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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 (QFET) 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)Zetc.

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 deteatethssical

challenge even in commercial instruments like %hé. D F FSBRIS&up$.




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 (HPL&)!!gas chromatography-mass spectrometry
(GC-MS)!? and liquid chromatography-tandem mass spectrometry (LC-MS/MS).
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 v electronic system for signal amplification/processing and
v user-friendly data read-out, shown in Figure %.

Electrolyte gated field-effect transistors (EG-FETSs) 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 \})'7 In EG-FETs, an

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

the dielectric and separates the semiconductor from the

SIGNAL

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

biological binding event t0 gye to the high capacitance resulting from the formation
physically measurak

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
demonstrating label-free single molecule detecttémo commercial EG-FET biosensor
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 effectgo=2 which in turn lead to a rearrangement of charge distribution and thus a

change in the overall electronic read-out.

Figure 2: The schematic illustrations of an aptamer with its idaishown in (A%3 Figure
(B) shows the target-binding induced changes of the transferactexistic on the
electrical sensor readout? The aptamer selection, purification and amplification preces
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 interactiot.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!s2s Real-time dynamic measuremefitd 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 anahjtgsvever, 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
elemHQWY IRU ELRVHQVRUHGQORWMRUPY 3$SWD

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 3{A)ptamers are
generated in vitro by an iterative selection process, known as Systematic Evolution of
Ligands by EXponential enrichment (SELEX} 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 performance3s 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 concentratiofsDespite 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 scaléhe 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.3” 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 dissa&¥etermination 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 methoedls 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 reséurce.

For this purpose, numerous aptamers have been reported in the last decade for
various antibiotic FODVVHYV L Q F O X G L QlactavsH VeitdiboglyeoSide®, H V
anthracyclines, chloramphenicol, (Fluoro)quinolones and sulfonamide (recently reviewed
by Mehlhorn et al.)14 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:=3

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

specificity) are scarcet




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-sensor#:4 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 #ofihe 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:

G L5 A?Vg eql

with the resulting dispersionykby photons coupled to the dielectric interface,
defined by theG L H O H F W U LiFD RRGQf ®&iMeDapavair *°0rhe exploitation of the
photon conversion to a decaying evanescent field was exploited by Kretsehadaly
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) atanangeHL QJ WKH UHVRQ
angle. At this angle, most of the photons are converted to an electromagnetic, decaying
field on the surface, strongly dependent to tBel HOHFWULEF DFR VoW DQWYV O

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 indigesdnc + 0 G*

A B 10 :
_l_ nc \I’l;p +iyesfp 8 0.8‘- \" , A
ltm | nm+lkm l § g-j" |I‘ '., _nc
o % - - !‘lr "'I’IC+AI?
1y I~ 0.2 .,:
Input signal R:iﬂic:;]ed 0-050' T 16I0‘ — -7‘|O- — -8.0- — .90
. Incident Angle (deg)

Figure 3: The schematic Kretschmann configuration is shown inti&heincident light,
illustrated as input signal and the reflected light beam ateagle } X dZ C }( 8z
electromagnetic field is indicated on top of the thin metdillin with the thicknessit. The
reflected angle} dependent magnitudes at different refractive indices n are shown
in (B).>!

Due to the variation of the refractive indeky 0 @he 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 devicelQ WKH HDUO\ TV DQG
challenges of surface plasmon resonance for bio-sensing were addressed and discussed and
paved the way faanalysis?and rapid detection of chemical and biological speétes.

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 evénts.




Graphene as Biosensor

In some cases the use of labelling techniques employing fluorescent
chromophores8®, 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 Mycotoxihs.

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 OFE§%°

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 currerid 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 driftt

With the introduction of graphene as the semiconducting material used for the
fabrication of the channel of a transistbthis has significantly changed: the assembly and
use of electronic sensors based on reduced graphene oxide (rGO) as the channel material
are by far easief? 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 electrdd@sis 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 insula@ag Al
layer to form a so-called back-gated device. The difference between the two angstec
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 trarsiébo bio-
sensing are shown. (A) represents the liquid-gated graphene FET)dhd [fck-gated
graphene FET. Only the channel architecture (A) is exposed to thédaid, hence the
analyte in solution. Therefore, the solution itself experienceappéed voltage and field-
effect and electrical double layer form on both sides, ghte 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 partic§fdlowever, 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 theof},one can derive an equation for the drain-source

current, bs, as a function of the applied drain-source voltage ¥hown in eq 2:

4, L &% 8 F 8y 8, eq 2

with p being the carrier mobility, W and L the channel width and lengthand
V1 being the gate and threshold voltage, respectively. For the oxide layer capacitgnce (C
of a MOSFET, here we need to consider the capacitance of the ionic liquid-graphene
interface, in particular, the solid-solution interfacial capacitancg, vthich can be
expressed as 14G 1/Gq + 1/Girr, with Gy being the Helmholtz double layer capacitance

and Gir the diffuse double layer capacitantegausing 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

Amide Bond

Figure 5: Immobilization strategy used to covalently coupleeprstto graphene via a
pyrene derivative with an NHS activated ester group that colggeataneously to the
lysine groups of the odorant binding proteif.

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 ${i@aaton}

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 aB® OO HERXDQWIL" OD\HU WKDW SUHYHQ
adsorption of any of the bio-molecules other than the analyte of interest to the transducer
surface. lons 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 atteftion

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 surfacé®

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

11



with Bovine serum albumin (BSA) as known from ELISA kits can be explditédfew
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 betainé?

