan given in figure 4(C)).
The excellent conductivity was demonstrated by
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connector shown (G).

Figure 3. (A) A commercial electrochemical sensing chip on a (rubber glove-covered) fingertip. (B) Optical micrograph of the sensing
area which is an interdigitated electrode array used as the source and drain electrodes. (C) A scanning electron microscope (SEM)
image of the interdigitated electrode array after immobilization of graphene oxide flakes; the spacing between the electrodes is 10 pim.
(D) Schematics of the immobilization of odorant binding proteins as receptors for the smell sensor via pyrene-based coupling
strategies; the sensor chip (E) then fits into the commercial flow cell (F), with its analyte solution inlet and outlet and the electrical

height (nm)

A APTES droplet

Hydrazine vapor

OR) diepoast reduction to rGO

-4.0nm

Figure 4. (A) Schematics of the chip functionalization by first covering the substrate between the Au electrodes with a monolayer of
amino-propyl-triethoxy-silane (APTES), onto which the graphene oxide flaxes are deposited; after reduction by hydrazine and a
thermal treatment the transistor with its semiconducting rGO flakes is ready for bio-functionalization by the receptor molecules (see
also figure 3(D)). (B) Atomic force microscope (AFM) image of a single rGO flake. (C) Line scan across the edge of the rGO flake
shown in (B). (D) Kelvin probe image of two Au electrodes and the space between them, covered with rGO flakes.

20pum

Kelvin probe images that were taken from the electro-
des and the space between them, covered with rGO
flakes (figure 4(D)). After this preparation step of coat-
ing the active area of the chip with rGO flakes (see also
the SEM image given in figure 3(C)), their bio-functio-
nalization was then conducted using a protocol
borrowed from the literature describing the

functionalization of carbon nanotubes [33], using
1-pyrenebutanoic acid succinimidyl ester (PBSE). The
linker firmly attaches to the graphene surface through
7—m interactions with the pyrene groups, and on the
other end it covalently reacts with the amino group of
the protein to be coupled to form an amide bond
(figure 3(D)). Now the chip with its functionalized

4
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Figure 5. (A) Global analysis of BSA binding from solution to surface-immobilized anti-BSA antibody; solutions with concentrations
from 100 nM to (near) saturation at 25 ;@M were rinsed through the flow cell. (B) Langmuir adsorption isotherm obtained by plotting
the (negative) change in the source—drain current, Algp, scaled to its (extrapolated) maximum value, Al
the data according to the Langmuir model, resulting in a dissociation constant (half-saturation concentration) of K4 = 3 M.
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channel between the source and drain electrodes
(figure 3(E)) is ready to be mounted into the commer-
cial chip holder (figure 3(F)) with its convenient fluid
inlet and outlet and electrical connections
(figure 3(G)).

Similar to the OFET operations described above,
the setup can now be used for iz situ measurements in
real time, again giving quantitative data on the reac-
tion rate constants for the association, k,,, and the dis-
sociation processes, kg, as well as on the affinity
constant, K, [16].

Figure 5 presents the global analysis of the binding
reaction between the surface-immobilized anti-BSA
antibodies and BSA, rinsed through the flow cell at dif-
ferent concentrations, as indicated in figure 5(A). The
red curves are fits to the association process; the blue
curve is a fit to the dissociation.

The change of the source—drain current, Algp,
measured after a new equilibrium was established, can
be plotted as a function of the bulk analyte concentra-
tion to yield an adsorption isotherm, presented in
figure 5(B), together with the fit to the Langmuir
model with a dissociation constant of Ky = 3 M.

As described by the basic equation for the electrical
device performance in the liquid-gated mode of
operation, i.e.,

Isp = pCoxW/L(Vg — ¥s) Vsp ©)

the source—drain current, Isp, depends on the applied
source—drain voltage, Vgp, and on the carrier mobility,
1, the gate capacity, Cpo,, geometric channel para-
meters, i.e., the width, W, and the length, L, and the
Dirac voltage, Vs, determined by the threshold voltage

of the cathodic branch of the hole conductance and
the anodic branch of the electron conductance. Of
particular importance for the device employed in
electronic biosensing is the surface potential, Ug, of the
channel-electrolyte interface. Various contributions
to the change of the current as a function of a bio-
affinity reaction at the gate electrode or directly on the
channel have been discussed [18, 34, 35]. The domi-
nant contribution to the change of the surface
potential upon binding of a protein to a receptor is
believed to be the change in surface charge density
(distribution). We demonstrated this experimentally
for the electronic recording of the association and
dissociation reactions of anti-BSA antibodies binding
from solution to their surface-immobilized BSA anti-
gens by changing the bulk solution pH to values below
(pH 5) and above (pH 7) the pI of the analyte protein
[36] which leads to an increase or a decrease of the
current, corresponding to a shift of (Vg—W¥s) to more
negative or positive values, respectively [17].

Electronic biomimetic smell sensing

The interest in developing smell sensor concepts,
sensors for air-born chemical analytes, odorants,
pheromones, other VOCs, etc, originates from the
many different potential areas where the application of
such devices would be extremely relevant.

+ More and more research evidence is reported in the
literature that quantifies novel types of smell
molecules that can be used for diagnostic purposes
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[37]. For example, in a recent study the concentra-
tion of the molecule isoprene in the exhaled breath
of diabetes patients could be linked to their blood
glucose level [38].

+ European crop losses from plant diseases amount to
more than €5 billion per year [39, 40]. Plant
pathogens (fungi, viruses, phytoplasma) are typi-
cally transmitted by insects using host-derived
odors as key foraging cues. Thus, diseased plants
draw insect vectors with specific attractant volatiles.

+ Our daily protocols for testing grocery quality at
home are typically based on optical inspection of the
food items; what follows in most cases, however, as
the ultimate quality check for edibility is a smell test.

+ There is an increasing need for smell detectors in
homeland security and the protection of the public
and private environment: it is expected that in the
future bio-inspired robots will sniff out mines,
bombs, and drugs [41].

Given these few examples of the broad range of
potential scenarios for the use of smell sensors, it is
somewhat surprising that we have essentially no tech-
nical device worthy of the term ‘artificial nose’, that is
able to reach the chemical bandwidth, selectivity, and
sensitivity of the olfactory sense of mammals and
humans or the antennae of insects. For the sensing of
light, e.g. in imaging or optical communication, we
have extremely powerful devices with the ability to
detect even single photons. The monitoring of sound
in acoustic communication is also technically unpro-
blematic: microphones are available with an amazing
performance profile. However for chemical commu-
nication, for smell or taste detection on a technical
level, we have (nearly) nothing.

The attempt to detect smells by a specific kind of a
chemical sensor or the development of an artificial
nose is certainly not new. The general interest in artifi-
cial noses, ‘electronic noses’, or E-noses, originated
from the many scenarios outlined above where chemi-
cal communication is extremely important in our
daily life. There have been several serious attempts
described in the literature to develop concepts by
which, via more or less unspecific interactions of the
molecules of interest (with odorants being typically
small, hydrophobic molecules that are difficult to
sense by classical techniques, e.g. by surface plasmon
sensors with an organic (polymeric) matrix [12]), a
measurable and quantifiable signal is generated. All
the reported concepts, however, were eventually dis-
carded because of the severe lack of sensitivity com-
pared to natural olfaction.

Our approach tries to realize a biomimetic smell
sensor that uses a combination of an electronic trans-
ducer, in most of our cases a rGO-FET device, and the
biological functional unit used in nature by both
insects and mammals, as the first recognition element
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Figure 6. Current—voltage characteristics of the OBP 14 based
biosensor device without eugenol, measured just in PBS, and
in solutions with increasing eugenol concentrations, ranging
from 100 nM to 250 uM. The applied source—drain voltage
was Vsp = 50 mV.

in the smell sensing cascade, i.e., odorant binding pro-
teins (OBPs) [42].

The preparation of the sensors follows the con-
cepts described briefly above for immunosensors: the
rGO channel is functionalized by PBSE, to which a
variety of OBPs from different insects are coupled
covalently by active ester chemistry [22, 43]. The chip
is then integrated into the flow cell (see figure 3) and
different odorant molecules in aqueous solutions of
varying concentrations were then rinsed through the
cell for the quantitative recording and evaluation of
binding reaction rates and affinity constants for OBPs
and their set of ligands.

Examples for electronic smell sensing with such a
transducer are given in the following figures for a sen-
sor that was functionalized by OBP 14 from the honey
bee, Apis mellifera, mounted to the flow cell, and
exposed to solutions of a variety of ligands.

Figure 6 gives a series of measurements of the
source—drain current-gate voltage characteristics,
Alsp—Vg, for the sensor in contact with analyte solu-
tions containing the OBP 14 ligand, eugenol, in differ-
ent concentrations, ranging from pure phosphate-
buffered saline solution (PBS), to a 250 uM eugenol
solution. As one can see, the device performs as a bipo-
lar FET, with the Alsp—Vg curves affected in a quanti-
tative way by the analyte concentration.

For a given gate voltage, in the following experi-
ments fixed at Vg = —600 mV (the dashed line in
figure 6) one can then use the sensor for the quantita-
tive evaluation of the kinetic parameters of the ligand—
OBP association (binding) and dissociation process, as
well as, like in the case of the immunosensors descri-
bed above, the binding strength, i.e. the affinity con-
stant, K,, of the dissociation constant Ky, respectively.

This is demonstrated in figure 7(A), which shows
the global analysis, i.e. the time-dependent recordings
of the change of the source—drain current, Alsp (with
the source—drain voltage set at Vsp = 50 mV and the
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Figure 7. (A) Real time biosensor measurement (global analysis) of the binding of eugenol to OBP 14: the current decreases as the bulk
concentration of eugenol increases from 1 ;tM to 200 M and then saturates. Blue arrows indicate runs with pure buffer, red arrows
indicate experiments with eugenol solutions. The red curves are fits to the raw data by kinetic simulations of the association and
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gate voltage at Vg = —600 mV, see figure 6), upon a
stepwise increase of the eugenol concentration in the
bulk solution until saturation of the device response is
nearly reached. Upon injecting pure buffer into the
flow cell again, the sensor signal returns to its baseline
level showing the reversibility of the binding reaction
between the ligand and its receptor immobilized on
the channel of the transistor.

By plotting the respective surface coverage, 0,
obtained from the equilibrium levels reached after

each change of the bulk ligand concentration and
scaled to the maximum response at high concentra-
tions, see equation (2), one obtains a Langmuir
adsorption isotherm from which the dissociation con-
stant K4 can be derived. This is shown in figure 7(B):
the full red curve is a fit to the data with equation (1)
with Kg =35 M.

An internal consistency test for the applicability of
the Langmuir model is given by the analysis of the
measured association and dissociation rate constants
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Figure 8. Langmuir adsorption isotherms for three different
ligands, as indicated, for OBP 14 from A. mellifera.

(see the full red fit curves given in figure 7(A)). Accord-
ingto

k = konc + koff) (4)

with k., being the association and k. the dissociation
rate constant, respectively, one obtains from the rate
constants, k s, obtained from the fits in (A) as a
function of the bulk concentration, ¢, a straight line, as
shown in figure 7(C). The slope of the fit line yields
ko, = 162 M~ 's™!, and from the intersection of the fit
line with the ordinate one obtains kg = 0.0076 5.
The Langmuir model predicts that the ratio kog/k,,
equals the dissociation constant, Ky, as obtained from
a titration experiment. From the data in figure 7(C) we
obtain Ky = 47 M, which agrees very well with the
value from figure 7(B), i.e., K4 = 35 uM.

Finally, we present some examples for the selective
response of such an electronic smell sensor based on
OBP functionalized rGO-FETs to different ligands.
The sensor used for the experiments given in figure 8
had OBP 14 from A. mellifera immobilized on its
channel and it was exposed to a variety of different
analyte solutions. The odorants bind to the identical
receptor with affinity constants that differ by more
than two orders of magnitude in their binding
strength. The full range that we found for a set of 14
different ligands even covered even three orders of
magnitude [43]. Moreover, the sequence of strong and
weak affinity ligands qualitatively matches a set of data
obtained from a fluorescence assay in solution. A com-
prehensive comparison of data from receptors
immobilised onto a rGO-FET with a fluorescence dis-
placement assay in solution is currently in progress in
our laboratory.

Concusions

Electronic biosensing shows great promise for com-
plementing electrochemical detection schemes on the
one hand and optical concepts for the quantitative

CKotlowski et al

monitoring of bioanalytes on the other. In particular,
the use of graphene as the conductive gate material in
the preparation of thin film transistors as sensing
devices offers a tremendous advantage compared to
the use of organic semiconducting materials or
compared to Si-based transistors, which both require
far more demanding preparation protocols. This has
been demonstrated convincingly in many examples
reported in the literature. With the introduction of
graphene as the semiconducting material used for the
fabrication of a channel of a water-stable transistor
[10] the electronic read-out concept has become even
more attractive.

The use of antibodies as receptors for protein and
peptide markers and of odorant binding proteins in
smell sensors will be complemented by the develop-
ment of artificial receptors, e.g. aptamers [44], affi-
mers [45], or seligos [46]. Immunodiagnostics with
graphene FETs functionalized by these synthetic
immunoreceptors for proteins, but also for the detec-
tion of small analytes, are just beginning a very
dynamic development in biosensing. All of these elec-
tronic biosensing platforms are highly sensitive, label-
free, disposable and cheap, with signals that are easy to
analyze and interpret, suitable for multiplexed opera-
tion and for remote control, compatible with NFC
technology, etc, and are in many cases a clear and pro-
mising alternative to optical sensors.
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3. Chapter:

Surface Modifications

Bio-sensing needs capture molecules on the transducer surface to bind an analytes
selectively, which can only be guaranteed with a suitable surface modification strategy. In
this chapter several of such are compared and discussed to fabricate a bio-sensing platform

on graphene, reduced graphene oxide and gold.

Materials and Methods

In this section are all used strategies for the immobilization of capture probes on
the bio-sensing surfaces. The herein evaluated and discussed methods are non-covalent as
well as covalent surface functionalization of graphene and gold. The methods include the
immobilization of capture probes for bio-sensing and blocking agents to avoid non-specific

binding.

Graphene modification with pyrene-carboxylic acid

The non-covalent functionalization of graphene was reported in a variety of
publications. %1% The reports mention different graphene-like structures, like single
walled carbon nanotubes (SWCNT), CVD graphene, glassy carbon electrodes and rGO.
The latter one is the most ill-defined material in the spectrum of graphene, due to the
different fabrication procedures. The here investigated surface modifications are
demonstrated on CVD graphene and reduced graphene oxide, which were fabricated as
reported in Chapter 2: Fabrication of CVD graphene FET and Chapter 2:Fabrication of

reduced graphene oxide FET. The non-covalent functionalization of graphene with pyrene
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and its derivates is in literature a standard procedure and is used as the anchor-molecule
for further immobilization of capture probes. Figure 33 shows schematically the
immobilization of 1-pyrenebutyric acid, which has to be activated for further
functionalization of azanide groups, referred also as amide or NH> group. Another
molecule is 1-pyrenebutyric acid N-hydroxysuccinimid ester, that already contains the

ester group and the NHz-terminated capture probe can be directly immobilized.
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Methanol 2h or over night
THF 4x drop evaporate

Figure 33: Schematic immobilization of PCA via Pi-Pi stacking on rGO and CVD graphene.
A: graphene sheets on interdigitated electrodes. B: PCA solution in different solvents for
immobilization. C: Pyrene modified surface with carboxylic acid groups for
functionalization. D: The activation duration for EDC and NHS is 30 minutes for all
experiments in MES buffer.

The rGO functionalization steps are shown in Figure 33. PCA was prepared in
different solvents to determine the best immobilization strategy, always in a concentration
of 5 mM. The solvents are DMSO, Methanol and THF. For DMSO and Methanol, the chips
were immersed for 2 hours or overnight to determine the best duration. For the THF as
solvent a droplet of 20 uL. was placed on the sensing area and let it evaporate. This step
was repeated four consecutive times. After each deposition method, the chips were
thoroughly rinsed with the previously used solvent before the activation.

Activation of carboxylic group:

To activate the COOH group, a mixture of 75mg/mL (390 mM) N-(3-

Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC) and 21 mg/mL
(185 mM) N-Hydroxysuccinimide (NHS) in 1 mL of dH>O was freshly prepared. The
activation mixture needs to be prepared right before the gFETs are immersed, because the
EDC hydrolysis within 2 hours entirely in water. The chips remain 30 minutes in the

solution and are quickly rinsed twice with dH>O to remove excess of EDC and NHS.
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Gold slide DTSP

It is necessary to modify the gold surface for SPR experiments on bare gold slides,
therefore the strategy of 3,3'-Dithiodipropionic acid di(N-hydroxysuccinimide ester), short
DTSP was used to functionalize Au-surface with bio-recognition elements. The gold slides
were immersed in a 4 mM DTSP solution in DMSO in a glass slide holder. The slides
remain in the solution for 24 hours under gentle agitation. Subsequently, the slides are
stored for another 24 hours at nitrogen atmosphere. Figure 34 depicts the surface

functionalization of gold slides with DTSP for SPR experiments.
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Figure 34: Functionalization of a gold surface with DTSP molecule. The di-sulfide bridge
reacts within 48h to form a covalent bond to the Au-surface. The NHS head group remains
activated on the surface for the immobilization of NHz-terminated capture molecules.

This leads to a covalent bond of the thiol to the gold substrate. The active ester on the gold
slides is used to immobilize the NH>-modified capture probe covalently on the surface in

an additional step.

Gold slide biotinylation

A reliable binding system is biotin with streptavidin or neutravidin, which shows
the highest affinity in nature with a Kp of 104, 1% The functionalization of gold slides was
performed with a mixture of a biotinylated Alkane-PEG, SPT-0012D (SH-biotin) and
dithiolalkanearomatic-PEG3-OH, SPT-0013 (SH-PEG) from Sensopath. Both substrates
were prepared in analytical Ethanol at concentrations of 0.1 mM for SH-biotin and 0.9 mM
for SH-PEG. Subsequently, both mixtures were added in equal volumes to obtain a 1:10

ratio of biotin/PEG. The gold slides were immersed for 24 hours to the biotin/PEG solution,
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were the thiol group covalently binds to the Au-surface. Figure 35 shows schematically the

surface modification with the SH-biotin and SH-PEG 1:10 mixture.
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Figure 35: Modification of gold slides with SH-biotin and SH-PEG derivates in a ratio of
1:10 in ethanol for 24 hours. The surface modification enables the immobilization of
streptavidin to the biotin. The PEG chain with an OH terminal group avoids non-specific
interaction with the gold surface.

Once the surface is modified with biotin, it can used in SPR and gFET/SPR

measurements to measure the binding kinetics.