A

2l

Figure 6: At sub-monolayer coverage (A) free transducer surface invdesnfbiecules

to adsorb. Upon forming a closed monolayer (right panel), theopitt penalty for an

additional molecule trying to adsorb leads to the anti-foulprgperty of the coating. A
balance of bio-recognition elements and blocking moleculesgjisred for a selective bio-
sensor.3

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  KDW 3SDVVLYDWLRQ ™ RI
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

12
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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
gFET 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
VRPH 3VLWH" R taiVi€ givehHby ex&wil& 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-antibddigisown in
Figure 7 (A).
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Figure 7: Global analysis of the binding of BSA from solutomnt antiBSA-AB
functionalized gFET sensor; (a) shows the original data measuedigécting BSA
solutions of different concentrations, as indicated by the redrgsrand after rinsing pure
PBS buffer though the flow cell (blue arrow); the inset showsctineent race after
injecting an analyte solution of only 100 nM concentrati@);, Analysis of the rate
constants, resulting in kon and koff values for the biggirocess; (c) Langmuir isotherm
of the ecp]o] E]Jpu }A E P ps as@ @Enatidn Of thé bulk concentration. The
figure was taken from Reiner-Rozman et al. 2645.

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, §, as well as for the dissociation process, Both, the kinetic data as well

as the titration experiment, i.e., surface coverage versus bulk concentration lead to similar

13



values for the affinity constant for the reaction, & 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’©FET
and by optical technique®€ 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
1/1000 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 analysié.

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 sfpancchanging
the ionic strength of the surrounding buffer solution. The ceifgpDNA strand results in
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a quenched optical signal, while the electrochemical activeiepderrocene is not
influenced, resulting in a constant reado(it.

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, respettvely
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 measuréd 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.

Figure 9: The readout of differential pulse voltammetry (DPV) on twaetitfsurfaces is
shown in (A). Once the capture probe PNA was immobilized on SWgheT gtgnal) and
on glassy carbon electrodes. (B) illustrates the different satisgivof the surface
architecture. The limit of detection (LOT) as well as the dynamic reamgdetween the
two different, but yet carbon based systerfs.

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

15



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 ®Wiis 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

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

X Surface functionalization to obtain the surface coverage

X Aptamer tligand 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 meth8tBurthermore, Chemical Vapor Deposition
(CVD), 8 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
oV 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®®’ This is a particular promising approach for FET bio-analyte detection
because there are several examples in the literature that describe a significant dhange in
spatial organization of an aptamer upon ligand birfdindpich 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 currentpk. %
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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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CVD graphene Au Al,O4 Gate Au
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= é Vsl fluidic ch s
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Incident SPR Drain/Source
+ light Au electrode
electrical setup —
SPR gFET

Figure 10: The different measurement systems of SPR and gFET comprise of a simila
surface architecture: both have graphene, or rGO as surface layeoffurtaitionalization

(A). The well understood SPR system can be used compare to the novettarehdf the
graphene FET. (B) illustrates one approach to combine the twoedeawithin 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.
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Figure 11: Graphene can be used on the gFET and SPR interfaces. TSwudraiourrent
of the FET is modulated upon the specific binding ofyteslinducing changes in the
electrical double layer of the sensing area. Using the same sensor sellgstahene both
devices yields in an observation tool to verify the electricaltivéloptical 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.
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Figure 12: The concept of the combined FET/SPR is schematicallyelius&ea, where
the gate electrode and SPR interface can be functionalizeigifecognition elements
(A), leading to a modulation of both, the SPR and FET digahtrary, if functionalizing
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Additionally, a combination of the gFET with SPR, utilizing the SPR slide a
electrode empowers the exact same surface area for direct comparative meas
Figure 12 (A). The targeted surface functionalization of either the gate or the drai

substrate leads to a tunable SPR read-out: in the case of drain-source binding

SPR signal remains constant, unless bulk solution changes occur, shown in Figu






This chapter shows and fabrication and testing of graphene field-effect tra

short gFETs. The focus is on the optimization of the processes and standardization

reproducible results when the gFET is used as bio-sensor. Key roles play the (¢

substrate, the reduction method and the way it is deposited on the electrod

Furthermore, the deposition of gold on glass slides is shown, since this work co

comparison of electrical bio-sensors with the optical SPR tech

Materials and Metho

In this section, all materials, devices and methods are listed for the produ

field-effect transistors with graphene as channel material on glass chips and

substrates. The listed materials and chemicals will be used in the following chap

will not be listed agai
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Graphene sour

Two different strategies for the production of gFETs are shown in this sectiq

difference between these methods is the source of gra|

Reduced graphene ox

Chemical vapor deposition graph

The cleanest way to create a gFET is using the pure chemical vapor ds

graphene, short CVD graphene, which grew under high temperatures from a carbd
gas, e.g. ethane or methane, on copper. The second approach is a bulky, but fast
approach of producing gFETS, using a water-soluble graphene oxide, deposite
substrate and further reduced to reduced graphene oxide, short rGO. The here

source for CVD graphene is the monolayer graphene on 12 mm Cu-disks from Gr

Inc., shown in Figure 13 (A). The source of graphene oxide is the University of Ba

depicted as four different dilutions in Figure 13 (i



Both graphene substrates are deposited on electrochemical senso

commercially available from Micrux Technologies. The layout of the sensor chip ¢

of two interdigitated electrodes, which will be used as drain and source electrodsg

gFET. The size of the electrodes is 10 um with a distance of 10 um and 90 px

3.5 mm circular arrangement The deposition methods of CVD graphene and g

oxide are shown in Figure 14 and Figure 16. Furthermore, the reduction of rGO i3

in the illustration to obtain a semiconducting material in the drain-source channel

either CVD graphene or rGO can be deposited on the surface, each chip has to b

and covered with a self-assembly monolayer (S

Preparation of the surfg

RCA clean: SC-1 (organic + patrticle clea

(30% NH,OH) and 1 part hydrogen peroxide (30%Q0d) (e.g. 50mL dHO + 10m
NH4sOH + 10mL NHOH). The glass beaker is heated to 80 °C in a water bath

b. Self-assembly monolayer deposi



For the attachment of graphene oxide and CVD graphene, the surface

microelectrodes is being functionalized with (3-Amino-propyl)triethoxysilane (AR
for GO or Triethoxyphenylsilane (TEPS) for CVD graphene. For this, a 2 % AP

TEPS solution is prepared in absolute EtOH (15 mL EtOH, 0.3 mL APTES/

handling the bottles under argon to avoid exposure to oxygen. It is necessary to
plastic dishes, because the silane attaches to glassware. The solution is poureq

washing EtOH directly onto the sensing area and carefully blow dry with compres

All chips are placed in a glass petri dish to withstand 12

C. Annealing of the silane SA

The glass petri dish with all chips is placed in an oven at ambient press

120 °C for 2 hours, to anneal the APTES or TEPS respectively on the surface. Th

rinsing or cleaning before the deposition of GO or CVD grap

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

the deposition is followed immediate

Fabrication of CVD graphene F

After the glass substrate with interdigitated electrodes is prepared
triethoxyphenylsilane SAM, the CVD graphene can be deposited to connect the d

source electrode for a gFET. The schematic of the wet-transfer process, starti

graphene on a thin copper foil, is shown in Figurg



CVD graphene deposition steg
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u foil floating in a solution of HCI 2 ml /#D, 2 ml and /HO 250 ml for two da

CVD graphene deposition ste
02 plasma etching (back of the sa

m

ransfer onto the host glass subs

Transfer the floating PMMA/graphene to clearpy@Hvater two time

+H

Place the sample under the floating PMMA/grap

+H

Lift the sample and contact the PMMA/graphene from below on ong
Remove under gentle nitrogen flow the residual@©
nnealing of CVD graphene to subst

Start Sawatec 300, hot p

+H

Run annealing program as shown in Figu

emove PMMA protective la

UV exposure (power 500Watts, lamp current 25 V) for 3@

+H

Immerse the chip in acetone for 30 min at 3

Remove chip under continuous rinsing with acetone to avoid contam



rinse the substrate with isopropanol thoroug

¥ Gently dry under nitrogen fld

The CVD graphene is now deposited on the electrodes and ready for e

characterization or bio-functionalizati

Fabrication of reduced graphene oxide

to the cleaning and silanization of the surface with APTH

graphene oxide is drop casted onto the interdigitated electrodes. The deposition of

oxide and the reduction process is shown in Figu

a. Preperation of GO solutid

The graphene oxide used for the deposition on the interdigitated electrodeg

GO from the Universit reutl?® The concentration of the GO solutio

4.28 mg/mL according to concentration measurements of the produced soluti

Bayreuth 2017. Four different dilutions were prepared to determine the best GO

concentration: 50 o/mL and 6.25 ug/mL isOdH\fter thd

measurements with the produced gFETs, Chapter 2: Graphene oxide conc

determination ,the optimized concentration of 12.5 pg/mL was used to produce

o} GO drop casti

The GO suspensions are applied by a drop cast method onto the chi

drop of 15 pL of GO suspension is pipetted onto the interdigitated electrodes of t



the GO flakes to attach to the APTES layer for 2 hours precisel

crucial to form a uniform layer on the sensing area. Subsequentl

suspension is rinsed off with d@, not directing

blow-dried with compressed 4

All GO-modified chi placed in the center of a glass Petri dish for ch

reduction. Because of the carcinogenic properties of hydrazine, it is important

under the fume hood at all time and treat the waste with special care. 1 mL of hyd
pipetted into the corners of the glass dish, while the chips are all placed in thq

Immediately, the lid is sealed air-tight with Kapton tape right afterwards and the

placed in the oven inside the fume hood at 80°C for 4

After reduction, the petri dish remains in the fume hood without lid for 1 h

evaporate the remaining hydrazine before rinsing each chip wi® dHd subsequen

with isopropanol to remove hydrazine residues. Gentl

desiccator or directly perform the thermal reduc

For thermal reduction, chips are placed in a pre-heated oven at 200 °(

vacuum for 2 hours. This leads to a more stable and reliable electrical chip perfo

The chips are taken out of the oven after 2 hours and cooled down to room tem

The resistance of the chips is measured with a Fluke multimeter immediate

ips are stored in a desiccator at vacuum until further functionaliza

measureme

Optimize graphene oxide concentra

graphene oxide concentration of 4.28 mg/mL irQlks too hi

deposition of monolayer graphene on the surface, therefore it needs to be dil

optimize the properties of the rGO field-effect transistors, different GO solution



prepared and deposited on the substrate, according to the protocol in Chapter 2:

casting. The criteria for a good field-effect transistor for bio-sensing are ma

Flakes need to connect the drain-source elect

Presence of semiconductive properties (transfer characts

Single- or few-layered graphene depos
High mobility of the finally produced gFH
Linear dependency to environment changes (pH, ionic stré

Low ohmic resistance to avoid gate leakage ¢
casted on the gFET and

judged according

Four different concentrations were drop

GO reduction measurement sq

The reduction of the insulating material graphene oxide to the semiconducti

is a crucial component in the fabrication of rGO gFETs from GO as base mater

connection of the drain and source electrode with rGO flakes only leads

semiconducting material, suitable for bio-sensing, because the unreti@gcddW V

be used for electrical measurements. The reduction of GO was carried out in t

The first hydrazine vapor reductidi! and subsequently thermal reductiéth Bot

fabrication steps are explained in detail in Chapter 1: GO drop ¢

The change of conductivity as indicator for the success of the reductic

measured in real-time during the reduction. For that purpose, a measurement s¢

created with a source measure unit (SMU). Two wires were soldered to the two el

of the interdigitated Micrux chip and a constant voltage of 10mV was applied by thg