Immobilization of amine-terminated capture probe

Subsequently, after immobilizing the PCA and activation of the surface or
immobilization of DTSP with the pre-activated group, any amine-terminated capture probe
can be immobilized, forming a covalent amide bond. Therefore, the capture probe was
dissolved in carbonate buffer at pH 9.0. The standard immobilization duration was 2 hours,
only the PNA, DNA, RNA were immobilized overnight. For ssDNA (Aptamer), ssRNA
(Aptamer) and PNA a concentration of 0.5 uM to 10 uM was used in an overnight
immobilization step to assure functionalization. Only in real-time experiments, using SPR
to observe the binding kinetic, the monitored immobilization was carried out until

saturation was achieved.
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Immobilization of Streptavidin modified molecules

The immobilization of streptavidin or streptavidin-complexes was performed in a
concentration of 1 mg/mL. For binding kinetic studies, the buffer for dilution and
immobilization was PBS 1x buffer. For streptavidin-enzyme conjugates, the buffer was
Tris buffer with MgCl,, adjusted to pH 8. Therefore, to a final volume of 50 mL dH»O, 606
mg of Trizma base and 4.76 mg of MgCl2 were added and adjusted to pH8 with HCI.

Blocking agents

Different blocking agents can be used to avoid nonspecific interactions with the
sensor surface, the tested strategies were BSA, pyrene-PEG, and just pyrene carboxylic

acid.

BSA blocking solution:

Bovine Serum Albumin was prepared in a concentration of 20 mg/mL in PBS (pH
7.4) and deposited on the sensor surface after the capture probe was immobilized to back-
fill the remaining non-specific binding sites on the surface. The sticking properties of BSA

avoid the binding of other molecules to the surface to a certain extent.

Synthesis of PyPEG

The synthesis of a pyrene anchor molecule with a poly(ethylene glycol) group was
carried, because this molecule was not directly available for purchase. The protocol was
adapted from ' and requires three days. Figure 36 shows educts used, resulting in a pyrene
with a 34-mer polyethylene glycol chain, later referred as PyPEG34 or PyPEG.

O:D + HZNJ(\/O‘];]/\NH2

L, inDMF

‘ PBSE

Figure 36: Synthesis of PyPEGs4: The PBSE linker forms an amide bond with the amine-
terminated PEG chain. The pyrene PEG will be used to immobilized it with rt-rt-stacking on
graphene to avoid non-specific binding to the surface.

PEG
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The following chemicals are required for the synthesis:

10.

PEGs34

PBSE

DMF

DCM
Diethyl ether
Day 1:

. Make solutions of PEG and PBSE in separated round-bottom flasks:

1:1 equivalent solution (2 NH2 + 1 COOH). PBSE should not exceed amount,
otherwise binding to both PEG ends.

a. PEG 100 mg in 3 mL DMF + steering magnet

b. PBSE 25.6 mg in 2 mL DMF

Fill bottles with inert gas (N or Ar):
Apply septum on top, insert syringe in solution and fill it for 10 minutes with gas.
The reaction has to be performed in inert gas.

Extract 2 mL of PBSE solution with Syringe and add to PEG solution:
Keep in mind to also flush the syringe with inert gas before usage.

Steering overnight:
Fill a balloon with inert gas and apply it via syringe to the overnight reaction to
ensure an inert condition.

Fill Erlenmeyer flask wit 250 mL diethyl ether:
Cover it with aluminium foil and parafilm and store it over night at -20 °C.

Day 2:

precipitation of PyPEG in diethyl ether:

Take off aluminium foil of Erlenmeyer flask.

Remove balloon and septum from PyPEG-DMF solution.
Slowly pipetting the SmL drop by drop into diethyl ether.

Storage over night for complete precipitation
Put aluminium foil on top of Erlenmeyer flask and store it overnight at -20 °C.

Day 3:

. Centrifuge the PyPEG diethyl ether solution:

Divide the 250 mL into 8 Falcon tubes.
Centrifuge the falcons for 10 min at 4500 rpm.

Remove excess of diethyl ether:
PyPEG is as white solid on the Falcon’s bottom.
Poor waste to non-halogen organic waste.

Dissolve solid PyPEG:

Add 5 mL Dichloromethane (DCM) in each Falcon and poor it into one glass tube
(weigh it before to know the yield).

Add another 1 mL DCM to each Falcon to get remaining PyPEG.
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11. Rotary evaporation of DCM from glass tube for 1 hour:
Put glass tube in rotary evaporator with glassy adapter, septum and syringe.
Set water temperature to 40 °C and turn on vacuum.
Rotary speed to 10 (maximum speed).

12. Extract remaining DMC from tube:
Cover the glass tube with parafilm and make some holes.
Store it overnight in desiccator at vacuum.

Once the PyPEG is available in a dry state, it can be stored in a glass flask in the fridge.

SPR for blocking performance

To analyze the blocking strategies of BSA, PCA and PEG34, a commercial
available SPR device, the Indicator-G from Sensia was used. This device provides a
microfluidic system and SPR prisms with CVD graphene coating from Graphenea, which
is identical to the CVD graphene for the gFET fabrication, hence the knowledge of the SPR
experiments can be transferred to the gFET surface. At first the non-specific response of
the SPR with different surface modifications was measured, to see which strategy is
suitable. Afterwards, it was necessary to determine the mixture ratio of blocking and
binding agent, the Pyrene-PEG/PCA ratio. As a non-specific binding species, the strongly
adhering bio-molecule Lysozyme was used in various concentrations. The solutions in
different concentrations were always freshly prepared on the day of the experiment in PBS

1x buffer.

Nanobeads immobilization

To determine the best functionalization of reduced graphene oxide and CVD
graphene with pyrene-carboxylic acid (PCA), different solvents were investigated.
Polystyrene nanobeads with a diameter of 50 to 120 nm were linked to the graphene to
visualize the immobilization success with SEM imaging. PCA was dissolved in the
different solvents DMSO, methanol and THF, as mentioned in Chapter 3: Graphene
modification with pyrene-carboxylic acid, including the EDC/NHS activation. The
nanobeads suspension L9904 from Sigma Aldrich with a solid content of 2.3 to 2.7 wt%
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was immersed in Milli-Q water to obtain 3.6 x 10! nanobeads in 1 mL. This concentration
represents 60 nM, which is in the same order as for bio-molecule immobilization. Figure
37 represents the immobilization strategy of the amino-modified polystyrene nanobeads on
rGO. The diameter of the nanobeads can be also observed in a SEM image. Pyrene-PEG

was also immobilized on the surface to observe the blocking properties to avoid non-
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Figure 37: The immobilization strategy of amino-modified polystyrene nanobeads on the
rGO of the gFET (A) is shown. The nanobeads (C) are immobilized to observe the surface
represents a SEM image of polystyrene nanobeads on rGO. The diameter was measured
with 60 nm to 120 nm.

Differential pulse voltammetry for surface investigation

Differential pulse voltammetry was utilized to determine the efficiency of the
surface linking strategy. The m-m stacking, as described in Chapter 3: Graphene
modification with pyrene-carboxylic acid, is the first building block of a successful bio-
functionalization of graphene on the gFET. The linker, pyrene carboxylic-acid (PCA),
forms a non-covalent bond with the pyrene anchor to rGO, while the carboxylic-acid can
form an amide bond to bio-recognition elements. An artificially synthesized peptide
nucleic acid (PNA) was covalently bond to the activated carboxylic-acid with the amine-
modified 5°-end. The 3’ end of the PNA is biotinylated and can be used for a non-covalent
binding of streptavidin, avidin or neutravidin due to the high binding affinities. A
streptavidin-alkaline phosphatase complex was immobilized to attach an enzyme on the
surface. After assembly of the entire sandwich, the surface was thoroughly rinsed to

guarantee only immobilized enzymes remain on the chip. Once attached to the surface,
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alkaline phosphatase can enzymatically turn hydroquinone diphosphate into an
electrochemical active species, hydroquinone 719,

Figure 38 shows the enzyme functionalization of an already carboxylated surface. The
experiment was carried out on a commercially available reference chip with carboxylated

single-walled carbon nanotubes (COOH-SWCNT) and reduced graphene oxide.

EDC / NHS
30 min

Ty NH2oeow g
PNA-B 2 hours

Figure 38: (A) shows a graphene surface with carboxylic-acid functional groups for further
immobilization. (B) shows a biotinylated PNA, covalently linked to the carboxy groups. The
alkaline phosphatase enzyme is immobilized as a complex with streptavidin to the
biotinylated end of the PNA (C).

The PNA was used as spacer between the graphene surface and the enzyme. Two
different carboxylated surfaces were used for the DPV readout: single-walled carbon
nanotubes on screen-printed electrodes (SPE), purchased from Dropsens, I I0SWCNT and
on the fabricated rGO gFET. The SWCNT electrodes were used as reference measurement
to know if the entire sandwich works. These SPEs are delivered with pre-modified
carboxylic-acid groups, so there is no need for a further attachment of COOH on the
surface. That is very useful to compare the performance to the n-n stacked PCA on the rGO
surface.

The experiments were carried out with a potentiostat pAutolab III from Metrohm
in a three-electrode configuration. The working electrode was the SWCNT or the rGO,
respectively. A Pt-wire was used as counter electrode and an Ag/AgCl electrode as

reference electrode. The differential pulse voltammetry settings are shown in Figure 39.
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E Modulation time Base Differential pulse
B Command name HQDP readout
Stop potential

Step potential Start potential -0.5 Vree ¥
Stop potential 0.3 Veee ¥

Step 0.005

Modulation amplitude 0.05

Modulation Modulation time 0.1
amplitude

w o w < <

Interval time 0.4

Start potential

t Estimated number of points 159

Estimated duration 63.6 s

Interval time Measurement time Scan rate 0.012589 V/s

Figure 39: The readout of Hydroquinone (HQ) was carried out with differential pulse
voltammetry in a range of -0.5 V to +0.3 V. The pulse sequence is shown in (A), where it is
indicated that the “measurement time” is at the end of the modulated amplitude. All
settings for the DPV readout are shown in B. Between -0.1 V and 0.0 V the DPV peak for
HQ is expected.

Graphene modification with diazonium treatment

The surface modification of the reduced graphene oxide or CVD graphene with
biomolecules is a necessary step towards an electrical biosensing platform. The
functionalization of graphene can be separated in different groups: direct physisorption of
biomolecules!®, non-covalently with m-m-interaction'”’~'%°, covalently to organic
functional groups or remaining oxygen groups on graphene oxide ''° or by disrupting the
graphene lattice to introduce new functional groups !''!'2. The latter immobilization
strategy is the strongest and therefore most reliable surface modification, yielding the
highest surface coverage of linker molecules to bind bio-recognition elements.

The covalent functionalization of rGO and CVD graphene was achieved by a
diazonium treatment, radically attacking the C-C bonds with aryldiazonium salt, reported
by Leroux et al.. '3 This method was carried out for rGO by adopting the protocol for the
gFET. The diazonium salt, precisely 4-((triisopropylsilyl)ethylenyl)benzenediazonium
tetrafluoroborate, short TIPS-Eth-ArN>*, was synthesized by the Leroux et al. and kindly
provided for this research purpose. Electrochemical grafting was used to radically attack
the C-C bonds of the graphene surface. Five cyclic voltammetry scans from +0.6 V to -
0.75 V at a scan rate of 50 mV/s lead to the reduction of TIPS-Eth-ArN>*, hence creating
the aryl radicals at a reduction peak of -0.2 V. Due to the TIPS protected head group, the

formation of a mono layer on graphene is granted, because the newly formed radicals
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cannot stack onto the first formed layer. This is an important step towards a biosensing
surface to avoid multiple layers and hinder the further bio-functionalization. The
potentiostat pAutolab III form Metrohm was used to apply the potential cycles in a three-
electrode configuration: Au/graphene as working electrode, a Pt-wire as counter electrode
and a Ag/AgCl reference electrode. All electrodes were immersed in a solution of 1 mM
4-((triisopropylsilyl)ethylenyl)benzenediazonium tetrafluoroborate in 0.1 M NBu4PFs in
acetonitrile. Subsequently to the deposition, the graphene-based surface was rinsed
thoroughly with acetonitrile, acetone and blow dried with inert gas (argon or nitrogen).

Once the deposition of the TIPS protected monolayer is finished, it was deprotected
with submerging the chip in a 50 mM tetrabutylammonium fluoride (TBAF) in THF
solution for 20 minutes. The so-called “click” chemistry of azide modified compounds is
performed under a copper-mediated environment: the chip was submerged in an aqueous
solution containing 10 mM CuSO4 and 20 mM L-ascorbic acid in a 0.83 mM
azidomethylferrocene, beforehand dissolved in THF under agitation of 300 rpm for one
hour, the copper mediated click chemistry of ferrocene was performed. To remove residues
of Cuy* from the surface, the graphene surface was submerged in an aqueous solution of
10 mM EDTA for 10 minutes and subsequently rinsed with acetone and dH>O and blow
dried afterwards.

The schematic of the surface modification with diazonium salt, the deprotection of
the TIPS group to obtain the acetylene functional group and the cupper mediated “clicking”

of azide terminated ferrocene is shown in Figure 40.
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Figure 40: The diazonium modification of reduced graphene oxide and CVD graphene was
carried out on the gFET chip to investigate the transfer characteristic after modifications.
Au-slides with rGO were functionalized as well. Figure B illustrates the radical diazonium
attack of graphene, the deprotection to obtain a triple bond group and the further “click”
of ferrocene on the surface.
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Results of surface modification

The different surface modifications of graphene and gold are shown in this chapter.
Furthermore, the results of non-specific binding interactions with the surface for different
blocking strategies and shown and discussed, as well the electrical performance of the

gFET after the diazonium treatment.

SPR experiment for blocking agents

Surface plasmon resonance measurements were conducted to determine the best
blocking agent for further bio-sensing measurements on the graphene surface. The SPR
prisms with 50 nm gold are coated with CVD graphene from Graphenea and the surface
was modified with different blocking agents, such as BSA, pyrene carboxylic-acid and the
herein synthesized blocking agent PyPEG with a 34-mer polymer chain. The test protein
to observe non-specific interaction, was lysozyme, a sticky and rather small (14.4 kDa)
analyte. A titration of 1 uM up to 500 uM was carried out to stress the surface for NSB
and the adhesions are shown in Figure 41.
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Figure 41: The blocking agents to avoid non-specific interaction where investigated on the
commercially available SPR device, Indicator-G from Sensia. The SPR prisms have gold
coating with a CVD graphene layer from Graphenea. A: The adhesive molecule lysozyme
was exposed to the modified SPR surface. Different blocking agents suppress the binding
signal. PyPEGz4 with a 5 mM concentration avoids a binding of up to 10 uM lysozyme
almost to 100%. B: The determination of a balanced ratio of blocking agent and binding
molecule is important to be able to immobilize a specific capture probe. The ratio of 1:10
blocks the NSB sufficiently.
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The results of the non-specific binding experiments of lysozyme on the CVD
graphene surface with SPR indicate good blocking properties of PyPEG3:s. Concentrations
of 10 uM are almost completely suppressed with a concentration of 5 uM PyPEGs4
immobilized on the surface. The ratio of 1:10 PCA/PyPEG34 on the surface enable the
immobilization of bio-recognition elements on the surface and keeps the unspecific binding
at a very low level, even at high lysozyme concentrations of 500 uM and the SPR signal is
with 200 RU still smaller than with the BSA blocked surface, shown in the comparison of
Figure 41 (A) and (B). Therefore, the surface modification for protein detection

experiments will be performed with PCA/PyPEGs34 in the evaluated ratio of 1:10.

XPS Aptamer surface coverage

The XPS experiments show the quantity of P 2p phosphate on the functionalized
rGO surface. Three surfaces were measured in the XPS to determine the aptamer yield of
the immobilization of amine-terminated ssDNA. The samples were functionalized with

A: PCA, activation, ssDNA (aptamer) (D)

B: PCA/PyPEG 1:10, activation, ssDNA (aptamer) (E)

C: PCA/PyPEG 1:10, no activation, no DNA. (control experiment) (F)
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Figure 42: The XPS measurement show the aptamer immobilization on three different
surfaces. A: The rGO surface was modified with 1 mM PCA, activated and ssDNA (aptamer)
was immobilized. B: The rGO surface was modified with a 1:10 mixture of PCA/PyPEG (0.1
mM, 0.9 mM), activation and subsequently immobilization of the aptamer. C: Control
measurement with a 1:10 PCA/PyPEG ratio, but without aptamer. D, E and F show the
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corresponding phosphate groups on the surface. D: Quantity of P 2p signal estimated at
0.2 at%. E and F: Quantity of P 2p signal estimated smaller than 0.1 at%.

The result, Figure 42, show only very small P 2p signals with the highest output for probe
A with around 0.2 atomic percent. The samples A and B show no significant phosphate
increase compared to the control sample C, resulting in a very low surface coverage of
aptamer on the surface. The surface modification with PCA and PCA/PyPEG and the given
solvents needs to be discussed and maybe improved in additional experiments. The
replacement of aptamer with other molecules can lead to better results. The immobilization

of amino-modified polystyrene nanobeads is shown in Chapter 3: Nanobeads SEM images.

Nanobeads SEM images

The immobilized polystyrene Nanobeads were investigated with scanning electron
microscopy (SEM) to visualize the surface coverage after linking to pyrene carboxylic acid
(PCA), immobilized with different solvents Figure 43, Figure 44, Figure 45 und Figure 46

demonstrate the surface coverage of nanobeads on the rGO surface of different gFETS.
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Figure 44: PCA immobilized for 2h in Methanol. Only a few Nanobeads are traceable.
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Figure 45 PCA /mmob///zed in THF after 4 times evaporat/on Nanobeads concentration
with highest surface coverage.
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F/gure 46: Pyrene- PEG34 as a blocking agent. The surface coverage is as expected very low.
There was no nanoparticle traceable. The white spots are defects on the graphene.