The drain-source currensd was measured throughout the entire reduction proced

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

out during the hydrazine vapor reduction and thermal reduction. The conductang

rGO is calculated with eq ), L TM
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where (as is the calculated dral RXUFH FR QG XFW DQHekeds@QeddR

source current, in A anddd the applied drain-source voltage i

Fabrication of gold slides for S

Gold coated glass slides for SPR measurements were prepared in

Microscope slides H869.1 from Carl Roth GmbH with dimensions 76 x 26 x 1 m

used as base material for the optical measurement experiments. The slides w

20 x 26 mm pieces with a ruler and a diamond cutter to make them suitable for t
in the SPR device. The slides were immersed in a 2t O O P DI Bdldon an(

sonicated for 15 minutes. Subsequently, the slides were immersedGnadid after i

analytical grade ethanol. each time sonicated for 15 minutes. The evaporator Autg
Coater from HVV Ltd. was used to coat the slides with 2 nm chromium as an a
layer and subsequently with a 50 nm gold layer, which is suitable for the excite

plasmons on the surface, necessary to perform SPR expe

Preparation of buffer solutio

Measurement buffer PB

PBS 1x: 1 Phosphate buffered saline tablet dissolved in 200 ¥

PBS 0.1x: 1 Phosphate buffered saline tablet dissolved in 2000 pi

Activation Buffer

MES buffer: 0.1 M MES (pH adjusted to 5 with Na(

Immobilization buffer (CB

Carbonate buffer: 0.1 M NaHG(0.1% w/v SDS
Hybridization buffe

0.3 M NaCl, 0.02 M Na2HPO4, 0.1 mM EDTA (pH adjusted to 7.4 with

Tris buffered saline (TBY

pH adjusted to 9 with Na(

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

TBS-T: To obtain a TBS washing buffer, 0.05% of Tween 20 were



SHDGLQJ EX:

0.1 M Trizma® base, 0.02 M MgCI2 (pH adjusted to 9.8 with

Gate Capacitance;:

There are a few parameters describing the performance of a gFET, determ
performance as sensor. While the length L and the width W are
of the FET layout and d& is the driving voltage applied to the drain-source channd

gate capacitance @eeds to be determined to further characterize the gFET and to c

the mobility (Chapter 2: Mobility calculation). Cyclic voltammetry (CV) was ust

obtain the gate capacitanceif a liquid gated FET system. A flow cell was asse

with a chloride-coated gate electrode (Chapter 4: Flow cell 1: micro fluidic design)

graphene coated IDE1 chip from Micrux. The current was measured during a

sweep in a two-electrode configuration, with the gate electrode as WE and both el

connected to CE and RE. CV scans at different scan rates were pHg

and the resulting currents at each scan were used to determine the gate
capacitance. The linear fit of the slope of the plotted currents (Ampere) versus s
(Volts/sec) results in the gate capacitangeaCcording to the definition of current

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

#ILAMNBAL S q

e
eq

\When replacing

the capacitance of the system. The value for Ci is important for the further calcul

the mobility p of graphe

Mobility calculatio
The reported ambipolar properties of reduced graphene oxide and CVD g

can be observed in the transfer characteristic of a graphene-based FE&valuate a



compare the resulting data with other graphene sources and fabrication met

intrinsic parameter, the mobility of the material can be calculated. Graphe

remarkable electron and hole mobilities at room temperature and this parametg

calculated for different architecture of the graphene field-effect transistors and the|

drain-source voltage pé, using eq

Ppo b | pu®s—

A 7O

where mi is the slope from the linear fit (change 6§ per \c), L and W the chan

length and width, respectively,p¥ the applied drain-source voltage andtke gat

capacitance® The mobility # represents the hole mobility of the substrate o

negative slope (left), while the electron mobility can be determined from the

graphene FEToV ¢ curve. This ambipolar behavior cannot be found in cla
metal-oxide FETs (MOSFETS) and
zero-bandgap architecture. The herein reported FET architecture has a channel Ig

10 um (drain-source distance), a width W of 490 mm (accumulation of all opposit

and source electrodes) and a measured gate capacitanc8.8 uF. The linear fit w

property as a devig

graphene a unigue

obtained from the p- and n-type regimes of g curve,







Results of gFET fabricati

All measurements for the fabrication and optimization of the

graphene FH

CVD graphene and reduced graphene oxide are shown in this chapter. The charad

of the gFET was done electrically witBMg curves, H(t) measurement to observe
baseline drift, SEM, RAMAN and AFM experiments. The optical density (OD) of dif

electron microscope images of grag

SEM images were recorded to determine the nanostructure of grapheng

verify the coverage of the drain-source channel with graphene and to observe thg

sensing area. Figure 17 shows the drain-source channels covered with CVD graj

Figure 18, the rGO flakes forming the sensor channels are shown. The SEM img
gFET after 16 hours of hydrazine reduction are shown in Figure 19, where defec
rGO substrate can be observed. A possible reason for the defects is the extensive

time in hydrazine vapor. This observation leads to an investigation of the mi

reduction time for the here used graphene oxide. Chapter 2. Real-time rd

measurements illustrates the conductivity increase of rGO in real time, indicaf

minimum reduction time required to obtain a working gFET dg




The SEM images in Figure 17 and Figure 18 allow a comparison of CVD gr

and rGO. Both graphene sources with the herein reported deposition methods arg

a conductive drain-source channel, but exhibit significant morphological differenc

deposited CVD graphene consists of a uniform graphene sheet, only interrupted |

cracks on the surface. The rGO consists of flakes in a dimension between 3 and 3

to the exfoliation process of the GO. The concentrations or rGO flakes needs to |

the percolation threshold to guarantee a drain-source conn

The rGO images were taken after the reduction of 4 hours in hydrazine vapq

the reduction in hydrazine vapor for more than 16 hours, the graphene sheets suffs

damages in the rGO lattice, leading to the formation of holes in the rGO flakes, s



Real-time reduction measuremse

The measured drain-source currentwas logged during the reduction of grap

oxide. The resulting increase of conductance is shown in Figure 20. The hydrazi

reduction and thermal reduction are recorded subsequently on the same chip

increasing conductivity indicates a successful GO reduction. The hydrazine vapor

the GO within the first hour to approximately 75% of the final conductance. After 3

the reduction reaches its peak and the conductance decreases slightly afterward
either caused by the decrease of hydrazine in the vapor chamber or the for

damages in the rGO. After 4 hours, the chip reaches a plateau of conductance a

hours the chip was removed from the hydrazine vapor reductio



Due to the decrease of temperature and the absence of hydrazine, the co

dropped between significantly before the thermal reduction, but during the f{

reduction, the conductance increased again and remained at this level. The hydr

thermal reduction sequence is important. Experiments with the inversed order I

dramatically lower outcome conductance and were therefore not further inveg

Raman spectra of rGO and CVD grap

are shown in Figure 21. The CVD graphene shows a distinct 2D peak that dete
pristine and single layer graphefieThe background measurement was performed (¢
bare electrode substrate. It is only possible to observe a reduction of graphene @

comparative study. The graphene oxide was measured after deposition on the inte

electrodes and again after the reduction with hydrazine. The ratio of D and G band

the successful reduction when the ratios are compared. This is in agreement with

reports of the rGO FET fabricatiotf



GO: D/Gso = 0.99
rGO: D/Ggo = 0.8"
CVD: 2D/Gevp = 2.2

For topographical information of the reduced graphene oxide, Kelvin probej

microscope, short KFM and atomic force microscope images were recorded

Technical University of Vienna by Patrick Mesquida. The images in Figure 22 s

KFM and AFM representations of the rGO surface and the electrodes. The KFM i

gives information about the work function of the material and it can be observed,

rGO is homogeneously reduced, while the black spot in the middle indicates the un

non-conductive glass substrate. The AFM image (B) measures the height profil

surface and indicates, that the graphene sheets are approximately two to three la



Graphene oxide concentration determing
The results of the graphene coverage evaluation between the drain-source

parameters: knowing the concentration of the

solution beforehand and SEM imaging after the deposition. This is a controlling Ig

can cause iterative adjustments to obtain little chip to chip and batch to batch va

The concentration with the best sensor performance has to be evaluated and wil

for the gFET production afterwar

Nanodrop OD measureme

For a reproducible gFET production with reduced graphene oxide, it was n¢g

to measure the dilution from the stock solution with an optical density measuremé

The NanoDrop 2000 OD is capable of measuring the absorbance from 250 nm to

The spectrum of four different GO concentrations is shown in Figure 23 (A).

wavelength 298 nm, the GO absorbance has its maximum and the peak can b

determine, if the created dilution contains the necessary concentration for th



fabrication. From the absorbance at 298 nm, a fitting curve was calculated and is {

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

°0x2a30>a0PM7A AR
A345=8=

?L

where cis the concentration of GO in pg/mL. The measured value of the abs

from the NanoDrop 2000 can be filled into the equation to calculate the concentr,

prepared GO solution in éBl. The desired concentration can be adjusted accorq

the result of the calculatid

SEM image evaluatic

Scanning electron microscope images were recorded to obtain the dispég

rGO flakes on the interdigitated electrodes after the reduction. Four differe)

concentrations were prepared and drop casted onto the electrodes, described in

Fabrication of reduced graphene oxide FET. The SEM images of the four d

dilutions casted on the chips are shown in Figur|



The SEM images show, that the rGO covers almost the entire surface

concentrations of 50 pg/mL and 25 pg/mL. There are many overlapping sheets |g

a multilayer formation. The dilution of 12.5 pg/mL covers the drain-source channel

little overlapped sheets. Dilution 6.25 pg/mL is loosely packed on the surface, lead

poor connection between the 10 um distant elect

The software tool Image J form NIH was used to determine the coverage o

gap between the electrodes. Figure 25 shows the evaluation of the SEM imagé

analysis function of the software. The threshold in the grayscale values was

distinguish between the uncovered glass slide, a single graphene sheet and mo

graphene shee



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

to the coverage as shown in Figurg

The outcome of the image analysis leads to a surprising observatig
concentration of single graphene sheets is not decreasing as fast as the multi la

at low concentrations like 12.5 pg/mL and 6.25 pg/mL. The critical GO concentrati

about 6.25 pg/mL and lower, so this cannot be reduced further, otherwise the drai

electrodes are no longer connected. Electrical measurements need to be carri

evaluate the different surface coverages for their perfor



IV e measurements for pH sens

The graphical analysis indicates the best GO concentration for a sufficient

coverage. To evaluate the electrical properties of the fabricated gFET, the

characteristic, oroMs curve, can be measured. Figure 27 shows the semicon(

properties of the different GO dilutions. The subject of investigation were gFE

different GO concentrations after hydrazine vapor reduction at 80 °C. After the fir

of measurements, the same chips were further thermally reduced in vacuum a

It can be observed, that the gFET with GO concentration 12.5 pg/mL

steepest slopedd/Vcs-ratio) after hydrazine vapor and thermal reduction, shown in K

28. The figure represents the slopes of each GO concentration at different de

reduction. The slope increases for each gFET from before and after thermal red
indicated on top of each bar diagram as a factor. It can be observed, that thg

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

spot for GO coverage is at a concentration of 25 pg/mL with the steepest tot3



Figure 28: Evaluation of the slope of each gFET after hydrazine vapor ang
subsequent thermal reduction. The steepest slope with around 750 HA/V was obt
a GO concentration of 12.54 pg/mL after thermal reduction, while the 6.25 ug/m
exhibit the highest increase after thermal reduction, by a factor of

The transfer characteristic of all four GO concentrations were also measure

different pH values of the ionic solution. The pH ranges from pH 3 to pH 9 anpgMb

curves were measured after hydrazine vapor reduction and again after an additiond
reduction, shown in Figure 29. All chips show an increased slope after the
reduction. The Dirac point shifts to a more positive voltage for all measureme

plottesVls curves are represented as the delta of the

source currentpk, to compare them among each o



The bV curves of different GO concentrations show a linear characteristig
after hydrazine vapor reduction and subsequent thermal reduction. The slope cha

the surface coverage between the drain-source channel. Figure 30 shows the D

shift at different pH values and the baseline drift of different rGO surface covi



It can be observed, that the four chi

before and after thermal reduction, although the signal is more stable. Interesti

gFETs with the lowest surface coverage lead to a smaller baseline drift, which
attributed to a smaller surface, area exposed to the Figure 30 ionic solution, s