After the nanobeads were immobilized, the density was evaluated from the SEM
images with the graphical picture processing tool Imagel. The example for the threshold
manipulated picture for the PCA in THF is shown in Figure 47 (A). The surface coverage
was determined from the pixel count for all 4 surfaces and the percentage values are shown

in Figure 47 (B).
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Figure 47: (A) shows the monochromic representation of the nanobead coverage with
pyrene carboxylic acid in THF. (B) shows calculated surface coverages of nanobeads after
immobilization to pyrene carboxylic acid and pyrene-PEG, dissolved in different solvents.
The highest surface coverage was achieved with PCA dissolved in THF. No nanobead could
be found on the pyrene-PEG blocked surface.
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Differential pulse voltammetry enzyme readout

DPV measurements were performed to compare the surface coverage of bio-recognition
elements on rGO chips, Au slides and carbon nanotubes with carboxylated surfaces. The
immobilized alkaline phosphatase enzymatically turns hydroquinone diphosphate into the
electrochemical active species for readout. ' The amount of immobilized enzyme on the
sensor surface indicates the efficiency of the pyrene carboxylic acid linking strategies in
different solvents and is compared to a commercially available carbon-based sensor, the
screen-printed electrodes (SPE 110SWCNT, Dropsens) with single walled carbon
nanotubes (SWCNT) with carboxylic acid functional groups. In Figure 48 are the DPV
experiments shown of the reference system on the SPEs and three different solvents for the
PCA immobilization on rGO gFETs. Each DPV measurement was carried out as a specific
binding experiment (pos, red curves) and control experiment where the binding sites should
not be present (control, black curves), hence exhibit a small signal during the readout. The
measurement in Figure 48 (A) demonstrate the DPV peak of the hydroquinone readout.
This reference measurement with pre-modified COOH groups yield in a high current peak
at about -0.5 V. Both signals, the positive and control measurement, were evaluated with
the peak-analyser method in the NOV A software to determine the current peak magnitude.
The dashed lines are the baseline for the signal and the Acurrent in pA represents the
electrochemical active species in the measurement setup. All current peaks were evaluated
accordingly and for each surface modification the pos and control were compared in Figure
49. It can be shown, that the modification of SWCNT-COOH on the SPE, the reference
measurement, exhibits the highest current for the positive measurement, of more than
25 uA, while the gFET readouts generate a current less than 1 pA. This is due to the
different dimensions between the SPE and Micrux sensing area and the fact that SWCNT
have an increased surface area, due to their 3D structure. The experiments were also carried
out on biotinylated Au-slides to verify the surface modification of the SPR slides, shown
in Figure 50 (A). The comparison of all signal-to-noise rations, determined by the ratio of
positive to control experiment are shown in Figure 49 and Figure 50 (B). The surface

modification with pyrene carboxylic acid, dissolved in THF leads to the highest S/N-ratio
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of almost 10, comparable to the modification of the Au slide with a ratio of 8.9, and double

the SWNCT S/N.
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Figure 48: The plots show the differential pulse voltammetry readouts of different surface
modifications. A: Screen-printed electrodes with SWCNT-COOH. The heights of the peaks
are evaluated as shown with arrows in the plot. B: Reduced graphene oxide with
immobilized pyrene carboxylic-acid (PCA) dissolved in methanol, C: PCA dissolved in DMSO
and D: PCA dissolved in THF. The red lines are the positive readouts after the
immobilization of amine-5’-PNA-3’-biotin and alkaline phosphatase complexation. The
black lines are the control experiments, where the activation of the carboxylic-acid was
left out. The SPE results are the reference measurements with pre-modified carboxylic-
acid groups on the surface, while the rGO surfaces must be modified with a pyrene
carboxylic-acid linker to immobilize the bio-recognition element.
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SWCNT pre-modified with COOH rGO with PBA immobilization in MeOH, DMSO and THF
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Figure 49: Comparison of SWCNT with COOH-groups and rGO gFETs with different solvents
for pyrene carboxylic acid immobilizations. The responses are the peak heights of each
surface modification after the enzymatic reaction to convert hydroquinone diphosphate
to hydroquinone, an electrochemical active species. It can be observed, that the
functionalization of rGO with PCA in THF results in the highest peak and leads to the
highest signal-noise ratio (S/N) of 9.97, indicating a successful surface modification with
PCA dissolved THF.
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Figure 50: The differential pulse voltammetry readout of the enzyme reaction on Au-slides
with 3,3’-Dithiodipropionic acid di(N-hydroxysuccinimide ester), short DTSP, modification
is shown in (A). The control experiment was without immobilized biotinylated PNA (COOH
not activated), hence there was no biding site for the enzyme to convert HQDP to HQ. The
control experiment indicates the non-specific adsorption to the Au-surface. The signal-
noise-ratio (S/N) is around 8.5 and indicates a successful surface modification with DTSP

(B).

83



Performance of diazonium treated gFET

The immobilization of TIPS-Eth-ArN>* was carried out with 5 cyclic voltammetry
cycles from -0.6 V to +0.6 V. The reduction is most prominent in the first cycle and
decreases each cycle due to the fact, that the surface modification is self-inhibiting after
the TIPS-protected diazonium is attached to the surface, show in Figure 51 (A). The direct
electron transfer from a redox-couple in solution is hindered if the deposition of the TIPS-
Eth-ArN>* was successful. The cyclic voltammetry experiment indicating a successful
surface coverage is show in Figure 51 (B) on the gFET. The comparison of a gFET before
the deposition yields to a prominent oxidation peak at 0.25 V and a reduction peak at 0.2 V
(black curve). After deposition of the TIPS-protected diazonium, the current decreases (red
curve), indicating a blocked surface. After the TIPS deprotection, the redox current returns
to the level of the unmodified gFET due to the successful deprotection. Figure 51 (C) shows
the cyclic voltammogram of the “clicked” N3-Ferrocene compound on the surface. The
redox reaction of ferrocene covalently immobilized on the gFET surface exhibits peaks at
0.463 V and 0.385 V (AE =78 mV). The integration of the area below the curve indicates
a surface coverage of I' =4.37 107! mol/cm?, whereas the maximum surface coverage at a
densely packed ferrocene is I'max: 4.4 107'° mol/cm?. The calculated coverage of I'/T'max is
therefore 0.993%. Due to the wrinkled rGO surface and 3D arrangement of the ferrocene
molecules it can be discussed the real maximum surface coverage I'max is higher, but the

degree of immobilization still exceeds non-covalent immobilization strategies by far.
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Figure 51: The cyclic voltammograms of click chemistry on graphene. The rapid decrease
in (A) indicates a successful deposition of diazonium, forming only a mono layer on the
graphene surface. (B) represents the successful TIPS deprotection and in (C) the clicked
ferrocene exhibits oxidation and reduction peaks, proving a successful clicking. The
calculated surface coverage I of ferrocene is approximately greater than 95%.
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After the click chemistry was proven to work with electrochemical experiments,
the surface morphology of graphene after the harsh treatment with diazonium is shown
with SEM images of CVD graphene. Figure 52 shows the results of the surface

modification before and after diazonium treatment.
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Figure 52: The diazonium treatment of CVD graphene leads to a cleavage of parts of the
monolithic graphene layer. While the CVD graphene after deposition shows minor cracks,
but a completely coverage of the drain-source channel (A), the CVD graphene after the
radical attachment exhibits substantial defects and removed graphene parts in the FET
channel (B).

The diazonium treatment for the covalent surface modification leads to a lift-off of
CVD graphene from the glass substrate. The adhesion layer of CVD graphene was formed
by Triethoxyphenylsilane but forms a non-covalent bond to graphene. The resulting
electrical properties of partially removed CVD graphene have to be investigated with IpVg
curves to investigate if the chip can be used as a bio-sensor. These damages were not

observed on reduced graphene oxide.

IpVg curves and mobility

Due to the covalent surface modification and the observed damages, visible in SEM
images, it is necessary to determine the functionality of the graphene substrate after the
harsh treatment with diazonium. Morphological investigations, such as SEM imaging were
successful to prove the presence of the substrate, but the electrical properties need to be
investigated for further sensing properties. The transfer characteristic of the graphene FET

is a parameter to observe the semiconducting properties of the channel material and to
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compare the before and after state. In Figure 53, the IpVg curves of rGO FET (A) and CVD
graphene FET (B) before and after diazonium treatment are shown. The slope of the p-type
curve (left of the Dirac point) was evaluated using a linear fitting to obtain the value for

myin and calculate the mobility.
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Figure 53: The IpVs curves before and after the diazonium treatment lead to only minor
changes of the transfer slope for reduced graphene oxide (A), while the CVD graphene
exhibits a significant increase of more than a ten-fold for miin (slope). The diazonium attack
of the graphene lattice improves the semiconducting properties for CVD graphene.

The mobility of the gFET can be calculated from the slope of the linear fit, as
previously reported in Chapter 2: Mobility calculation with eq 7. The results of the mobility
u for rGO and CVD graphene FETs are:

2 2 2
UrGO = 725 cm /VS Mdiazonium = 740 €M /VS HUdeprotected = 877 cm /VS

Mevpg = 142 M7/, Magproteeed = 1638 M7/ paierea = 1619 €M/,

After verifying the existence of rGO and CVD graphene on the surface with SEM imaging,
it can be also observed, that the semiconducting properties of both graphene substrates are
still present. Interestingly, the mobility uoc increases with the diazonium treatment on
rGO by about a 1.2-fold, while the mobility pcvpg of the deposited CVD graphene and the
herein fabricated FET increases by more than a ten-fold, precisely by an 11-fold. This
behaviour was observed for an entire batch of diazonium treated FETs and makes the CVD

graphene FET suitable for sensing.
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Discussion

This chapter about different surface modifications of CVD graphene, reduced
graphene oxide and gold shows several different approaches to visualize weather an
immobilization strategy works or cannot be used for further bio-sensing. The discussed
methods cover the non-covalent immobilization with pyrene derivates on graphene and the
covalent immobilization strategy of diazonium treatment. Furthermore, covalent
functionalization of gold slides is shown and the successful immobilization of bio-
molecules was shown.

The reported blocking strategies to avoid non-specific binding (NSB) to the sensor
surface were proven to work up concentrations of 10 uM of the sticky protein lysozyme.
The synthesized pyrene-polyethylene glycol molecule with 34 repetition units is best suited
for the deposition and blocking of NSB. It outperformed the standard blocking strategy
used in ELISA, the BSA blocking. Furthermore, the PyPEG34 allows the mixing with
pyrene-carboxylic acid to specifically immobilize a capture probe on the surface, leading
to the conclusion that this is a practical way to modify the gFET surface. Experiment to
determine the ratio of blocking agent PyPEG34 and PCA for functionalization show, that a
ratio of 1:10 is best suited to have a sensor surface that is selective and specific at the same
time. The strategy of a 1:10 ratio was also adapted for the functionalization of Au slides,
while here the immobilization was with the well-established covalent thiol chemistry.

Unfortunately, XPS measurements on immobilized aptamer on the gFET surface
exhibit minute signals of less than 0.2 at% and cannot prove the successful aptamer linking
to the graphene surface. The investigation of the best solvent for PCA was carried out with
amino-modified polystyrene nanobeads and amino-terminated PNA strains. The
nanobeads could be depicted with SEM imaging after immobilization to the graphene
surface. The quantification with a graphical image processing tool lead to a maximum
surface coverage of 7%. Differential pulse voltammetry of enzymatic reactions was
exploited to determine the best solvent for the non-covalent immobilization of pyrene-
carboxylic acid. The nanobead immobilization and enzymatic DPV readout indicated both
the best immobilization strategy for PCA: dissolve 1 mM of PCA in THF and apply 4 times

a droplet on the surface until evaporation.
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The covalent functionalization of graphene leads to promising results for surface
chemistry. The immobilization of azide-terminated “click”-molecules was extensively
proven and results in outstanding surface coverage rates of approximately 95%. The
extremely high packing density of immobilized molecules and the controlled formation of
monolayer formation on the surface make this linking strategy to one of the most promising
tools for graphene bio-sensors. A positive side-effect of the diazonium treatment could be
observed: the huge increase of charge mobility within the CVD graphene after the
diazonium deposition makes this material probably most useful for bio-sensing
applications. The transfer characteristic of the chips indicate a comparable stable and
reproducible gFET architecture with high surface functionalization rates.

Due to the establishment of the covalent diazonium deposition method at the end of this
project, it was not possible to perform bio-sensing experiments with “clicked” bio-
recognition elements. The detailed results of the diazonium treatment on graphene can be

found in the publication Mishyn et al. 2019. ''*

Manuscript #2:

Before proceeding, the publication proving the working principles and covalent
surface modification of reduced graphene oxide by diazonium salt and the further usage of

“click” chemistry is attached, herein referred as Mishyn et al. 2019. '!*

Mishyn, V., Aspermair, P., Leroux, Y., Happy, H., Knoll, W., Boukherroub, R. and
Szunerits, S., 2019. “Click” Chemistry on Gold Electrodes Modified with Reduced
Graphene Oxide by Electrophoretic Deposition. Surfaces, 2(1), pp.193-204. doi:
10.3390/surfaces2010015

88



surfaces WW\D\PE

Article

“Click” Chemistry on Gold Electrodes Modified
with Reduced Graphene Oxide by
Electrophoretic Deposition

Vladyslav Mishyn !, Patrik Aspermair 12, Yann Leroux 3

Rabah Boukherroub ! and Sabine Szunerits 1-*

, Henri Happy !, Wolfgang Knoll 24,

1 Univ. Lille, CNRS, Centrale Lille, ISEN, Univ. Valenciennes, UMR 8520—IEMN, F-59000 Lille, France;

vladyslav.mishyn@univ-lille.fr (V.M.); patrik.aspermair@univ-lille.fr or patrik.aspermair@cest.at (P.A.);

henri.happy@iemn.univ-lille.fr (H.H.); rabah.boukherrroub@univ-lille.fr (R.B.)

CEST Competence Center for Electrochemical Surface Technology, 3430 Tulln, Austria;

wolfgang knoll@cest.at

3 Univ. Rennes, CNRS, ISCR—UMR 6226, Campus de Beaulieu, F-35000 Rennes, France;
yann.leroux@univ-rennes1.fr

4 AIT Austrian Institute of Technology, 3430 Tulln, Austria

*  Correspondence: sabine.szunerits@unvi-lille.fr; Tel.: +33-3-62-53-17-25

check for
Received: 22 January 2019; Accepted: 8 March 2019; Published: 18 March 2019 updates

Abstract: The coating of electrical interfaces with reduced graphene oxide (rGO) films and their
subsequent chemical modification are essential steps in the fabrication of graphene-based sensing
platforms. In this work, electrophoretic deposition (EPD) of graphene oxide at 2.5 V for 300 s followed
by vapor treatment were employed to coat gold electrodes uniformly with rGO. These interfaces
showed excellent electron transfer characteristics for redox mediators such as ferrocene methanol
and potassium ferrocyanide. Functional groups were integrated onto the Au/rGO electrodes by
the electro-reduction of an aryldiazonium salt, 4-((triisopropylsilyl)ethylenyl)benzenediazonium
tetrafluoroborate (TIPS-Eth-ArN) in our case. Chemical deprotection of the triisopropylsilyl function
resulted in propargyl-terminated Au/rGO electrodes to which azidomethylferrocene was chemically
linked using the Cu(I) catalyzed “click” chemistry.

Keywords: reduced graphene oxide; electrophoretic deposition; surface chemistry; click chemistry

1. Introduction

Accurate analysis of the presence of disease-specific biomarkers in biological fluids remains
of great importance in clinical settings [1] and electrochemical sensors can reach that goal by
converting a chemical or a biological response into a processable and quantifiable electrochemical
signal [2]. Graphene and its related derivatives have generated great expectations as a transducing
platform in biosensing, due to their good mechanical properties accompanied by biocompatibility,
electrical conductivity and fast charge transfer kinetics [3—-6]. A mandatory step in the production of
biosensors is the modification of graphene-based materials with recognition elements. Covalent and
non-covalent strategies have been employed, including amide bond formation and 7—t interactions,
among others [7-9], to integrate surface functionalities and ligands onto graphene-based transducers.
The development of these approaches depends on having robust graphene-coated interfaces at
hand. Next to drop-casting and spin-coating of reduced graphene oxide (rGO) suspensions onto
electrical interfaces, electrophoretic deposition (EPD) has been shown to be an effective technique
for manipulating graphene oxide (GO) suspensions with the aim of producing graphene-related
films [9-13]. The ability of EPD to be applied to different materials and to control the thickness of
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the deposits has been well known for a decade [14,15]. EPD has gained increased interest as an
alternative processing technique for the deposition of various nanomaterials ranging from metal oxide
particles [16] to carbon nanotubes [17]. EPD is also relevant to the development of graphene-based
coatings in a cost-effective manner [13,18]. Its capacity to be used in more complex, integrated electrode
systems is an advantage over drop-casting and other less defined deposition techniques [10,11,19-24].
The group of Boccaccini added intensively to this field by deepening our understanding of EPD
through the investigation of GO-EPD kinetics as a function of deposition time and potential [12].

To design a powerful electrochemical sensor, working with highly reduced graphene oxide
nanosheets formed by EPD is required. Cathodic EPD would be the preferential approach, as it
allows the simultaneous deposition and reduction of GO to rGO [9]. The presence of carboxyl and
hydroxyl functions on GO results in an overall negatively charged material of about —41.3 & 0.8 mV
for aqueous GO suspensions. Migration to the anode rather to the cathode occurs upon applying
a DC voltage [13]. The anodic EPD of GO results in GO with a low degree of reduction during the
deposition process. Thermal or chemical reductions [25] are necessary to restore the aromatic network
in order to obtain a material with good electron transfer properties. This is one of the reasons why GO
is often charged with a cationic polymer (e.g., polyethyleneimine) [8] or metallic cations (Ni**, Cu?*,
etc.) [21-23] to achieve a positively charged GO nanomaterial, which can be deposited by cathodic EPD.
The presence of polyethyleneimine (PEI) has been shown to be advantageous for the integration of
surface ligands and the formation of an immunosensor for the selective and sensitive electrochemical
detection of uropathogenic Escherichia coli [8], the detection of dopamine in meat [20] and Ni2* for the
construction of non-enzymatic glucose sensors operating in a basic medium. However, the formation
of well-reduced rGO by EPD free of metal ions and other surface ligands remains a challenge.

In this study, we evaluate the effect of applied electrical current and applied voltage on the
electrochemical behavior of electrophoretically deposited rGO on gold thin film electrodes. It is shown
that the use of a voltage bias of 2.5 V for 5 min results in rGO thin films of good electrochemical behavior.
These films can also be submitted to further surface modification using diazonium electrochemistry
without altering their adhesion characteristics.

2. Materials and Methods

2.1. Materials

Potassium hexacyanoferrate(Il) ([K4Fe(CN)¢]), hydrazine hydrate, phosphate buffer tablets
(PBS, 0.1 M), tetrabutylammonium fluoride (TBAF), ferrocenemethanol, copper(ll) sulfate (CuSOy),
L-ascorbic acid, EDTA and N-butylhexafluorophosphate (NBuyPFs) were purchased from
Sigma-Aldrich and used as received. Graphene oxide (GO) powder was purchased from Graphenea,
Spain. 4-((triisopropylsilyl)ethylenyl)benzenediazonium tetrafluoroborate (TIPS-Eth-ArN,*) was
synthesized as reported previously [26].

Azidomethylferrocene was synthesized according to Reference [27].

Au thin film electrodes were prepared by thermal evaporation of 5 nm of titanium and 40 nm of
gold onto cleaned glass slides.