Comparison CVD graphene and r

The fabrication of gFETs with different graphene substrates was shg

Chapter 2: Fabrication of CVD graphene FET and Chapter 2: Fabrication of

graphene oxide FET. The morphology was investigated in Chapter 2: Scanning
microscope images of graphene and the purity in Chapter 2: Raman spectra of

CVD graphene. It is crucial to investigate the electrical characteristics of the g

substrates. The transfer characteristic and baseline drift over time are pa

the quality of the bio-sensing performance. The comparison of

graphene and rGO is shown in Figurg



Measurement of gate capacitangs

The capacitance was obtained from cyclic voltammetry experiments, sh
Figure 32 (A). At scan rates of 10 mV/s, 20 mV/s, 40 mV/s and 80 mV/s the currg

measured and the resulting values at 230 mV are plotted in Figure




The evaluated slope equals the gate capacitaraoedds 3.3 yF with 10% deviation, w

is in good agreement with literature Randtral. for basal plane electrodé€s

Mobility comparison of rGO and CV
The mobilities of the herein produced graphene FETs were calculated

known parameters for the channel length L, the width W, the measured
Ci and the applied drain-source voltagesVThe linear fit of the slopes, negative

positive to the Dirac point, allow the calculation of the mobilit

graphene field-effect transistor. The linear fits of rGO and CVD graphene FETs arg

in Figure 31 and the values are used to calculate the mobility wit

The values are low, compared to previous reports (50G0vVefh to 200,000crfiVs®),

while others report low mobilities of 1cm2/V&in literature, but the absolute changg
current are by three orders higher than other reports. While usually low pA are rec|

order to measure the changes in the current, the here reported

mA, improving the signal to noise ratio due to lower amplifier require






Discussio

the slope of the gFET is steepest for the lower concentration of 12.5 pg/mL, s
Figure 27. It can be observed, that low GO surface coverage can be better addres

to avoid electrochemical effects. For the here fabricated and stable gFETs a md
725 cnt/V's can be reported, leading to a fairly good performance according to the §

facile deposition method. The advantage of the sensor architecture is the cheap

at -200 mV to -300 mV, perfect for bio-sensing applications where low voltage is ne|

on a commercially available chip and the high readout current, exceeding 1
amplifiers can handle the data acquisition without special anti-noise circuits. Th

fabrication procedure, characterization and application are discussed in detai

publication, with the contribution of this wor}



Before proceeding, the publication summarizing the design and implement;

OFET and graphene FET devices for electronic bio-sensing is attached, herein rg

Kotlowski et al.2018.%9

Kotlowski, C., Aspermair, P., Khan, H.U., Reiner-Rozman, C., Breu, J., Szunerits,
J.J., Bao, Z., Kleber, C., Pelosi, P. and Knoll, W., 2@l8ctronic biosensing wit

flexible organic transistor devicesFlexible and Printed Electronics, 3(3p.03400
https://doi.org/10.1088/2058-8585/aad
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Abstract

In this short review, we summarize the design and implertientaf organic semiconducting materials-
based eld-effect transisto(©FET$and the fabrication and use of reduced graphene-oxltkeffect
transistorgrGO-FET3as exible transducers for electronic biosensing. We denatastrat these
platforms allow for the quantitativie sity, and in real time monitoring of bio-ahity reactions between
analytes from solution to the surface-immobilized reaspithe examples given include the binding of
anti-bovine serum albumi(BSA antibodies to their antigen, BSA, covalently attacheataribnnel of
an OFET, or the reverse mode of operation, i.e., the bindi&§A from solution to the antibodies
immobilized on arGO transistor. Finally, we will discussargsults obtained with odorant binding
proteins used as receptors on a FEEGT transducer for the realization of a biomimetic smeisen

Introduction » based onorganic semiconducting mate(i@gsned
as an organic eld-effect transistor(OFET))

Recently, the eld of organic electronics has attracted [11-13;
increasing interest and a consequent growth in scien- ) _
ti c researchl, 2]. A particular focus has been on made on exible and stretchable substrgts$ 15;

wearable electronics for sensing and monitorirg fabricated on grapherj&g);

applicationg3-5]. Current wearable sensors monitof functionalized by biomimetic molecular modules
simple analytes, such as ions, glucose, lactate, etc. ||rf<e antibodies[17, 18, oligonucleotide capture
contrast, the human body emits hundreds of volatile strands[19] aptan’1ers 'for marker moleculézd

organic compoum_jsVOCs), mdlcat_o_rs ofa pefsos' and small VOC$21], or odorant binding proteins
health status, their metabolic activity, or their stress . ]
to monitor olfactory cuep??];

situation.
Electronic smell sensors are best suited for suctpperated in liquidg11] and in air (provided the

applications as thefi) can be integrated into cell sensitive biological material is protected by hydro-

phones for breath analy$®; 7], (i) can be embedded gel$[23.

into the fabric of clothing to monitor physiological

and pathological conditiongg], and (iii) they could In this paper, we summarize some of our own

also be even implanted into the body for continuou&search results in this area. Thist example that we
monitoring of specic markerg9]. discuss concerns the design and assembly&fiale

In addition to the category ofexible organic elec- OFET and its characterization as an electronic trans-
trochemical transistors that have gained intefedt ducer for the quantitative evaluation of the recogni-

electronic eld-effect transistqFET- sensing devicestion reaction between a model marker protein, bovine
canbe: serum albumin(BSA, immobilized on the channel

©201810P 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 lay€€ytop) as the dielectric was spin-coated onto a doped Si substrate covered by 200 nus¢&iO

as the gate. Onto this the Au source and drain electrodes were evafeeat@id(C)) and it was then covered by pentacene which

was used as the polymeric semicondu¢®)The OFET, prepared on @xible polgimide) substrate(C) Mounting the device onto a
ow cell with aninlet and outlet for the analyte solution.