2.2. Electrophoretic Deposition

Before electrophoretic deposition, the gold electrode was cleaned by UV /ozone for 5 min, rinsed
with acetone and water and dried under a nitrogen flow. The deposition took place in a two-electrode
system with a platinum foil (1 cm?) as the cathode and the cleaned gold surface as the anode (0.5 cm?).
The electrodes were placed in parallel to each other at a fixed distance of 1.5 cm. An aqueous GO
solution of 1 mg mL~! was used for the EPD. Voltage biases of 1.25V, 2.5V, 5V or 10 V were applied
using a potentiostat/galvanostat (Metrohm Autolab, Utrecht, The Netherlands) for 5 min. The modified
gold electrodes were slowly withdrawn manually from the solution and dried in a horizontal position
under ambient conditions for 1 h. After the deposition was complete, the modified electrodes were
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placed into a Teflon autoclave (45 mL) and sealed with 1 mL of hydrazine hydrochloride. The autoclave
was heated to 80 °C and kept under a constant temperature for 4 h. The interfaces were then removed
and gently washed with water.

2.3. Surface Modification

2.3.1. Diazonium Chemistry

The electrografting of 4-((triisopropylsilyl)ethylenyl)benzenediazonium tetrafluoroborate (TIPS-
Eth-ArN,*) (1 mM) in 0.1 M NBuyPF; in acetonitrile was performed using cyclic voltammetry with a
scan rate of 50 mV s~ ! for five cycles between +0.60 V and —0.75 V vs. Ag/AgCl. The electrodes were
rinsed with copious amounts of acetonitrile and acetone and dried under a stream of argon.

2.3.2. “Click” Chemistry

Before “click” chemistry, the TIPS protection group was removed by the immersion of the
Au/rGO-TIPS surface into tetrabutylammonium fluoride (TBAF, 0.05 M in THF) for 20 min. The Au/
rGO interface was then immersed into an aqueous solution of CuSO, (10 mM) and L-ascorbic acid
(20 mM) in the presence of azidomethylferrocene (0.83 mM in THF) and left for 1 h under an argon
atmosphere. The interface was then treated with an aqueous solution of EDTA for 10 min to chelate
any remaining Cu?* residues and finally washed copiously with acetone and water and left to dry.

2.4. Surface Characterization Techniques

2.4.1. Scanning Electron Microscopy (SEM)

SEM images were obtained using an electron microscope ULTRA 55 (Zeiss, Paris, France)
equipped with a thermal field emission emitter and three different detectors (EsB detector with
filter grid, high efficiency in-lens SE detector and Everhart-Thornley Secondary Electron Detector).

2.4.2. X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was performed in a PHI 5000 VersaProbe-Scanning
ESCA Microprobe (ULVAC-PHI, Osaka, Japan) instrument at a base pressure below 5 x 10~° mbar.
Core-level spectra were acquired at a pass energy of 23.5 eV with a 0.1 eV energy step. All spectra
were acquired with 90° between the X-ray source the and analyzer. After the subtraction of the
linear background, the core-level spectra were decomposed into their components with mixed
Gaussian—Lorentzian (30:70) shape lines using CasaXPS software. Quantification calculations were
conducted using sensitivity factors supplied by PHI.

2.4.3. Electrochemical Measurements

Electrochemical measurements were performed with a potentiostat/galvanostat (Metrohm
Autolab, Utrecht, The Netherlands). A conventional three-electrode configuration was employed using
a silver wire and a platinum mesh as the reference and auxiliary electrodes, respectively.

2.4.4. Micro-Raman Analysis

Micro-Raman spectroscopy measurements were performed on a LabRam HR Micro-Raman
system (Horiba Jobin Yvon, Palaiseau, France) combined with a 473 nm laser diode as the excitation
source. Visible light was focused by a 100 x objective. The scattered light was collected by the same
objective in backscattering configuration, dispersed by a 1800 mm focal length monochromator and
detected by a CCD.
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2.4.5. Atomic Force Microcopy (AFM)

Tapping mode AFM images in air and ambient temperature were recorded using a Bruker
Dimension 3100 AFM (Bruker, Champs-sur-Marne, France). The surfaces were imaged with a silicon
cantilever (AppNano TM300, typical spring constant: 50 N/m) working at a frequency of 369 kHz.
Image treatment and root mean square (RMS) roughness R, were obtained with WSXM software
(Bruker, Champs-sur-Marne, France). Surface roughness of the samples was measured by scanning
overab X 5 um area.

2.4.6. Profilometry

The thickness of the deposited films was determined by using an optical profilometer
(Zygo New View 6000 Optical Profilometer with MetroPro software). This equipment uses non-contact,
three-dimensional scanning white light and optical phase-shifting interferometry, has vertical z-scan
measurements ranging from 0.1 nm to 15,000 um and has capabilities of 1 nm height resolution with
step accuracies better than 0.75%. Images were taken with a 10x lens with a 14 mm field of view.

3. Results

3.1. Electrophoretic Deposition

The process for the formation of stable electrochemically active reduced graphene oxide (rGO)
thin films on gold thin film electrodes is schematically depicted in Figure 1A. It is based on a two-step
process in which, after EPD at 2.5 V for 5 min, the full reduction of GO to rGO is obtained by immersion
into hydrazine vapor for 4 h. The use of a potential of 2.5 V proved to be of high importance in the
process. Initial investigation revealed that the electrical current signature changes significantly at
voltages greater than 2.5 V (Figure 1B), where the electrical current passing through the interface
increases during the first 25 s before stabilizing. In contrast, at potential biases of 2.5 V and lower,
a decrease of the electrical current is first observed before its stabilization. Indeed, due to the insulating
character of GO, the electrical current should decrease during the deposition process as observed for
a low voltage bias. The current drop at 2.5 V is slower than that at 1.25 V. The reason for this is not
well understood, but could be due to a partial electrochemical reduction of GO under these conditions.
A similar behavior was observed by Diba et al. following the deposition of GO at 3 and 5 V [12].

The increase in current at elevated voltages indicates that next to the material deposition an
electrochemical reaction occurs, delaying surface passivation [12]. Visual inspection of the interfaces
(Figure 1C) shows clearly that the deposition occurred. However, a closer visual inspection of the
electrical interfaces (Figure 1D) reveals that the gold thin films were partially destroyed, most likely by
the gas evolution during water hydrolysis occurring in parallel at these voltage biases. This results in
the swelling of the GO deposit and eventual gold film rupture with poor film attachment.

Figure 2A shows SEM images of the different interfaces. While the films formed at 1.25 V display
granular like structures, the films deposited at 2.5 V exhibit the typical rGO-like wrinkle structures
with no evident local surface inhomogeneities and a complete and even coating of the gold thin film
interface. From the cross-section image (Figure 1A), no protrusions and hollow internal structures are
visible, indicating that at a lower potential local inhomogeneities associated with rGO formation are
avoided. The average surface roughness (R,), as determined by tapping-mode atomic force microscopy
(AFM) measurements, changed from R, = 4.1 nm (Au) to R, = 3.5 nm for Au/rGO (2.5 V deposition
potential).
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Figure 1. (A) Schematic illustration of the formation of an electrochemically active reduced graphene
oxide (rGO) thin film by anodic electrophoretic deposition (EPD) from an aqueous graphene oxide
suspensions (GO, 1 mg/mL) at a potential bias of 2.5 V for 5 min, followed by chemical treatment in
hydrazine vapor; cross-sectional SEM image of a gold interface coated with rGO using EPD at 2.5V
for 5 min. (B) Change of current as a function of deposition time using different applied potentials:
concentration of GO (1 mg/mL) in water (pH 7.5), deposition interface: gold thin film electrode.
(C) Photographic images of gold thin film electrodes before (0.00 V) and after anodic EPD of an aqueous
solution of GO (1 mg/mL, pH 7.5) for 5 min at 1.25, 2.50, 5.00 and 10.00 V. (D) Photographs of the
different interfaces obtained (objective: 10X, numerical aperture: 0.9).
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To estimate the anodic efficiency of the EPD process, the gold interface was weighed before and
after rGO deposition and reduction. To convert the deposited weight (m,go, 10 pg for 2.5 V for 5 min)
into a film thickness (d;co), Equation (1) was used:

mr X
drco (nm) = 222 M

where A is the surface area (0.8 cm? in our case) and p is the density of rGO (2.09 g cm ) [28]. A film
thickness of 59 nm was determined. This is in agreement with profilometry measurements where
a film thickness of about 55 nm was determined (Figure 2B). Samples prepared at 1.25 V for 5 min
had a deposited mass of 3 ug and an estimated rGO film thickness of 20 nm, below the acceptable
accuracy limit of profilometry to be validated. Increasing the potential to 5 V resulted in 120 nm
thick films. The Hamakar model [29] correlates the time-dependent (t = 300 s) amount of deposited
materials (m,go in g) with the electrical field strength (E, 1.6 V m~! in our case), the surface area of the
electrode (0.8 cm?), the electrophoretic mobility of GO (1.97 x 10~* cm?/(Vs)™1), the concentration of
the particle suspension (1 mg mL~1,0.001 g cm~3) and the anodic efficiency factor f (Equation (2)) [29].

Mm,co = Cgo X AXUXEXtXf 2)

In the case of f = 1, the amount of deposited rGO should be equal to m;go =47 pg. The determined
rGO amount, however, was only 10 pug, which implies an efficiency factor of f = 0.2.

As a voltage bias of 2.5 V seems to be the best condition for the EDP of rGO films onto the
gold electrodes, these interfaces were investigated in greater detail. The electrochemical behavior
of this interface using ferrocene-methanol redox couple in an aqueous solution is depicted in
Figure 2C. Whereas on a bare gold surface a fully reversible voltammogram was observed, an
irreversible voltammogram with a very small oxidation peak was observed on GO-coated gold
surfaces. To improve the electrochemical behavior of such coated gold surfaces, the interfaces were
further treated with hydrazine vapor, known for its strong reducing power. The cyclic voltammograms
of hydrazine treated surfaces were largely improved, showing a well-defined redox couple with
increased capacitance behavior as expected for rGO materials (Figure 2B, blue curve).

The chemical composition of the deposited graphene matrix was further evaluated using XPS
(Figure 2D). The high resolution Cls core level spectrum of the initial GO suspensions showed
contributions at 284.2 (C=C sp?), 285.0 (C-H/C-Csp?®), 286.7 (C-O) 288.7 (C=0) and a small
contribution at 291.0 (O-C=0). The C1s XPS core spectra of GO-coated gold surfaces revealed similar
contributions with different intensities. In particular, the band at 284.2 eV due to C=C sp2 increased
compared to the GO solution, indicating the partial restoration of the sp? network of the deposited
graphene material. The XPS of GO-coated gold showed additional bands at 285.0 and 286.7 eV with
a large band at 288.0 eV due to C=0. The hydrazine reduction of the GO-gold interfaces resulted
in a decrease of the epoxy/ether functions at 286.7 eV, in accordance with a partial reduction of GO
mostly likely due to the elimination of CO by a Kolb-like mechanism [12,13]. The ketone groups
remained preserved.

The Raman spectrum of GO-coated gold surfaces before and after hydrazine reduction (4 h)
is presented in Figure 2E. The increase of the D/G ratio from 0.86 to 0.97 after hydrazine chemical
reduction was observed.

Figure 3A summarizes the electrochemical behavior of a neutral redox species, ferrocene methanol,
on bare and GO-coated gold surfaces after the hydrazine chemical reduction. The electrochemically
active surface area of the different electrodes was determined by plotting the peak current as a function
of the square root of the scan rate (Figure 3B), according to Equation (3) [30]:

A = slope/ (268600 x n*2 x D2 x ) (3)
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where n is the number of electrons transferred in the redox event (n = 1), D is the diffusion coefficient of
ferrocene methanol (7.5 x 107 cm? s~ 1) and c is the concentration of ferrocene methanol (1 10~ mol
cm~3). Taking into account the experimentally determined slopes (9.265 x 10~ AV!/2 s71/2 for Au
and 9.980 x 1075 AVY/2s~1/2 for Au/rGO), the active surfaces of 0.126 cm? (naked gold) and 0.136 cm?
(Au/rGO) were determined. By plotting the current density vs. potential (Figure 3B), a larger current
density was detected on the EPD coated gold interface due to the excellent electrochemical behavior of
the interface. This is in agreement with the deposition of an electrochemically active 3D rGO material.
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Figure 2. (A) SEM image of gold thin films before and after EPD from an aqueous graphene oxide
suspension (GO, 1 mg/mL) at different potential biases for 5 min. (B) Thickness of reduced graphene
oxide as a function of applied potential (t = 5 min). (C) Cyclic voltammograms recorded on gold
thin film electrodes (black), after EPD from an aqueous graphene oxide suspension (GO, 1 mg/mL)
at a potential bias of 2.5 V for 5 min (red); after further reduction with hydrazine (blue) using
ferrocenemethanol (1 mM)/PBS (0.1 M), scan rate = 100 mV s~ 1. (D) Cls high-resolution spectra
of GO (black), EPD GO (red) and further reduced GO (blue). (E) Raman spectra of the EPD film formed
at 2.5 V before (red) and after hydrazine reduction (blue).
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Figure 3. (A) Cyclic voltammograms recorded on gold thin film electrodes (black) and after EPD and
further reduction with hydrazine using ferrocene methanol (1 mM)/PBS (0.1 M), scan rate = 100 mV
s~1. (B) Cyclic voltammograms recorded on gold thin film electrodes (black) and after EPD and further
reduction with hydrazine using ferrocene methanol (1 mM)/PBS (0.1 M), scan rate = 100 mV s L

3.2. Surface Modification Using Diazonium Electrografting

To validate the stability of the formed interface, efficient covalent modification based on the
electroreduction of a triisopropylsilyl-protected ethynyl diazonium salt was performed (Figure 4A).
Covalent surface modification of graphene-based materials using the electroreduction of aryldiazonium
salts is a popular approach as it allows the introduction of different chemical groups. The major
drawback of this approach is the difficulty to control the extent of the reaction—notably, to limit the
reaction to the formation of a functional monolayer. The highly reactive nature of the formed aryl
radical results in the formation of disordered polyaryl multilayers, which in the case of a sensor might
limit the dynamic range of sensing. The introduction of bulky substitutions on the ArN,* moieties
limits radical addition reactions and allows the formation of ultrathin functional layers [26,31,32].
On the basis of this concept, the precursor 4-((triisopropylsilyl)ethylenyl)benzenediazonium
tetrafluoroborate (TIPS-Eth-ArN,*) was used for the formation of an organic thin film on Au/rGO.
The layer was obtained by potential cycling in a solution containing TIPS-Eth-ArN,* (Figure 4B).
As observed by cyclic voltammetry, the reduction peak of TIPS-Eth-ArN,* at —0.2 V decreased
rapidly after five cycles, indicating the blocking of the Au/rGO electrode. Compared to glassy carbon
electrodes, the reduction peak shifted to more negative potentials [26]. The blocking properties of the
layer was further investigated by recording the cyclic voltammogram of the oxidation of ferrocene
methanol in water before and after the electrografting process (Figure 4C) and was found to be typical
of a totally blocked electrode.

To have access to the acetylene function, the modified Au/rGO-TIP surface was immersed
into tetrabutylammonium fluoride (TBAF, 0.05 M in THF) at room temperature. The success of the
deprotection step was evidenced by the recovery of the ferrocene oxidation signal, being almost
identical to that obtained on Au/rGO (not shown). The deprotected substrate was further treated by
“click” chemistry (Huisgen 1,3-dipolar cyclization) using azidomethylferrocene, as first reported by
Gooding et al. [33]. The success of the integration of ferrocene units onto the Au/rGO electrodes was
seen from the presence of the Fe2p component in the XPS survey spectrum (Figure 5A). In the absence
of copper catalyst, no click reaction took place and no Fe2p component could be recorded. Figure 5B
shows the cyclic voltammogram of the ferrocene-modified electrode examined in electrolytic ethanol
solution. A surface concentration of I' = 2.5x 10~!? mol cm~2 of bound ferrocene groups was derived
from these measurements using Equation (4):

[ =Q/nFA 4)

where Q is the passed charge, n is the number of exchanged electrons (n = 1), F is the Faraday constant
and A is the electroactive surface of the electrode determined as 0.136 cm?. Considering the ferrocene
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molecules as spheres with a diameter of 6.6 A, the theoretical maximum coverage for an idealized
ferrocene monolayer can be estimated as I' = 4.8 x 10719 mol ecm~2 [34]. In our case, about half of the
full coverage was achieved.
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Figure 4. (A) Covalent modification of Au/rGO electrodes using a silyl-protected diazonium
salt followed by tetrabutylammonium fluoride (TBAF)-based deprotection and “click” reaction
using azidomethylferrocene as a model compound. (B) Electroreduction of 4-((triisopropylsilyl)
ethylenyl)benzenediazonium tetrafluoroborate (TIPS-Eth-ArN,*) on Au/rGO, scan rate 50 mV s~L
(C) Cyclic voltammograms of ferrocene methanol (1 mM)/0.1 M PBS of rGO/Au before (blue) and
after modification with TIPS-Eth-ArN,*
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Figure 5. (A) High-resolution Fe2p X-ray photoelectron spectroscopy (XPS) core-level spectrum of
ferrocene modified Au/rGO interfaces. (B) Cyclic voltammograms in acetonitrile/ NBuyPFg 0.1 M),
scan rate 100 mV s~ 1.
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4. Conclusions

In conclusion, by applying a low EPD voltage of 2.5 V, the deposition of partially reduced
graphene oxide film can be formed on gold thin film electrodes in a homogenous, and mechanically
and chemically stable manner. Further reduction of the films in hydrazine vapor results in reduced
graphene oxide-coated substrates showing excellent electron transfer characteristics. The films proved
to be of high robustness and could be further modified via the electroreduction of aryldiazonium
salts. Using a protection—deprotection approach allows the immobilization of a functional monolayer
which can be further functionalized by Cu(I)-catalyzed “click” chemistry. We have demonstrated that
a densely packed ferrocenenyl monolayer can be efficiently integrated on these rGO-modified surfaces.
Due to the versatility and mild conditions of the “click” chemistry reaction, a wide range of functional
groups can be immobilized on such surfaces. These results pave the way for the use of this technology
for the modification of more complex electrode configuration such as screen-printed or flexible
integrated electrode arrays and the integration of surface ligands for sensing-related applications.
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4. Chapter:

gFET/SPR measurement tool

To guarantee stable and reproducible measurement conditions over a long period
of time it is important to have a measurement tool for the produced gFET with defined
specifications and settings. Beside characterization of the devices, it is important to
continuously measure the modulated current between drain and source, Ips during binding
events, store the data and process it, if necessary. Therefore, a data logger with visualization

of the ongoing measurement is required and shown in this chapter.

Materials and Methods

This section shows all used materials and software tools to measure the graphene
FET in the laboratory environment. The tools apply for the experiments in the static and

flow cell of Micrux, as well as the created gFET/SPR flow cell.

Source measure unit

A standard device to characterize semiconductors like field-effect transistors is a
source meter unit, SMU, that has the capability to measure the current while applying a
voltage. The most important parameters for such a device are the resolution (typical fA),
low current measurement capability (typical pA) and a long-time stability with low drift
over hours and days. The initial experiments on the produced gFET devices where
performed on two-channel source measure units from Keithley Instruments: the
SMU 2612B and the SMU 4200, depicted in the Figure 54 A and B. These high-end
measurement devices provide versatile units to specify newly developed semiconductors

but are overpowered for bio-sensing applications. It is only possible to measure one device
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a at a time, because both channels are utilized for the field-effect transistor. The
measurement circuit is depicted in Figure 54 C, where two channels are connected to one
FET. The parameters for each channel can be adjusted individually to completely

characterize the device.

B C
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Figure 54: Source measure units to characterize semiconductors with high accuracy and
high resolution down to the fA range. Both channels of the source measure units are
required to measure one field effect transistor.

As an alternative, a common gate electrode could be used to modulate two or more
FETs at the same time. That is only allowed, if the leakage current Igace of the Gate electrode
is less than 1% of the drain source current Ips. Under the assumption, that the drain-source
conductivity of a graphene FET is at any time high enough, such a configuration can be
used to measure two gFETs with a common gate electrode. The expected ohmic resistance
of each sensor chip can be expected to be below 300 Q due to a stable manufacturing
practice and a sufficient rGO surface coverage on the drain-source sensor array. Hence,
when applying a voltage of 50 mV to the drain and source terminal the current will be in
the range on hundreds of pA to mA. The need for a high accuracy SMU isn’t given for the
present measurement specifications. Commercial alternatives to a high priced and bulky
SMU are available, like the measurement device U2722A from Keysight Technologies,
shown in Figure 55 (A). The advantage of this device is the presence of three independent
controllable channels, where two can be used to measure simultaneously two gFETSs, while
the third channel controls the gate. The circuit diagram for the Ip/Vs characterization of

two gFETs parallel is shown in Figure 55 (B).
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Figure 55: A: Three channel Keysight U2722A alternative to expensive and bulky source
meter units for the simultaneous measurement of two gFETs. B: electrical circuit diagram
to measure two gFETs with a common gate electrode.

Software: gFET measurement utility

A software module controls the SMU U2722A to achieve reproducible results
during all experiments. The gFET measurement utility takes over all task of setting the
parameters for the measurement, running the experiment and logging the measured data.
The customized requirements for the software tool contain the following requirements:

e Adjust parameters for the measurement:
o Vbs, Vaae, current ranges, Start and Stop potentials, repetitions
e Read and save configuration files for measurements
e Measure the Ips current once a second and plot it vs. time
e Measure the transfer characteristic IpVg
e Evaluate the Dirac point shift and slope change
e Export all measurements in an excel table at the end of the experiment
e Control two gFETSs simultaneously

The programming environment Labview™ 2016 from National Instruments offers

all driver components to connect the hardware Keysight U2722A via USB and provides a

graphical user interface (GUI) for a good working platform on the computer.
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Flow cell 1: micro fluidic design

The commercially available flow cell from the company Micrux Technologies
provides a micro fluidic device for electrochemical experiments, where all electrodes are
planar on a glass substrate with dimensions of 6 x 10 mm. Typically, such sensors chips
consist of two or three electrodes, working electrode (WE), counter electrode (CE) and
optional the reference electrode (RE) to measure electrochemical properties on the surface
or in solution. Figure 56 shows the flow cell base (ED-AIO-CELL), the lid (FC-PMMA-
3,5) and the sensor chip with two interdigitated electrodes (ED-IDEI-Au), available at
Micrux Technologies. These components are commercially available from Micrux
Technologies and can be connected via standard USB-mini cable to a potentiostat to

perform measurements.

A B C

Figure 56: A: Flow cell for electrochemical experiments with a microfluidic lid to inject
analytes in a precise volume. B: assembled flow cell. C: Sensor chip with two interdigitated
Au electrodes with a size of 6 x 10 mm. The sensor chip can be inserted in the flow cell and
is connected to a USB plug, accessible at the back of the cell. All parts are available at
Micrux Technologies.

The commercially available lid is not suited for a liquid gated FET experiment. The
interdigitated electrodes of the standard Micrux chip (ED-IDEI1-Au) can be used as drain
and source electrodes, while an additional AgCl wire is necessary in the lid as a gate
electrode on top of the sensor chip. Micrux Technologies produced the adapted lid
according to 3D design, shown in Figure 57. The 3D parts were all designed with Autodesk
Inventor and the lid was produced of Poly(methyl methacrylate) PMMA.
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Figure 57: The flow cell was re-designed to implement a gate electrode inside the
measurement chamber. A: Customized microfluidic flow cell lid, produced by Micrux
Technologies according to 3D drawing for the integration of a AgCl wire on top of the
sensor chip. B: detailed view to in- and outlet of the microfluidic system. The cylindrical
center was implemented to insert the gate electrode.

Flow cell 2: gFET/SPR

The aim of this work is to create a research platform to compare the performance
of electrical field-effect transistors with optical surface plasmon resonance for bio-sensing
experiments. When the results of two independent techniques are compared, it underlies
mismatches between the two systems. Variations in the flow rate and temperatures due to
different set-ups yield errors in binding kinetics measurements. To sort that out, a novel
approach for simultaneous measurements of optical and electrical sensor signals within one
flow cell is shown in this work. SPR bio-sensors are commonly composed of a planar thin
gold film coated glass slide that is adjusted for plasmon excitation. In the event of an
incident light from the backside through a glass prism, the Kretschmann configuration,
plasmons are excited and can be observed as the missing component of the reflected light
in the resonance angle. The gold slide is modified with capture molecules, which, in case
of binding events change the resonance angle of the plasmons. Typically, the gold slide is
assembled in a flow cell to wash a buffer solution containing the analytes over the sensing
area. Liquid gated field-effect transistors for bio-sensing comprise of a similar flow cell
architecture. The gold slide of the SPR set-up can be used as gate electrode instead of a
AgCl wire. It is necessary to assemble a sandwich of the drain-source electrodes on one
side with the gate electrode on the other side of a liquid channel. The gold slide has now

two functions: for the electrical FET it is the gate electrode and for the SPR configuration,
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it exhibits the surface plasmons. The essential components for the gFET/SPR set-up are

the gold slide, the drain-source electrodes and a gasket, shown in Figure 58.

A B C D

Figure 58: A: Planar SPR slide with 2 nm chromium and 50 nm gold on a microscope glass
slide, working also as gate electrode. B: FET sensor chip with interdigitated electrodes as
drain and source terminal. C: first approach of gasket in the gFET/SPR assembly with a
channel height of 3 mm. D: second iteration microfluidic gasket with a channel height of
400 um.

Figure 59 shows the approaches of combining the SPR in a Kretschmann
configuration with a gFET in one flow cell, fabricated in a fused deposition modeling
(FDM) process, a specific method of 3D printing. All FDM parts were fabricated with the
Ultimaker S5 and two different filaments: polylactic acid (PLA) as building material and

polyvinyl alcohol as water soluble support material.
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Figure 59: A: Ultimaker S5 for fused deposition modeling (FDM) of the necessary parts for
the gFET/SPR flow cell. B: PLA filament as molding material, PVA as supporting material C
and D: both designed 3D models of the gFET/SPR flow cells (blue) in combination with all
required parts to assemble the sandwich for the measurement. E and F: molding forms for
the PDMS gaskets. Figure D and F show the second iteration step towards the gFET/SPR
system.

The gasket between the gold slide and the field-effect transistor was designed
according to the requirements of the created flow cell. The in- and outlet of the molded cell
are perfectly aligned with the gasket’s openings in the 3D design file. With an FDM process
the flow cells and molds for the PDMS gaskets were fabricated. The first approach of
combing the electrical chip with the SPR slide contained a 3 mm thick PDMS gasket,
connected to tubing with syringe needles. The first gFET holder and the 3 mm gasket are
later referred as 3 mm flow cell. This first gFET/SPR flow cell was the proof of principle
and lead to the second iteration of the flow cell, later called uCell with a microfluidic gasket

of only 400 pum liquid channel height.
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Gasket for uCell

It was necessary to create a molding form to produce the 400 um high gasket for
the puCell with its unique properties. The special feature about this gasket is the 3D channel
architecture. Commonly, a sealing gasket has only two-dimensional features which are cut
out of a Polydimethylsiloxane, called PDMS, foil or produced in a lithography step. The
required gasket needs to seal the channel between the in-/out-let and the sensing are on the
gFET side, because of a gap between the molded part and the sensor chip, shown in Figure

60.

glass prism

glass slide

Au surface
gasket

flow cell

)y, b

inlet gFET chip outlet

Figure 60 The sketch illustrates the important detail of the uCell: the microfluidic
combination of the gFET (bottom) and the gold slide (Au surface). On the left and right
side are the in- and outlet for injecting solutions containing the analytes. The gasket, in
red, seals the channel between gFET and SPR surface. The yellow squares mark the gap
between the gFET holder (blue) and the gFET chip, sealed by the unique gasket design.

The gasket is asymmetrically designed between inlet and outlet. The inlet side
opens like a funnel towards the measurement spot, in the center of the gasket. A spacer dot
between top and bottom part is implemented inside the funnel to avoid a lift off from the
gFET surface. The outlet side reduces the cross section rapidly to avoid trapping air

bubbles.

PDMS gasket fabrication

Once the molds for the 3 mm and pCell gaskets were fabricated, the PDMS gasket
can be produced. Standard microscope slides (25 x 75 mm) cover the molding forms to
make a sealed chamber for casting the liquid PDMS. The polydimethylsiloxane solution is

prepared right before the casting for good pouring properties. The source of the PDMS is
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the Slygard 184 kit from Sigma Aldrich. The monomer and the curing agent are mixed in
a ratio of 10:1 and stirred with a glass spatula for 10 minutes to assure a homogenous
mixture. Air bubbles immerse in the solution during this process, which are removed in a
desiccator for 15 minutes under vacuum. The liquid siloxane solution is carefully poured
into the top of the molding forms in an upright position. The molds are put inside a vacuum
oven at 35 °C over night for the curing the PDMS. The final silicone elastomer shows all
features of the designed molding form and can be used in the gFET/SPR flow cells after

removing under isopropanol alcohol rinsing with a tweezer.

Tube connection to the gFET/SPR flow cells

The first model of the gFET/SPR flow cell with the 3 mm gasket is connected with
two syringe needles of diameter 0.75 mm with a length of 35 mm. One side of the needle
is connected to silicone tubes SC0002 from Ismatec, with an inner diameter of 0.25 um.
The tip of the syringe is inserted through a guidance hole in the gFET holder to plunge
inside the 3 mm gasket. This step is repeated for inlet and outlet.

To connect the in- and outlet tubes to the uCell it was necessary to tap 1/16” screw
threads for standard HPLC tube end fittings, like Bola F 702-38. PTFE tubes with an outer
diameter of 1/16”, like Sigma Aldrich 58702 are inserted. The PTFE tubes are attached to
the terminal pieces Kinesis 002310 for a good sealing in the final mounting position. This

allows a rapid disassembly of the flow cell.

Fabrication of printed circuit boards

A copper etching technique was used for rapid prototyping of printed circuit boards,
to create the required connections between the measurement equipment and the gFET. The
base material for the PCB boards are 1.6 mm thick copper laminated (60 um) fiberglass
plates. The raw copper sheet is polished with a fine sandpaper of grit size P1200 to remove
the copper oxide layer. Subsequently, the sheet is washed briefly with water and remaining
grease residues are rinsed off with acetone. All PCB boards are designed using the layout

software Eagle V7.6.0., laser printed on transparent overhead foil (Avery, A4) and
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transferred to the copper board using and heat plate. A heat plate is preheated to 140 °C
and the copper plate placed on it with the copper upside. The printed circuit on the overhead
foil is placed on the board, with the laser printer toner facing to the copper. A cork matt
covers the PCB and for 5 minutes a constant pressure is applied to transfer the toner onto
the copper. After the 5 minutes, the PCB is immersed in cold tapped water to cool it down
rapidly and remove the foil. The copper layer of typically 60 um is etched in a sodium
persulfate solution (Sigma Aldrich, CAS Number: 7775-27-1) with a concentration of
20 g/100 mL in the 50 °C bath under constant stirring. Only copper exposed to the etching
solution is removed. Figure 61 shows the designed PCB boards for Keysight/gFET
connections, using standard USB connections.

AT [ B C D

0]
asp '19

20.32

Figure 61: lllustration of the designed printed circuit boards for the connection of the
gFET/SPR cell to the source measure unit. A and B: Eagle layout file and 3D visualization
of the gFET/SPR connector board. C and D: Eagle layout file and 3D visualization of the
Keysight U2722A USB connector board. A standard USB-A to mini cable connects the
measurement set-up.
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Results of gFET/SPR design

All results from the creation of the measurement system, the developed software
tool and the novel gFET/SPR flow cells are listed. The realization of all these tools were a

corner stone of the present work, without the project would have been possible.

Measurement set-up for the gFET and gFET/SPR

The combination of the new source measure unit Keysight U2722A, the designed
liquid gated Micrux or SPR flow cells and the developed software tool “gFET measurement
utility 4.4 guarantee a reproducible way to perform all gFET and gFET/SPR experiments
throughout this project under stable conditions. To connect the SMU with the gFET
measurement flow cells it was necessary to create an adapter to a standard USB cable.
Beside the availability of such standard USB-A to USB mini cables, it is impossible for the
user to connect the devices wrong. The mechanical stability was achieved with an in house

produced connector board, shown in Figure 62.

Figure 62: A: Connector board to a standard USB-A plug for both drain-source channels.
B: Connected USB cables to the SMU. The gate electrode is connected to the shield of the
USB cable for the gFET/SPR flow cell and to a wire for the Micrux flow cell, shown in C. D:
The connection of the Keysight U2722A source meter unit to the Micrux flow cell with a
USB cable and a wire for the liquid gate electrode. The gFET/SPR flow cell and Micrux gFET
flow cell are connected for parallel measurements.

The USB housing connects the gate electrode to the shielding of the cable for a gate
connection in the gFET/SPR flow cell, while a wire connects the gate electrode of the new

Micrux flow cell, re-designed to include a gate electrode. The developed software fulfills
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all requirements stated in Chapter 4: Software: gFET measurement utility and Figure 63

shows the final version of the gFET measurement utility.

control panel IV, curve and slope fit dirac point shift (V) slope change (pA/V)

surement tool 4.4 Id (t)

gatecurrent vs. tim ) .

Figure 63: The software “gFET measurement utility V4.4” is controlling the Keysight
U2722A, logging the measured data and plots the data of the running experiment. Further
features are the automated evaluation of the Dirac point and the slope of the transfer
characteristic of each gFET (IpVs curve).

The gFET measurement utility V4.4 allows the adjustment of all parameters,

required to start the measurement with the Keysight U2722A.

Graphical user interface (GUI)
In the control panel sets the gate and drain-source voltages, current ranges and time
values for a voltage sweep. Furthermore

Transfer characteristic IpVg
The recording of the Drain-Source current Ips or short Ip during the Vg sweep yields
a so-called IpVg curve. All IpVg curves represent the interfacial properties of the
gFET at the moment of measurement. It is a sweep of the gate voltage Vg from the
start to the stop potential in discrete voltage steps per time units, adjusted in the
GUI by the user.

Dirac point and slope evaluation
Surface charges, ionic double layer and molecule adhesion on the surface influence

the parameters of eq 2, causing a shift in the Dirac point and the slope of the transfer
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characteristic. The automated evaluation of the Dirac point shift, in V, and slope change,
in uA/V, were implemented in the software and the results are plotted in real time during
the experiment, shown in Figure 63. The Dirac point is the minimum of each IpVg curve,
plotted as the voltage value vs. time, while the slope is evaluated either from the n-type or
p-type branch of the curve. The user chooses the evaluated direction and length of the slope,
according to the Dirac point. The settings “slope start” in mV and “slope length” in
percentage define the considered data points for linear regression. It is not advisable to
choose 100 % because the center of the Dirac point has a slope of 0 uA/V, therefore the

linear regression would yield a high error.

Repetitions, automation and Dirac time

Automation in measurements makes the experiment easier and leads to reproducible data.
The user adjusts the time delays and number of repetitions for the IpVg curves. In case of
holistic studies for the changes of surface properties, a continuous IpVg measurement is
necessary. The novel technique called “Dirac time” records transfer characteristics during
the entire experiment and plots the shift of the Dirac point and slope variations as a function
of time. The logged data contains kinetic in case of binding events on the gFET

architecture.

As an additional interface, it was adapted to measure the electrical gFET and optical
SPR signal at the same time, where the input signal for the channel two is provided by the
locked-in amplifier of the SPR measurement set-up. Figure 64 shows the simultaneous
readout of the gFET (upper graph) and the SPR signal (lower graph). The signal shows the
simultaneous read-out of a layer-by-layer assembly, further discussed in Chapter 5: Layer

by layer measurements.
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Figure 64: Demonstration of electrical and optical readout in the combined gFET/SPR
measurement tool 4.4. The upper halve plots the transfer characteristic and the real-time
In(t) readout, while the lower graph is the recording from the optical SPR machine, at a
certain adjusted angle.

Exported Data

Once the measurement is finished, the gFET measurement utility exports a Windows Excel
spreadsheet with all logged and processed data. The output file is shown in Figure 65 and
Figure 66. The entire data set for both channels during the experiment is automatically

saved on the hard drive for further data processing and documentation.
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A E C D E F G H 1 bl -

1 |time N-DS) 1 time Dirac Point 1 time Slope 1 W-{Threshold) 1

2 |sec A sec v sec WA/ mY \

3 0 376,027425 10965 0,09 10965 -639,65 0,611

4 b 376,46993 11025 0,11 11025 -539,79 0,740

5 2 376,719157 11086 0,1 11086 -504,29 0,795

[ 3 376,861572 11177 0,09 11177 762,57 -0,308

7 4 376,907348 11227 0,1 11227 776,72 -0,295

8 5 377,003987 11278 0,1 11278 773,45 -0,297

] & 377,176592 15577 0,06 15577 712,435 -0,365

10 7 377,288818 15627 0,07 15627 731,78 -0,5342

il 8 377,390543 15678 0,08 15678 74615 -0,326

12 9 377,400716

13 10 377,548218

14 11 377,461751

15 12 377,792358 -
Timel | DVG1 | Time2 | IDVG2 | gate )] [ »

Figure 65: The gFET measurement utility 4.4 creates an Excel spreadsheet with the
measured and calculated values during the experiment. Separated sheets store the data
for both gFETs measured simultaneously, including the Dirac point shift, the slope and
the threshold voltage V7.