surface of the transistor, and a high ity antibody evaporating the source and the drain Au electrodes
binding from solution. (with a width(W) of 500 m and length(L) of 50 m),

Inthe next section, we then introduce a novel mapentacene, as the semiconducting organic material,
erial, graphene, as the channel material connecting thias deposited by evaporatidd] ( gurel(A)). Alter-
source and drain electrodes of a transistor. As a testively, a exible pol§imide) substrate could be used
sample, we again use the B8A-BSA antibody sys- for the device fabrication, resulting in a transistor that
tem; this time, however, we immobilized the antibodgould be easily ber{dgure 1B))[14].
on the gate surface and characterized the performanceAn ultrathin (5-10 nm) uorocarbon layer func-
of the device as an electronic sensor monitoring tiiening as a protective barrier that prevents ions from
binding of the analyte, BSA, from solution. the adjacent analyte buffer solution from diffusing

And nally, we present a few results of a majanto the organic channel material was deposited onto
effortin our group, i.e., the use of graphene-based FHTs OFET device by plasma polymerization. This is
devices as electronic biomimetic smell sensors. also shown schematically igure 1(A). The further

(vacuun) deposition of a maleic anhydride layer then

allows for the direct coupling of biological functional
Protein(antibody) sensing by OFET units to the device structure via their amine moieties,
devices e.g., the lysine groups of proteins. These then act as

receptors for bio-afity reactions between these sur-
The use of Si-based electronic devices for monitorifgce-immobilized units and their interaction partners,
biological processes is relatively well establishid analytes of interest. This is depicted gure1(A)
[24,25). What has been less demonstrated so far is fag the immobilization of BSA, with its antibody as the
use of organic electronic devices, which appear mughalyte, binding from solution. These transistor devi-
more recently in the literature, as an option to bees were then mounted to @w cell and exposed to
applied in combination with physiological bufferanalyte solutions of different concentrations for bind-
solutions for biosensing applicatidis). ing studieén situand inrealtim& gurel(C)).

Our approach was based on a design concept given An example for a global analysis, i.e., the combina-
in gure 1l a very thin layer of auoro-polymer, tion of kinetic and titration measurements for anti-
Cytop, as the dielectric, was applied by spin-coatiB$A binding to surface-immobilized BSA proteins, is
onto a 200 nm thin SiQcoating plus the Si substrateshown in gure2. Upon injecting analyte solutions of
which was highly doped in order to be used as tliecreasing concentrations, ¢, a decreasing current
back-side gate electrode of the transistor. Aftbetween the source andthe drainis seergcting the

2
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constant, K = 350nM, a value well in line with
reported data from the literatufg?].

Immunosensing by reduced graphene
oxide(rGO)-FET devices

Algy I pA

The next example that we brig 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 oxidé50), which upon reductiorfsee

gure 4(A)) leads to semiconducting rG{3(. Its
1.0 excellent conductivity has one important advantage
08 B when operating in direct contact with physiological
buffer solutions: even in cases where there is no
protective coating that shields the electrodes or the
0.4 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
0 channel leads to a situation where 9@%% of
the current between the source and the drain electro-
des passes through the rGO, and only a negligible

ure 2.(A) Global analveis of the binding of anti-BS fraction of the current runs through the electrolyte as a
gﬁil:)rgdiéé)fronas?)lﬁtri]gnyssgsf%ctr(eeas:;glggr?c:r?tt:a%oﬁstothe shortcut, which can be ignorddg]. This makes the
surface-immobilized antigen molecules, BB\, angmuir fabrication protocol, compared to the OFET prep-
adsorption isotherm from the fitration date(@), plottedas | aration described above, a lot easier as it avoids any
surface coverage as a function of the concentration of BSA . .
inthe bulk solution. The red S-shaped curve ista the data processing steps that were essential to protect the
withKq = 350 nM. sensitive organipolymeric semiconducting channel
material in OFETSs.

. , - Figure 3 summarizes the essential steps for the
increasing occupancy of the originally empty receptBFeparation of IGOFETS, operated in the liquid-

sites on the channel, the imm'obilized BSA, by the agéted modgLg). A very helpful simplication step was

Iyt(_a a_mtl-BSA up to a saturation I.ev.el atfull covera chieved with the use of one of the many microchips
Tk_ns IS shown in gure2(A). Upon_ru_ﬂ_smg the ow_ce_ll available in the electrochemical equipment market.
with pure buffer the full reversibility of the bmdmgWe chose one that was only a few mm in size

ree:ctlon(exc;e[z:]for a ﬁ“ggﬁ.?”ftfm tLhe dewge;egd— gure3(A)), and had an interdigitated Au electrode
ouy) suggests the applicability of a Langmuir bindin ray of~3 mm in diameter( gure3(B)), with a spa-

model for the quantitative evaluation of both kinetic_. .
. . ._cting of 10 m between the source and drain electrodes
parameters for the associatiog,kand the dissocia-

tion constant, kg, (not shown and analyzed hgand ( gure3(C)). The preparation of the rtGG-ET, which

. . : ._is th nversion of this electrochemical chip in
for the af nity constant, K, or the inverse, i.e., the dis S the conversion of this electrochemical chip into a

L . “transistor for biosensing, is given in more detail in
sociation constant, K= 1/ K, equivalent to the half- i 9 .g
. . gure4: the electrode area is exposed to an APTES
saturation concentration; 6 [17].