A B C D E F G H 1 J [
1 |W\-(Gate) I\-(DS) 1
2 |v A
3 |number 1 2 3 0| 1 2 3 0|
4 |time 10965,13867 1102542676 11085,71582 0o 11177,17285 1122746289 11277,75195 v} 15577 15|
5 -0,5 761,138916 739,013672 729,125977 -0,3 563,812256 560,882568 562,225342 -0,3 580,108
[ -0,49 749,908447 727,152507 717,753092 -0,29 557,383219 554,646381 555,124918 -0,29 572,814
T -0,48 738,382976 715,667725 705,759684 -0,28 550,526937 547,241211 547,8007 -0,28 564,992
8 -0,47 727,193197 704,376221 694 3868 -0,27 543416341 540,395101 540,781657 -0,27 557,647
9 -0,46 717,010498 694,091797 683,492025 -0,26 536,539713 533,589681 533,894857 -0,26 550,109
10 -045|  706,634521|  683,746338)  673,034668 -0,25|  530,049542 527,1403|  526,855469 -0,25| 542,653
1 -0.44|  696573893|  673,878988|  663,543701 -0,24|  523376465|  520,253498|  520,273845 -0,24| 535135
12 -043|  687,266032|  664,296468) 653727214 -023|  516916911| 514200845 513783772 -023| 527,923
13 -042|  678,029378| 655222575  644,582113 -0,22|  510,945638|  507,832845|  507,588705 -022| 520,833
14 -0,41 6683,93514 645,433512 636,189779 -0,21 504,811605 501,89209 501,790365 -0,21 513,671
15 -0,4 660,583496 638,559977 627,614339 -0,2 498 860677 495,859782 495788574 -0,2 506,847,

Timel | IDVG1 | Time2 | IDVG2 | gate &) [ 3

Figure 66: The Excel spreadsheet contains all measured IpVs curves including the time
stamp to associate the transfer characteristic to a specific binding event on the gFET
substrate.

Assembly of gFET/SPR cells:

After all parts were fabricated with the Ultimaker S5, they were cleaned and
assembled as shown in Figure 59. The 3 mm flow cell requires a soldering step to connect

the gFET chip with the Keysight U2722A, while the uCell is attached with a USB mini
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cable. A connector board for the uCell was designed and fabricated in house. Figure 67

shows the assembled components in the gFET/SPR configuration.

A B C

Figure 67: The pictures show the designed and produced connectors and flow cells for the
gFET/SPR architecture. A: USB connector board for Keysight U2722A. B: gFET connector
board for uCell adapter with USB mini plug. C: Fused deposition modeled uCell adapter for
the gFET/SPR configuration. D: Assembly of uCell with the glass prism. The 400 um gasket
can be seen inside the prism, where it is pressed against the SPR gold substrate.
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Discussion

This chapter shows the development of a completely new measurement set-up,
using a commercially available source meter unit with three channels to measure two
gFETs and apply on the third terminal a gate voltage. The new developed software package
for the user to control all channels of the SMU, start measurements in different modes and
store the data in an Excel spreadsheet is in its final version suitable to measure any gFET
bio-sensing event. The gFET measurement utility 4.4 contains a novel measurement
technique to observe the Dirac point shift and slope change during the real time
measurement. This new feature in FET bio-sensing aims a comprehensive way to study the
kinetic of binding events, not only by a fixed gate voltage or a transfer characteristic after
the binding event is finish, but a real time monitoring of the influence of ligands to its
binding partner, immobilized on the sensing surface.

In combination with a FET micro fluidic flow cell, such as the new fabricated
Micrux cell and the novel development of the gFET/SPR cell, this tool can be used as a
research platform to investigate binding phenomena. The Micrux cell has the advantages
of fast assembly and commercial availability. The disadvantage is caused by the
architecture: the modification of the gate electrode is not possible with the AgCl wire,
therefore all experiments have to be carried out on the rGO surface, at the drain-source
channel substrate. The surface chemistry for bio-functionalization can be a difficult task
and needs to be adapted for each substrate. The gFET/SPR micro fluidic device enables
the use of a standard Au slide with established thiol-chemistry and can benefit from a dual
measurement system with optical and electrical readout. The first approach with the 3 mm
flow cell was the first attempt of combining the gFET with the SPR device. Once the
working principle was tested, the system could be improved with a microfluidic gasket and
a better way for assembly. The here shown improvements from a 3 mm high measurement
chamber towards 400 um was a big leap for the rapid solvent change inside the cell. The
required volume is drastically decreased, and a laminar flow is available inside the
chamber. The gFET connector board makes the system compatible with a daily lab practice
and the USB connection to the source measure unit decreased connection problems. The

herein developed gFET/SPR setup, combined with the electronic measurement tool and
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facile usability of the software package provides a platform for bio-sensing applications

for future researcher.
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5. Chapter:

Measurements with gFET and SPR

This chapter applies the knowledge gained throughout the Chapters Introduction,
Fabrication of graphene FETs and gold slides, Surface Modifications and gFET/SPR
measurement tool, to perform electrical gFET and optical SPR measurements on the sensor

surfaces.

Materials and Methods

At the beginning of this work, electrical measurements on the gFET were carried
out independently from the optical surface plasmon resonance measurements. The
surfaces, such as graphene FETs, gold slides and graphene/gold slides were fabricated
according to the protocols of Chapter 2: Fabrication of graphene FETs and gold slides.

Initially, optical SPR experiments on CVD graphene were carried out on a
commercial SPR system from Sensia, the Indicator-G. The prisms for this device were

purchased directly from Sensia, already coated by Graphenea with a CVD graphene layer.

Human Papilloma Virus protein

The first aptamer experiments were carried out on CVD graphene coated gold
surfaces in an SPR system Indicator-G (Sensia). The functionalization of graphene was
demonstrated and discussed in Chapter 3: Surface Modifications and consists of the surface
architecture for specific binding of the analyte and blocking of non-specific bio-molecules.
A self-assembly layer of pyrene-carboxylic acid and pyrene-PEG mixture was applied
before the bio-recognition element was immobilized. An amine-terminated Aptamer was

immobilized on the EDC/NHS activated surface. The sequence for the best suitable ssSRNA
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aptamer originates from a SELEX process and was determined among six candidates with

the highest affinity to the human papilloma virus protein !>

Layer by Layer assembly

The combination of the optical SPR and electrical gFET measurement creates the
possibility of simultaneously recording the refractive index change and the influence on
surface charges on the bio-sensor surface. To observe and understand the difference
between positively and negatively charged species on the surface, a layer by layer assembly
of alternating charged species was carried out. The optical signal represents the change of
refractive index upon mass deposition on the surface. These adsorbed molecules on the
surface lead to a collective new order of charges on the gate electrode, modulating the
drain-source current of the graphene FET. The electrical readout is based on sensing of
continuous deposition of different charges, redefining the electric double layer or the
electrostatic field'. The formation of PDADMAC/PSS polyelectrolyte multilayer films, so
called PEM, was used to obtain differently charged surfaces in a controlled experiment.
The electrostatic interaction supports the alternating adsorption of PDADMAC
poly(diallyldimethylammonium chloride) and PSS poly(sodium 4-styrenesulfonate) on the
Au-surface .

The experiment was carried out with the novel gFET/SPR measurement setup and
the polyelectrolytes with different charges were injected to the surface using a peristaltic
pump at a flow rate of 50 uL/min, while the optical and electrical responses were

monitored. The details are show in publication Aspermair et al. ''®

Biotinylated gold surface

The surface of the SPR slide was modified with biotin, following the procedure
reported in Chapter 3: Gold slide biotinylation. The experiment was carried out in the
gFET/SPR setup, were only the golds slide was functionalized. The specific binding events

of avidin, neutravidin or streptavidin to the biotin leads to an increase in surface mass and
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therefore change of the resonance angel, which can be observed in a real-time SPR
measurement. The adherence of any avidin complex leads also to a charge re-distribution
on the gold slide, which works as gate electrode for the gFET at the same time. The gFET
readout signal is therefore modulated upon binding events. The binding experiments were
always observed with continuous SPR readout at a fixed angle to trace the change of
reflectance during the binding events. The gFET experiment was carried out in two
different modes: Ip(t) and IpVa.

Ip(t) mode: continuous current Ips measurement with a fixed gate voltage Vg

IpVs mode: measurement of the transfer characteristic after the binding
The two methods have both advantages: the Ip(t) can be used to evaluate the binding kinetic
for each concentration because a data point is acquired every second, while the IpVg curve
measurements cover the entire transfer spectrum of the gFET after each binding event. This
is in particular interesting, if it is not known, at what gate voltage the binding event will be

most prominent.
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Results of gFET/SPR measurements

Human papilloma virus protein detection

The detection of the human papilloma virus was carried out on the commercial SPR
Indicator-G from Sensia and on the stand-alone gFET measurement flow cell. The results
for the human papilloma virus protein titration from 7.5 nM to 1000 nM are shown in
Figure 68. The titration of insulin was performed at the end of the HPV protein titration to
observe the non-specific interaction on the rGO surface. Since the protein has a similar
molecular weight of around 60 kDa, it would lead to a similar non-specific interaction on
the surface. The response to an insulin concentration of 1000 nM is around 4 pA,
comparable to the specific signal at 7.5 nM HPV-protein concentration. A concentration of
three orders of magnitude higher to this, 1 mM, was injected to exhibit a response of insulin
on the gFET. This demonstrates that the anti-fouling surface modification suppresses the

non-specific interaction, while specific interaction occurs at 7.5 nM.
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Figure 68: The graphs show the titration of the human papilloma virus protein to an HPV-
aptamer modified surface. A: sensorgram illustrates the change of the SPR signal on
binding events. The right sensorgram (B) shows the electrical rGO gFET readout upon
specific binding. Both experiments were carried out on the same day with the same surface
modification on graphene. Both sensor responses contain the exponential fit upon binding
events for further investigation of the binding kinetics involved at different concentrations.

The exponential fits upon binding events were evaluated and are plotted in the
Figure 68. The time constant of the exponential equation represents the affinity of the

ligand to the capture probe at different concentrations. If this value is inserted in the
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Langmuir equation, the half-saturation value can be determined, which represents the
dissociation constant Kp. Figure 69 illustrates the different Langmuir curves for the optical

SPR and electrical gFET sensor responses.
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Figure 69: The evaluation of the exponetial binding kinetic at different concentrations
from the sensorgrams results in the Langmuir plot. The dissociation constant Kp can be
determined at half-saturation of this representation. The values of the optical (A) and
electrical readout (B) differ, while the surface functionalization is the same. The electrical
gFET response represents a Kp of 10 times lower than the optical SPR experiment.

The binding of the HPV-protein to a densly packed surface, a more losely packed
surface and to a scrambled, but anti-fouling surface are shown in Figure 70. The SPR sensor
exhibits the highest magnitude of around 200 response units at a loosely packed surface
coverage. The CVD graphene surface was modified with a 1:10 ratio of aptamer linker and
anti-fouling agent. A high packing density of the HPV-aptamer without any anti-fouling
agent leads to a reduced sensor response. The non-specific surpression with the pyrene-
PEG anti-fouling agent is shown with the sensor response at 1 uM HPV-protein injection.
The latter surface was modified with a scrambled DNA sequence that has no affinity to the

protein.
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Figure 70: A comparison of different surface modifications of CVD graphene/Au-SPR
prisms is shown. The injection of 1 uM HPV-protein results in the highest magnitude for
spacially modified surfaces, while the densly packed HPV-aptamer has a lower signal
magnitude upon bining. The control experiment with an immobilized scrambled aptamer
exhibits a relatively small response, due to the pyrene-PEG anti-fouling surface
modification.

The increased binding signal at 1 uM for a diluted aptamer surface coverage can be
explained with possibility for the protein to access the binding site of the aptamer easier.
A more loosely packed arrangement of aptamers increases the amount of binding proteins
to the capture probe, hence increasing the signal amplitude, as shown in Error! Reference s

ource not found..

Titration of different pH solutions in gFET/SPR setup

The comparison of the graphene FET inside the Micrux flow cell with the novel
gFET/SPR flow cell is shown in Figure 71. The two systems consist of different gate
electrodes. The Micrux cell has a chloride coated silver wire, while the gFET/SPR uses the
gold coated optical SPR slide as gate electrode. Therefore, the influence of different cell
arrangements, is investigated with the titration of ionic solutions with increasing pH values.
The ionic solution consists of standard PBS buffer (pH 7.4), adjusted with 0.1 M and
0.01 M HCI solutions to the values of pH 4 up to pH 7 in 0.5 increments.
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Figure 71: The response of the graphene FET to changing pH values of an ionic solution in
two different flow cells is shown. The gate electrode of the Micrux flow cell consist of an
Ag/Cl electrode (blue), while in the gFET/SPR cell uses a gold slide opposite to the drain-
source-channel (red). While the Ips current of the gFET measurement with Vps = 50 mV and
Vs =-400mV is modulated upon changing pH values, the SPR signal remains constant. The
simultaneous optical readout is only modulated by refractive index changes, not occurring
at different pH values, shown in black.

The response of the gFET in the Micrux cell differs from the gFET/SPR cell in a
minimalistic manner. The magnitude of the signal differs according to the device-to-device
variation, which can’t be controlled better in this stage research. The SPR response remains
constant upon pH value changes, due to the constant refractive index between the pH 4.0
and pH 7.0. The measurement proves the dependency of the gFET to pH concentrations,
related to the variations of the electrical double layer formation on the two interfaces in the

liquid channel between the gate electrode and the drain-source-channel.

Layer by layer measurements

The deposition of polyelectrolytes onto the SPR surface with simultaneous optical
SPR and electrical gFET readout is shown in Figure 72. While figure (A) represents
recorded SPR signal for two different experiments, (B) shows the gFET readout Ip(t) upon
layerdeposition. The blue curve represents the experiment carried out at a fixed gate
voltage VG=--400 mV, while the red curve is the result of a positive gate voltage

Vi = +400 mV applied to the gFET.
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Figure 72: The in-situ readout of the gFET/SPR during the growth of a layer-by-layer
assembly. The red bars represent the injection of PDADMAC (layer 3, 5, 7) and the blue
bars represent the time of injected PSS (layer 4, 6, 8). The experiments were performed
with two different gate voltages for the gFET: V¢ = +400 mV (red) and -400 mV (blue). The
signals in (A) are the mass uptake upon layer deposition, monitored by SPR and (B) are the
charge displacements on the surface for different polyelectrolytes and their charges.
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Figure 73: The comparison of the two gFETs before and after the polyelectrolyte
depositions are shown. The transfer characteristics of Ve =-400 mV (blue) and +400 mV
(red) gFETs experience both a change in their magnitude after the deposition. It can be
noted, that the slope in the p-type regime (-400 mV) is steeper than the n-type (+400 mV).
It correlates with a more prominent response for chip (A) during the Ip(t) measurement.
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The SPR signal shows expected behavior upon deposition of each polyelectrolyte
layer. The rinsing after each layer with KCI stabilizes rapidly and proves that the layer
remain on the surface. Each Layer was deposited and rinsed long for exactly 15 minutes to
establish a static condition for the SPR readout. The gFET on the other hand was even after
15 minutes prone re-arrangement processes, visible at every deposition step in Figure 72
(B). The explanation for this behavior can be found in the re-orientation of charges on the
surface of the polyelectrolyte, as well as within the layer. The diffusion of ions into the
layer causes as slow process of surface charge fluctuation. This can be attributed to the
alternatingly charged polyelectrolytes: depositing the positively charged PDADMAC
results in an increase of the signal for a gFET with the gate voltage of +400 mV applied.
The deposition of the negative PSS layer decreases the current Ips. For a gate potential of
-400 mV the response is exactly mirrored, although with different magnitudes.

The combined system of gFET and SPR in one flow cell enables the simultaneous
observation of mass deposition and surface charge re-orientation. Due to the fact, that the
gFET detection principle is based on the modulation of surface charges, this system can
used to study the electrical properties of the system and maybe derive an equation for each

binding couple.
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Figure 74:The raw signals of the measured gFET and the SPR signal are shown in one graph
with an exact time stamp overlay of the layer-by-layer deposition. Beside the measured
deposition of polymers on the surface, also the gate-source leakage current is shown in
the graph as a purple line at 0 uA. The gate leakage current is a parasitic phenomenon
and should be small. The here observed signal has approximately 200 nA, without any
variations above the noise level and therefore can be neglected.
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An outstanding property of graphene can be observed in Figure 74: the gate current
I remains at any time during the entire measurement constant and below 200 nA. This
proves the ability graphene to work in aqueous solutions without the coating of the drain
and source electrodes to avoid a high leakage current. The ratio of leakage current to drain-

source current Ips, is below 1% of, for this experiment at about 0.2%, therefore negligible.

Biotin — Streptavidin interaction

The results of the biotin streptavidin binding upon a biotinylated gold slide for the
plasmon surface and at the same time acting as gate electrode are shown in Figure 75. The
SPR signal with the binding of different concentrations of streptavidin from 1 nM to 1 uM
are shown in (A), while in (B) the SPS angular scan for the gold slide is shown before and
after the streptavidin depositon. The angular scan was used to determine the surface mass
density of streptavidn bound to the surface throughout the experiment. It was calculated to
be 194.22 ng/cm? of streptavidn. The artefacts in the SPR signal, looking like a sawtooth
signal originate from the IpVg curves measured after the sensor was exposed to each
streptavidin concentration.
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Figure 75: The titration of streptavidin and the specific binding to the biotinylated Au-slide
is shown in (A). The SPR signal increases upon mass uptake at different streptavidin
concentrations. The sawtooth artefacts are induced by the IpVs curve measurements of
the gFET, because the Au slide is as well the gate electrode of the gFET. (B) shows the
angular scan before and after the streptavidin binding. A surface mass density of
194.22 ng/cm? were calculated afterwards.
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Figure 76: Binding of streptavidin to the immobilized biotin changes the IpVs curve of the
gFET (A). The transfer characteristic was measured after each streptavidin concentration
and the slope on the left side of the Dirac point is plotted versus the concentration (B).

The recorded IpV g curves after each streptavidin concentration are plotted in Figure
76 (A). Upon binding events, the slope of the IpVg curve changes and the slope increase
can be used plotted versus the concentration, shown in Figure 76 (B). The herein
demonstrated readout is modulated by the attachment of streptavidin to the biotinylated
surface and can be read simultaneously in the electrical and optical system. The change in
slope can now be attributed to a surface mass increase of 194.22 ng/cm? and further

attributed to the surface charges incorporated by the amount of proteins.

Biotin — Neutravidin interaction

A protein with a similar binding kinetic as streptavidin to biotin, but differently
charged is neutravidin. The gold surface, used as SPR slide and gate electrode for the gFET,
was modified with biotin and different concentrations of neutravidin were injected to the
sensor (0.2 nM to 25 nM). The sensor response of the gFET and of the SPR were recorded
simultaneously and are shown in Figure 77. It can be observed, that the binding of 0.78 nM
neutravidin generates a response of the gFET, while the sensitivity of the SPR is too low
to induce a response. It can be noted, that after each neutravidin titration, the signal

increases in the PBS buffer, which is a similar behavior as observed in the LBL assembly.
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Figure 77: The optical (top) and electrical (bottom) measurements of neutravidin binding
to a biotinilated gold-surface are shown in these figures. The measurements were
performed simultanously in an assempled gFET/SPR flow cell, where the titration of
Neutravidin started at 0.2 nM up to 25 nM. Both, the SPR and the gFET exhibit binding
readouts upon neutravidin binding. Interestingly, the gFET signal exhibits an increase of
the signal already at 0.78 nM, while the SPR signal remains in a steady equilibrium.

The gFET signal always increases upon neutravidin injection and starts to stabilize
in the buffer solution. As well as in the layer-by-layer experiment, it can be noted that
during buffer rinsing the sensor response indicates charge re-distribution. This

phenomenon can be studied to investigate binding activity of bio-molecules.

Human Papilloma Virus IpVg analysis

The binding of the human papilloma virus protein E7 (HPV-E7) to the specific
aptamer was beforehand shown in an SPR experiment on the commercially available
“Indicator-G” (Sensia) and on the gFET in the Micrux flow cell. The assembly of the
gFET/SPR setup leads to changes in the assembly and surface architecture. Whereas in the
previous experiment, the aptamer was immobilized on graphene, for the gFET/SPR
combination it was immobilized on the gold surface, which is the gate electrode for the

gFET and the optical resonance substrate for the SPR.
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Figure 78: The binding of the HPV-E7 protein to the specific binding aptamer in the
gFET/SPR setup, immobilized on the gold slide, working as SPR and GFET signal. The
electrical signals were measured as IpVs curves after each concentration was injected to
the surface. It can be observed, that the Dirac point of the IpVs curves shifts to a more
positive voltage upon binding events, even at low concentrations as 7 nM, whereas the
SPR signal is does not exhibit changes.

Figure 78 shows the measurements of the IpVg curves after each injected
concentration (A). This leads to discrete time intervals for the acquired signals. A virtual
In(t) can be generated afterwards by selecting all currents at a certain voltage, here -
400 mV. The datapoints plotted verses the recorded time stamps are shown in (B). It can
be observed, that the concentration of 7 nM exhibits a significant signal of a 9 uA, caused
by the specific binding of the protein to the aptamer on the gate electrode. Simultaneously,
the SPR signal remains constant until the concentration of 31.25 nM, where the signal is

still not very prominent in terms of optical readout.
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Discussion

The initial experiments on separated graphene surfaces for SPR and graphene FETs
indicated that the two systems behave different, due to the two entirely separated transducer
principles. SPR measurements change the optical reflectivity upon binding events on a bio-
sensor arrangement, caused by the increasing mass on the bio-interface. The drain-source
current Ips through a field-effect transistor, such as the here presented gFET, is modulated
by the charge re-distribution on the surface of the semiconductor. But although those two
sensor platforms have very different transducing principles to convert molecule attachment
to the surface, both share a similar architecture: a functionalized surface inside a flow cell,
connected to a pump to inject the analyte and the response to the change in concentration
is recorded over time. The herein presented gFET/SPR device consists of the gFET and
SPR surface within one flow cell, reading the same binding events at the same interface,
just with different transducing principles. The results in this chapter show, that the
combination of the two sensing principles lead to a versatile tool where the effects of mass
uptake and charge re-orientation on one surface can be observed simultaneously and in
real-time, as shown in the layer-by-layer deposition. ''® The measurements of biotin-
neutravidin and biotin-streptavidin experiments show the detection of protein binding in
both devices, while the gFET has a lower limit of detection: the neutravidin binding to the
surface can be observed already at 0.78 nM, whereas the SPR response remains constant.
This leads to the conclusion, that the deposition of small quantities of charges lead to a
modulation of the sensor response and can be exploited for sensors with lower limits of
detections. The advantage of the combination with the SPR is also the real-time
measurement of deposited molecules. The immobilized proteins or other binding sites can
be quantified with the SPR readout and the gFET can be calibrated with this value. This is
a first step towards quantification of electrical readout signals in-situ. The immobilized
ssDNA aptamer strain used for the detection of the human papilloma virus protein E7, a
biomarker for the presence of the HPV, indicates once more, that the binding signal, in the
In(t) as well as IpVe signal generation show low limits of detections at already 7 nM.

Further quantitative studies should be carried out to support this hypothesis.
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Manuscript #3:

Before proceeding, the publication proving the working principles of the gFET and
SPR combination and decoupling effects of surface charges from mass deposition is

attached, herein referred as Aspermair et al. 2019. '

Aspermair, P.. Ramach, U., Lechner, B., Fossati, S., Azzaroni, O., Dostalek, J., Szunerits,
S., Knoll, W., Bintinger, J., 2019. Dual Monitoring of Surface Reactions in Real-time
by Combined Surface- Plasmon Resonance and Field-Effect Transistor
Interrogation. manuscript submitted
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ABSTRACT: By combining surface plasmon resonance (SPR)
and electrolyte gated field-effect transistor (EG-FET) methods in a
single analytical device we introduce a novel tool for surface
investigations, enabling simultaneous measurements of the surface
mass and charge density changes in real time. This is realized using
a gold sensor surface that simultaneously serves as a gate electrode
of the EG-FET and as the SPR active interface. This novel platform
has the potential to provide new insights into (bio)adsorption
processes on planar solid surfaces by directly relating comple-
mentary measurement principles based on (i) detuning of SPR as a
result of the modification of the interfacial refractive index profile
by surface adsorption processes and (ii) change of output current
as a result of the emanating effective gate voltage modulations.
Furthermore, combination of the two complementary sensing concepts allows for the comparison and respective validation of both
analytical techniques. A theoretical model is derived describing the mass uptake and evolution of surface charge density during
polyelectrolyte multilayer formation. We demonstrate the potential of this combined platform through the observation of layer-by-
layer assembly of PDADMAC and PSS. These simultaneous label-free and real-time measurements allow new insights into complex

processes at the solid—liquid interface (like non-Fickian ion diffusion), which are beyond the scope of each individual tool.

B INTRODUCTION

Electronic sensing devices including those based on electrolyte
gated field-effect transistors (EG-FETs) have attracted
increasing attention in recent years due to their potential for
the use in compact and cost-efficient analytical devices.'™’
Despite the progress in understanding the underlying
principles and even demonstrating label-free single-molecule
detection,” no commercial EG-FET biosensor has yet entered
the market. Specifically, low reproducibility, unspecific binding,
sensor drift, and batch to batch variations have hindered large-
scale deployment of this emerging class of biosensors.” In the
early 1980s and 1990s, comparable challenges were addressed
in the field of surface plasmon resonance (SPR) biosensor
systems.'”"" Research carried out over the last decades has
paved the way for establishing this method in the market of
biomolecular interaction analysis,'> and we have witnessed the
gradual advancement of this technology for rapid detection of
chemical and biological species.'”"® SPR biosensors allow
direct label-free monitoring of molecular affinity binding events
on the sensor surface associated with changes in surface mass
density.'™'> They are probed by the confined optical field of
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surface plasmons and monitored through variations in the local
refractive index. Over the last years, progress in the
instrumentation of SPR biosensor technology has allowed for
detection of minute changes in surface mass density, enabling
analysis of molecules with low molecular weight and species
that are present in trace amounts in analyzed liquid samples.
However, they typically rely on complex optical systems that
are deployed in specialized laboratories, particularly when
combined with other techniques for measurement of additional
parameters beyond the affinity binding rates. These parameters
include identification of biomolecular interactions by coupling
SPR biosensors with mass spectrometry,'® surface-enhanced
Raman spectrometry,17 fluorescence spectroscopy,18
itoring of conformational changes of biomolecules with

or mon-
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plasmonically enhanced IR spectroscopy.'” In comparison with
these methods, EG-FET systems offer the advantage of simpler
device architecture combined with an electronic readout
principle, scalable cost-efficient production, low power
consumption, and facile integration into point-of-care plat-
forms that do not require specialists for operation.” The
measurement principle is based on sensing of complementary
changes caused by electric field effects”*" > associated with
changes in charge distribution upon capture of a target species.
This approach allows probing at closer proximity to the sensor
surface”® than SPR and has the potential to monitor effects
that are beyond the scope of the optical SPR technique, for
instance, conformational changes of biomolecule surface
reactions.”” As many biologically relevant processes are
inherently linked to mass and charge variations, fusing different
sensing techniques into one multifunctional instrument could
offer intriguing possibilities to investigate phenomena from
different perspectives. Only a few reports in this context
attempt to separate mass and charge effects,”® > and neither
offered temporal resolution, performed proper spatial coupling
of the system, nor provided a satisfying theoretical framework.

Here, we report an approach to combine SPR (optical) and
EG-FET (electronic) readouts for simultaneous and real-time
observation of optical and electronic aspects of molecular
interactions. It is realized that using a gold sensor surface
simultaneously serves as the gate electrode of the EG-FET and
as the SPR-active interface (Figure 1). We demonstrate the

Electrical

Time

Figure 1. Schematic illustration of the combined SPR/EG-FET setup.
Top Au electrode plays the dual role of SPR sensing surface and EG-
FET gate electrode.

capabilities of the developed SPR/EG-FET platform through
the real-time observation of layer-by-layer (LbL) assembly of
charged polyelectrolytes. We elucidate surface effects including
intralayer ion diffusion processes from complementary
techniques. This surface architecture represents a well-
established system that offers a simple bottom-up modification
strategy on different substrates.”’ ~*° LbL multilayers are
sequentially assembled using the attractive forces between
oppositely charged polyelectrolytes and typically characterized
after each layer deposition step. Moreover, this technology
shows great potential in multiple, diverse fields such as fuel
cells,* batteries,>” drug delivery,38 and water desalination,*”
but a better understanding of the intrinsic processes and the
resulting film properties is essential for guiding the develop-
ment of new films and specific applications.***

Real-time measurement using the SPR/EG-FET approach
offer a means to observe typically inaccessible effects associated

with the kinetics of binding and redistribution of mass and
charge density during the growth of individual layers. In
addition, the reported approach of the bifunctional sensor can
be extended in a straightforward manner for measurement of
other (bio)molecular interactions and serve to further develop
these platforms and to elucidate surface effects that neither
SPR nor EG-FET can address individually. Due to their
relatively large mass and high charge density, LbL architectures
are well-suited model systems to demonstrate the capability of
the novel platform for monitoring mass deposition and charge
distribution.

B RESULTS

SPR chemo-optical signal transduction relies on the detuning
of the resonant optical excitation of surface plasmons on a
metallic surface. It occurs due to the increase of refractive
index upon growth of a (bio)molecular assembly on the sensor
surface.'' The observed detuning of SPR can be converted into
changes in the surface mass density I' of the (bio)molecular
layer using effective medium theory."* In contrast, the
chemo-electrical signal transduction in EG-FETs is based on
the locally induced electric field variations induced by surface
charge density changes on the sensor modulating the Fermi
level,"* observed as a shift of the Dirac point V,, the voltage of
lowest conductance (Figure 2). We observed LbL assembly of
polyelectrolyte multilayers (PEM) using SPR with Kretsch-
mann configuration of the attenuated total internal reflection
method.
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Figure 2. (Top) Sequential LbL assembly monitored by a SPR system
using a planar gold surface. (a) Shift of the resonance angle as result
of layer deposition, and (b) total thickness of the adsorbed films as a
function of deposited layers. (Bottom) LbL assembly monitored in
situ by an EG-FET system based on rGO. (c) Transfer curves of EG-
FET for PDADMAC/PSS assemblies, and (d) change of the Dirac
points V; as a function of the number of adsorbed layers and their
respective charges.

The resonant excitation of surface plasmons manifests itself
as a dip in the angular reflectivity R(0) (Figure 2a). At the
resonant angle, the excited surface plasmons probe the gold
sensor surface with a PEM that was sequentially grown from
positively charged poly(diallyldimethylammonium chloride)
(PDADMAC; average molecular weight < 100 kDa) and
negatively charged poly(sodium 4-styrenesulfonate) (PSS;
average molecular weight approximately 70 kDa) during

https://dx.doi.org/10.1021/jacs.9b11835
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continuous flow (100 xL/min,). Polymer solutions (1 mg/mL
in 0.1 M KCl aqueous solution) with refractive index
ny = 1.333 were sequentially pumped over the UV—ozone
activated gold sensor surface with intermediate rinsing steps
(see Supporting Information for details). After growth of each
layer, angular reflectivity scans R() were recorded and the
thickness d, and refractive index n, of the assembled PEM
were obtained by fitting the spectra using the Fresnel
reflectivity model. Analysis was described in detail in previous
work,35 and the refractive index of PDADMAC/PSS layers was
measured as n, = 1.577 when dried in contact with air. After
swelling of the PEM in 0.1 M aqueous KCI solution, its
refractive decreases to n, = 1.476. Fitting R(O) for swollen
PEMs allows determining the dependence of layer thickness d,
on the number of growth steps, which can be seen in Figure 2b
(corresponding kinetic measurements as well as angular scans
are shown in Figure S1). In accordance with previous
reports,*” this dependence exhibits a parabolic trend, and the
average increase of Ad, = 0.95 nm was determined for the first
eight layers. The average surface mass density increase AI" per
layer associated with LbL deposition of the PEM was

determined by***’

o\
AT = Ad(n, — ns)-(a—’z) 0

resulting in AT’ = 69 ng/cm? In this equation the coefficient
0n/dc = 0.2 mm® mg™" relates the changes in refractive index
with the concentration of (bio)polymers bound to the
surface.*®

We further investigated the PEM assembly using reduced-
graphene oxide-based field-effect transistors (rGO-FET) by
monitoring the resulting Dirac point shifts AV, (Figure 2c and
2d).*** rGO-FETs were fabricated by 1)previously reported
procedures (see Supporting Information).”> All measurements
were performed in a dedicated flow cell (Figures S19 and $20).
Electrical measurements were performed by applying a 50 mV
source—drain bias and sweeping the gate potential Vg while
monitoring the current between the drain and the source Ipg
using a Keysight U2722A instrument with custom-made
LabVIEW software (Figure S21). An Ag/AgCl reference
electrode was used as a gate electrode. As shown in
Figure 2c¢, positively charged PDADMAC layers shift the
transfer curve (IpgVs) to more negative voltage values
compared to a positive Dirac shift AV, introduced by
negatively charged PSS layers, which is in agreement with
previous publications.49 The observed AV, between alternating
layers are on the order of 25—40 mV. Furthermore, the
dependence on the ionic strength of the KCI solutions was also
evaluated (Figure S11).

Interestingly, these shifts obtained from dynamic LbL-
processes are smaller than values obtained from static assembly
processes, as recently shown by our group,35 and can be
explained by the absent drying step after each layer deposition.
The drying step causes a collapse of the polymer layer and thus
increases the surface charge density o.

After determining the viability of in situ monitoring LbL
assembly using individual SPR and EG-FET measurements,
each in a separate flow cell configuration, the concept of the
dual-electro/plasmonic signal transduction was demonstrated
with the combined SPR/EG-FET tool. A S0 nm thin gold layer
used in SPR measurements with Kretschmann configuration
was simultaneously employed as the gate electrode of the EG-

11711

FET. A custom-made polydimethylsiloxane gasket defining the
flow cell volume (5 pL, 400 um flow channel thickness)
attached the EG-FET to the SPR substrate. The flow cell was
sealed using a 3D-printed holder with a commercially available
interdigitated electrode chip (Micrux IDE1) using rGO as
channel material (Figures 1, S17, and S19).

Sequential LbL growth of PEM, composed of PDADMAC
and PSS, was monitored in parallel using the optical (SPR) and
electronic (EG-FET) readout channels. The acquired sensor
response kinetics are presented in Figure 3 for the growth of
layers 3—8, revealing a stepwise increase in the SPR response
and an alternating, more complex, electrical EG-FET signal.
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Figure 3. In situ readout of the sequential growth of alternating
PDADMAC (red bars, N = 3, S, 7) and PSS (blue bars, N = 4, 6, 8)
layers by the use of SPR (upper graph) and EG-FET (bottom graph).
Device was operated with applied negative (blue curve) and positive
(red curve) Vg voltages. Baseline correction was applied to level
post-PSS I current values to zero. See Figures S1 and S13 for raw
data and gate leakage current values.

The first two layers (see Figure S1 for raw data) act as
precursor and ensure sufficient PEM coverage for the
subsequent layers.® The SPR sensor response was measured
in refractive index unit (RIU) by calibrating the sensor to bulk
refractive index changes n, (Figure S1). Prior to growth of the
second pair of PDADMAC/PSS layers (layers 3 and 4), a
baseline was established (KCI, 100 mM, 0—15 min). Then the
solution with positively charged PDADMAC was injected
(15 min), and a rapid increase in SPR response was observed
as a result of surface mass deposition. The system was rinsed
with KCI for 15 min, and a rapid small decrease in the SPR
signal was observed due to the bulk refractive index change n,
and the desorption of loosely bound polymer chains.®' Next,
the solution with negatively charged PSS was injected for
15 min followed again by a 15 min rinsing step, leading to a
similar increase in SPR signal. The growth of the first 8 layers
was linearly approximated (Figure S12) and shows a gate-
voltage dependency.

The equilibrium ASPR signal of 10—16 mRIU (and
respective surface mass density A" and PEM thickness d,,)
are in accordance with those measured in static mode and
presented in Figure 2. Interestingly, the overall surface mass
density I' of the grown PEM was about 60% higher for the
negative Vg applied to the gold surface compared to the
positive one due to the respective changes in the surface mass
density of the initial positively charged PDADMAC layer. Due

https://dx.doi.org/10.1021/jacs.9b11835
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to the polarizability of charged polymers, the polymer chains
exhibit instantaneous response to the electrostatic attraction by
Ves>> Hence, electrophoretic deposition occurs and the
electrostatic compensation process between cationic and
anionic polyelectrolytes is stronger, resulting in thicker films
as seen by the SPR signals (Figure S12). This corresponds to a
mean layer growth of d, = 2.82 + 0.06 nm with A" =202 +
4 ng/cm? for Vg = —400 mV and d, = 1.69 £ 0.06 nm with
Al' =121 + 4 ng/cm2 for Vg = +400 mV, as extracted from
the coupled SPR/EG-FET system according to eq 1. As the
same PEM is formed on both interfaces of the flow cell, we
further assume that both SPR and EG-FET channels respond
to the same supramolecular architecture. While the SPR is
sensitive to the binding of higher molecular weight
PDADMAC and PSS polymers, it will not respond to the
presence of low molecular weight K* and Cl™ ions. In contrast,
the EG-FET responds to charge density variations independent
of the molecular weight.

In comparison to the SPR, the response observed with the
EG-FET channel (Alpg), shown in Figure 3, shows different
behavior. In this experiment changes in Alg were measured in
time for a fixed applied gate-potential (Vg), which defines the
working point of the EG-FET system. The measured current
changes are proportional to the slope of the IpgVigg curve,
which is opposite for the set Vg = +400 mV (Figure S14).
The binding of positively charged PDADMAC polymer and
negatively charged PSS polymer is accompanied by opposite
changes in Ipg current as the binding of these polymers shifts
the Dirac point V; to more negative or positive voltages,
respectively (Figure 2c). Only the ambipolar properties of
certain semiconducting materials (such as rGO) allow for
using both positive and negative gate voltages (Vgs) and thus
investigating the electric field dependence of the LbL
adsorption.

Strikingly, trends in the EG-FET signal due to growth of
PEMs are inherently different from those observed with SPR,
in terms of both magnitude and kinetics. For example,
deposition of positively charged PDADMAC gradually
increases the Ipg current (in the case of Vg = +400 mV)
until equilibrium is reached in about 15 min, thus taking 30
times longer than the SPR signal. At the beginning of PSS
injection, a rapid increase in Ipg (in the case of Vg = +400
mV) occurs in about 1 min and overlays with a slow competing
decrease that reaches equilibrium in about 1S5 min. As
expected, the current output sign is reversed when applying
a negative gate potential (Vg = —400 mV).

A detailed investigation of the EG-FET signal reveals two
contributions, both exhibiting exponential behavior with
different time constants (Figure S2). The two processes can
be attributed to the accumulated charge density ¢ (EG-FET),
which is composed of (i) o, originating from adsorbed
charged mass density (SPR), and (ii) 6; induced by capacitive
effects, according to ¢ = o, + 0.

Changes of the surface charge density correspond to
variations of the surface potential y (Debye—Hiickel, eq 2),
thus modifying Ipg

c

NS 2)

where k = 1/1p = [(2 2%¢*ny)/(eksT)] ™%, with Debye length
Ap, ion valency z, electron charge e, ion concentration of the
bulk ny, Boltzmann constant kg, temperature T, permittivity
constant &;, and relative permittivity ¢ of the solution.

Experimental confirmation was obtained by eliminating any
capacitive contributions (o; = 0), which was realized by
replacing the gate electrode with a nonconductive substrate
(Figure S4), thus leading to o = o,. Such two-terminal devices
have been demonstrated for sensing applications.”® As shown
in Figure 4, the time constants £, for noncapacitive experiments
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Figure 4. (Left and right) Detailed signal response of layer S from
Figure 3. (Middle) Obtained capacitance contribution by subtracting
the zero-capacitance measurement from the EG-FET response upon
layer formation.

(orange dashed line) are nearly identical to the SPR response
(black solid line), which is attributed to the adsorbed surface
charge density o,. Hence, we demonstrated that the SPR mass
uptake is proportional to o, which is deduced from the
adsorbed mass using the molar weight and valency of the
monomers (Figure $12). Calculating the surface charge density
for formation of the PDADMAC/PSS multilayers, we obtain &,
= 1202 + 2.5 uC/cm?* for PDADMAC for Vgg = —400 mV
and 6, = 72.0 + 2.6 uC/cm? for Vg = +400 mV and for PSS o,
= 104.9 + 2.5 uC/cm? for Vgg = —400 mV and o, = 62.9 +
2.6 pC/cm? for Vgg = +400 mV. Subtracting the zero-
capacitance data from the EG-FET response (green solid line)
reveals the contribution of the induced surface charge density
o; (purple dashed line).

B DISCUSSION

The different nature of the SPR and EG-FET originates from
the capacitive contributions (o;), yielding additional informa-
tion about the charge distribution processes in PEMs. The SPR
signal corresponds to mass uptake, attesting to the adsorption
of long polymer chains in a fast process. Counterions
surrounding the charged polymer backbone in the bulk
solution are introduced into the PEM structure during surface
adsorption. Oppositely charged PEMs achieve their electro-
neutrality by intrinsic charge compensation, resulting in
expulsion of previously trapped counterions. This Donnan
exclusion originates from the electroosmotic pressure of
trapped counterions®* and from screening between char§e—
like polymers due to layer to layer charge neutralization.’>°
The resulting intralayer K* or CI™ flux can be described as slow
non-Fickian diffusion®”®’” to the solid—liquid interface,
modifying the surface charge density 6,.>* Hence, the potential
in the PEM layer changes over time, and a corresponding
electrical double layer forms at the polyelectrolyte interface,
extending approximately 100 nm into the ion solution
(Figure $16),”°" leading to a modulation in the local electric
field. The changes in charge distribution and ion concentration
can also be described by the chemical potential by a
thermodynamic approach (eq S19, Chapter S1C). Since our

https://dx.doi.org/10.1021/jacs.9b11835
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setup allows a direct measurement of mass and charge, we )
describe the equivalent by the more direct approach using a & J - .
theoretical model for determination of the surface charge [ g -
density utilizing a diffusion model*® 2 S @
o =
= S
o(t) = ogpy (1 — €70 + It ©) S =
a

where I is the Faraday current density at the gate. We
measured a constant gate current I¢ (leakage current, 21 nA)
during all experiments and deposition steps, thus indicating a
negligible redox potential at the electrode (Figure S13).
Therefore, we assume I; to be close to zero. The standard FET
equation for Ipg is

w

Ing = TCiH<VGS = V) Vps 4)
where W is the channel width, L the channel length, C; the
insulating layer capacitance, y the charge mobility in the rGO,
and V7 the threshold voltage. Rewriting eq 4 as a function of
the surface charge density’” and expressing the surface
potential y via the Debye—Hiickel model (see eq 2), we
obtain eq S, which describes the modulation of the observed
Ipg as a consequence of y from o; due to ion diffusion and the
depletion layer in the EDL

Vas— Vi (V
Ing = Ing o — deL v o ugi K) dv-(1 - e(_t/t‘]))
GS 0

(s)
where d, is the polyelectrolyte layer thickness. Equation S
describes the modulation of the observed Ipg resulting from
changes in the Fermi level of the rGO from the surface
potential y(Vs), which is determined by the voltage drop in
the PEMs and the potential drop at the solid—electrolyte
interface in proximity of the depletion layer (Figure S). From
eqs 2 and § it becomes clear that the corresponding potential
drop y; results in a change of the observed EG-FET signal.

The EG-FET signal after PDADMAC deposition gradually
decreased throughout rinsing with KCI solution and
equilibrated over about 15 min, while ASPR stabilized rapidly.
This observation hints at the loss of approximately 5% of the
loosely bound surface layer® into which the majority of the
ions previously diffused. The desorption results in a surface
charge density alteration and triggers the corresponding EDL
formation, leading to a minute SPR response but a distinct
EG-FET response. Our observations originate from inherent
material properties and corresponding ion interactions, leading
to different charge densities at the surface. Therefore, rinsing
with KCI after PSS deposition exhibits a less prominent but
faster change to a stable current.

The applied electric field (from Vi) effects the diffusion,
depending on the charge polarity of ions by either slowing or
accelerating the diffusion flux. To evaluate the characteristics of
the observed behavior, kinetics obtained from the EG-FET
regarding o; were used for assessment of an arbitrary time ratio
£, which is obtained from the time constant ratio of layer
deposition and rinsing (¢ = t.,/t,s) (Chapter S1c). Therefore,
we assume that the obtained time ratio £ reflects a measure for
ion affinity during diffusion, similar to diffusion-influenced
transport in transmembrane channels.®* & = 1.7 + 02 for
PDADMAC at Vg = —400 mV and 1.3 + 0.1 for +400 mV,
while obtained & values for PSS are 0.22 + 0.02 at —400 mV
and 0.32 + 0.04 at +400 mV. This is intuitive because
negatively charged PEMs layers have stronger affinities toward

PEM

O g PSS  Dielectric Probing by EG-FET
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Figure 5. Schematics of the simultaneous readout of surface mass and
charge density at the two interfaces of the combined SPR/EG-FET
platform. Upper graph demonstrates initial conditions, followed by
subsequent PDADMAC and PSS depositions under constant flow of
polyelectrolyte solutions. Left side illustrates the SPR-Au-PEM
surface, and right side represents the PEM-rGO-EG-FET. Surface
charge density variations upon layer formation lead to the gate
potential (¥) drop across the fluidic channel that is shown below.

positively charged ions in the Helmholtz layer at positive
applied V. The values of £ for PDADMAC and PSS PEMs
are different as measured with the EG-FET. Most likely the
differences of ¢ are related to the polarity of Vg, the
corresponding Helmholtz double layer ion type, and the
intrinsic charge of the PEMs. Furthermore, we speculate that
the trapping of counterions is more pronounced in PSS layers
due to ionic 7-interactions,’” leading to slower ion diffusion in
comparison to PDADMAC. Additionally, the 7—7 interactions
of the PSS layer itself could lead to a difference in interlayer
ion diffusion flux.

B SUMMARY

In summary, we herein present a powerful novel combinatorial
sensing platform which provides new insights into real-time
surface processes and enables direct measurement of surface
charge density and mass obtained from electro/plasmonic
signal transductions. We applied this platform to investigate
PEM formation using a PDADMAC/PSS system. Due to the
complementary sensing principles, the solid—liquid interface
can be investigated from different perspectives, which is crucial
as certain processes are beyond the scope of each individual
tool. For instance, sole observation of the layer formation via
SPR would suggest a completed material deposition within
60 s, whereas the subsequent slower charge diffusion takes
more than 15 min as observed by EG-FET. To the best of our
knowledge, this is the first report of a SPR/EG-FET platform
for simultaneous real-time monitoring under dynamic flow
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conditions, deconvoluting mass and charge contributions. On
the basis of experimental observations, we derived a theoretical
model to account for the evolution of surface charge density
due to PEM adsorption and intralayer ion diffusion. The
theory describes the time dependence of both mass uptake and
charge distribution, elucidated from changes of the refractive
index and surface potential at the solid—liquid interface. To
this end, we combined the Debye—Hiickel model and non-
Fickian diffusion theory to unravel intrinsic material processes.
Correlation of optical and electronic read-outs allows for the
discrimination of superimposed signals which originate from
charged mass uptake and subsequent surface charge redis-
tribution. We attribute each contribution to adsorbed and
induced components by deconvoluting the superimposed yet
time-correlated, EG-FET signal from the SPR data. By doing
so, we can interpret an optical signal such that a direct
comparison to an electronic signal is possible. Thus, our
bifunctional sensor platform is a new tool to monitor surface
events by simultaneously analyzing both the adsorbed mass
and the intrinsic molecular charges at the same surface and
under dynamic conditions. We hope these new insights can
lead to a better understanding of intrinsic processes, aid in
predicting material properties, and thus guide material and
application development.
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6. Chapter:

Conclusion

In an effort to unravel more fundamental details about the underlying bio-sensing
principles of label-free, bio-adsorption based sensors, a novel dynamic sensor platform was
developed with this work. Combining SPR (optical-) and EG-FET (electronic-) sensors in
a single analytical device, simultaneous measurements of the surface mass and charge
density variations on the same chip were realized. The sum of little steps led to the
achievements of several goals throughout this project. The cornerstone of the sensor
platform was the fabrication, characterization and optimization of the graphene FET.
Different graphene sources were investigated to fabricate a reliable FET for bio-sensing.

The functionalization of the sensor surface is equally important to detect
specifically biomolecules and to be able to avoid non-specific interactions. Many different
methods were used to evaluate qualitatively the surface functionalization with bio-
recognition elements: XPS analysis, differential pulse voltammetry, cyclic voltammetry,
SPR and SEM imaging. A sufficient non-specific blocking strategy was synthesized and
established and the combination with a specific surface functionalization could be shown.

To combine the gFET and SPR measurement to one device, it was necessary to
develop a novel flow cell with optical and electrical coupling to the analyte solution for
label-free detection in-situ, in real-time and simultaneously. Therefore, a special design of
a microfluidic gasket was developed to seal both transducer surfaces including an in- and
outlet to inject the carrier solutions.

A unique software package was developed, the gFET/SPR measurement utility, to
control the measurement setup, represent the acquired data in real-time and export the

output in a processable format for data processing. A graphical user interface enables an
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easy-to-use software for future researcher to operate the tool and generate data with this
novel platform.

The hardware development focused on the future usage for a broad community of
researchers with plug-and-play features, such as standard USB cables because of the
interdisciplinary research field, who might work on this platform.

The measurements to evaluate the performance of the gFET show already, how
versatile the platform is:

e polyelectrolyte layer-by-layer deposition
e Biotin (Vitamin B) — Protein interactions

e Aptamer — ligand interactions.

Outlook

The development of the gFET/SPR platform is finished and ready to use, but
constant improvements should be considered to obtain more reliability and more
sensitivity. The semiconductor rGO used within this project is just one example and can be
replaced by other materials, such as P3HT, TIPS-pentacene, graphene composite materials,
carbon nanotubes, etc.

The biggest improvement is probably possible with a covalent surface
modification. It was shown, that the diazonium chemistry on rGO is very promising, but
was not realized in the timeframe of this project.

Moreover, with this platform one can now directly correlate the sensor’s electronic
response to the number of adsorbed biorecognition units, thus allowing to measure in-situ

on one chip the contribution of a single binding event under dynamic flow conditions.
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FIGURE 76: BINDING OF STREPTAVIDIN TO THE IMMOBILIZED BIOTIN CHANGES THE |oV CURVE OF THE GFET (A). THE
TRANSFER CHARACTERISTIC WAS MEASURED AFTER EACH STREPTAVIDIN CONCENTRATION AND THE SLOPE ON THE LEFT
SIDE OF THE DIRAC POINT IS PLOTTED VERSUS THE CONCENTRATION (B). 130

FIGURE 77: THE OPTICAL (TOP) AND ELECTRICAL (BOTTOM) MEASUREMENTS OF NEUTRAVIDIN BINDING TO A BIOTINILATED
GOLD-SURFACE ARE SHOWN IN THESE FIGURES. THE MEASUREMENTS WERE PERFORMED SIMULTANOUSLY IN AN
ASSEMPLED GFET/SPR FLOW CELL, WHERE THE TITRATION OF NEUTRAVIDIN STARTED AT 0.2 NM UP TO 25 NM. BOTH,
THE SPR AND THE GFET EXHIBIT BINDING READOUTS UPON NEUTRAVIDIN BINDING. INTERESTINGLY, THE GFET SIGNAL
EXHIBITS AN INCREASE OF THE SIGNAL ALREADY AT 0.78 NM, WHILE THE SPR SIGNAL REMAINS IN A STEADY
EQUILIBRIUM. 131

FIGURE 78: THE BINDING OF THE HPV-E7 PROTEIN TO THE SPECIFIC BINDING APTAMER IN THE GFET/SPR SETUP, IMMOBILIZED
ON THE GOLD SLIDE, WORKING AS SPR AND GFET SIGNAL. THE ELECTRICAL SIGNALS WERE MEASURED AS IpVG CURVES
AFTER EACH CONCENTRATION WAS INJECTED TO THE SURFACE. IT CAN BE OBSERVED, THAT THE DIRAC POINT OF THE IpVe
CURVES SHIFTS TO A MORE POSITIVE VOLTAGE UPON BINDING EVENTS, EVEN AT LOW CONCENTRATIONS AS 7 NM,
WHEREAS THE SPR SIGNAL IS DOES NOT EXHIBIT CHANGES. 132

160



Abstract

The race in biomedical diagnostics between optical detection principles and
electrical concepts is not decided yet. Both approaches continue to offer solutions for fast,
multiplexed, simple and cheap detection of biological relevant molecules. However, if it
comes to the detection of small analytes and/or if the achievable analyte binding density at
the transducer surface is low, label-free optical detection schemes have a problem because
the change in the optical interfacial architecture induced by the mere binding of the analyte
may be simply too minute to be detected. In this work, an innovative and versatile sensing
platform, combining an electrical and optical read-out device to compare the different
signal behaviors during a biological binding event in real time was developed. It is based
in coupling the read out of a graphene-based field-effect transistor (gFET) with that of
surface plasmon resonance (SPR). Various binding events including biotin/neutravidin,
PNA/DNA and ssRNA/ssDNA aptamers for protein detection were investigated and the

results discussed.
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Résumé

Le choix entre les principes de détection optique et les concepts électriques pour un
diagnostic biomédical n’a pas encore été décidée. Ces deux approches continuent a offrir
des solutions pour une détection rapide, multiplexée, simple et peu coliteuse de molécules
biologiques pertinentes. Toutefois, s’il s’agit de détecter de petits analytes et/ou si la
densité de liaison d’analyte a la surface du transducteur est faible, les détections optiques
sans marquages posent des problemes. Dans ce travail, une plate-forme de détection
innovante et polyvalente, combinant un dispositif de lecture électrique et optique pour
comparer les signaux lors d’une reconnaissance biologique en temps réel, a été développée.
Elle est basée sur le couplage de la lecture d'un transistor a effet de champ (gFET) a base
de graphene avec celle de la résonance plasmonique de surface (SPR). Divers types de
liaison dont la biotine/neutravidine, I’ANP/ADN et I’aptamere ssARN/ssADN pour la

détection de protéines ont été étudiés et les résultats discutés.

clxii



Kurzfassung

Der Wettlauf in der biomedizinischen Diagnostik zwischen optischen
Detektionsprinzipien und elektrischen Konzepten ist noch nicht entschieden. Beide
Ansidtze bieten weiterhin Losungen fiir den schnellen, gebiindelten, einfachen und
kostengiinstigen Nachweis biologisch relevanter Molekiile. Wenn es jedoch um den
Nachweis kleiner Analyten geht und/oder wenn die erreichbare Analytbindungsdichte an
der Sensoroberfliche gering ist, haben markierungsfreie optische Nachweismethoden ein
Problem, weil die Anderung der optischen Grenzflichenarchitektur durch die bloBe
Bindung der Analyten einfach zu klein sein, um nachgewiesen zu werden. In dieser Arbeit
wurde eine innovative und vielseitige Erfassungsplattform entwickelt, die ein elektrisches
und ein optisches Auslesegerit kombiniert, um die verschiedenen Signalverldufe wihrend
eines biologischen Bindungsvorgangs in Echtzeit zu vergleichen. Es basiert auf der
Kopplung des Auslesens eines Graphen-basierten Feldeffekttransistors (gFET) mit dem
der Oberflidchenplasmonresonanz (SPR). Verschiedene Bindungsereignisse einschlieBlich
Biotin/Neutravidin-, PNA/DNA- und ssRNA/ssDNA-Aptameren fiir den Proteinnachweis

wurden untersucht und die Ergebnisse diskutiert.

clxiii



Patrik Aspermair, 2019

clxiv