) . solution, a procedure which leads to the coating of the
According to the Langmuir model the surface cov- .
erage, ,is given by: glass substrate between the Au areas with a monolayer
" ' of positive chargeg gure4(A)). These then help to
R Kac/ (1 KaQ. (3 attract and physisorb the GCakes from a colloidal
dispersion. Upon exposure of the deposited Gies
The stationary current changes)sp, reached after to hydrazine vapof gure4(A)) [31] and a subsequent
each change in bulk analyte concentration, thermal treatment theseakes are reduced leading to
expressed' as surface coverage in percent of thefighly conductive rGO akes (bridging the space
coverage, 1.€., between the source and drain electrofed.
R %lsp/ Ubsg™ @) The resultlpg conductive channels between the
source and drain electrodes are randomly covered to a

as a function of the corresponding bulk concentratiofigh degree with rGO akes forming a continuous
results, when plotted in a lin-log format, in the wellbridge of monomolecular or few-layer graphene
known S-shaped Langmuir isotherm curve. This gheets as was documented by AFM ima@Gee
shownin gure2(B). Thered curveisthettothedata gure4(B) and the height scan given igure4(C)).
with the only tting parameter being the dissociatiorThe excellent conductivity was demonstrated by

0.6

0.2
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Figure 3(A) Acommercial electrochemical sensing chip gabber glove-covergdngertip.(B) Optical micrograph of the sensing
areawhichis aninterdigitated electrode array used as the source and drain el¢€yddmanning electron microscof®EM)

image of the interdigitated electrode array afterimmobilization of graphene @kds; the spacing between the electrodes igl0
(D) Schematics of the immobilization of odorant binding proteins as receptors for the smell sensor via pyrene-based coupling
strategies; the sensor clif)then tsintothe commercialow cell(F), with its analyte solution inlet and outlet and the electrical
connector show(G).

Figure 4(A) Schematics of the chip functionalization gt covering the substrate between the Au electrodes with a monolayer of
amino-propyl-triethoxy-silanfAPTES, onto which the graphene oxidexes are deposited; after reduction by hydrazine and a
thermal treatment the transistor with its semiconducting rGiRes is ready for bio-functionalization by the receptor mole¢sies
also gure3(D)). (B) Atomic force microscop@FM) image of a single rGQake (C) Line scan across the edge of the rGRe
shown in(B). (D) Kelvin probe image of two Au electrodes and the space between them, covered wigkeSO

Kelvin probe images that were taken from the electréinctionalization of carbon nanotubg83], using
des and the space between them, covered with rG&yrenebutanoic acid succinimidyl egeBSE The
akeq gure4(D)). After this preparation step of coat-linker rmly attaches to the graphene surface through
ing the active area of the chip with rG@kegsee also — interactions with the pyrene groups, and on the
the SEM image given irgure3(C)), their bio-functio- other end it covalently reacts with the amino group of
nalization was then conducted using a protocdhe protein to be coupled to form an amide bond
borrowed from the literature describing the( gure 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(neal) saturation at 25 M were rinsed through theow cell (B) Langmuir adsorption isotherm obtained by plotting
the(negativichange inthe souredrain current, |sp, scaled to itéextrapolatefimaximum value, 1$8% Thered curveis ato

the data according to the Langmuir model, resulting in a dissociation cofisédfrsaturation concentratigof Ky = 3 M.

channel between the source and drain electrodaefsthe cathodic branch of the hole conductance and
( gure3(E)) is ready to be mounted into the commerthe anodic branch of the electron conductance. Of
cial chip holder gure3(F)) with its convenient uid particular importance for the device employed in
inlet and outlet and electrical connectionglectronic biosensing is the surface potentiglof the
( gure3(G)). channetelectrolyte interface. Various contributions
Similar to the OFET operations described abow, the change of the current as a function of a bio-
the setup can now be used forsitumeasurements in af nity reaction at the gate electrode or directly on the
real time, again giving quantitative data on the reaghannel have been discus¢edl 34, 35. The domi-

tion rate constants for the associatiog, land the dis- N@nt contribution to the change of the surface
sociation processeseik as well as on the aiity potential upon binding of a protein to a receptor is
constant, K [16] believed to be the change in surface charge density

Figure5 presents the global analysis of the bindig%istribution). We demonstrated this experimentally

. . o . r the electronic recording of the association and
reaction between the surface-immobilized anti-B dissociation reactions of anti-BSA antibodies bindin
antibodies and BSA, rinsed through thev cell at dif- 9

f t trati indicated i 5(A) Th from solution to their surface-immobilized BSA anti-
erent concentralions, as indicated gure (A). The ens by changing the bulk solution pH to values below
red curves arets to the association process; the bl

. X o H 5) and abovépH 7) the pl of the analyte protein

curveisattothe dissociation. [36 which leads to an increase or a decrease of the
The change of the souradrain current, lIsp  cyrrent, corresponding to a shift 6~ o to more

measured after a new equilibrium was established, Gafyative or positive values, respectifity

be plotted as a function of the bulk analyte concentra-

tion to yield an adsorption isotherm, presented in
gure 5(B), together with the t to the Langmuir Electronic biomimetic smell sensing
model with adissociation constantof K 3 M.
As described by the basic equation for the electricleH

. . T e interest in developing smell sensor concepts,
device performance in the liquid-gated mode of . .
L sensors for air-born chemical analytes, odorants,
operation, i.e.,

pheromones, other VOCs, etc, originates from the
Iso MNoW/L(Ve @ 3Vsp (3 many different potential areas where the application of

the sourcedrain current, kp, depends on the appliedStch devices would be extremely relevant.
sourcedrain voltage, ¥p, and on the carrier mobility,

, the gate capacity,ds geometric channel para-* More and more research evidence is reported in the
meters, i.e., the width, W, and the length, L, and the literature that quanties novel types of smell
Dirac voltage, ¥, determined by the threshold voltage molecules that can be used for diagnostic purposes

5
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[37]. For example, in a recent study the concentr
tion of the molecule isoprene in the exhaled breath
of diabetes patients could be linked to their blood
glucose levéBg.

o
1

« European crop losses from plant diseases amount to
more than €5 billion per year[39 4(. Plant
pathogengfungi, viruses, phytoplasmare typi-
cally transmitted by insects using host-derived
odors as key foraging cues. Thus, diseased plants
draw insect vectors with speciattractant volatiles.

Algp | A

e 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

. . P Figure 6 Current-voltage characteristics of the OBP 14 based
the ultimate qua“ty check for edlblllty isasmell tes. biosensor device without eugenol, measured justin PBS, and

. . . ._in solutions with increasing eugenol concentrations, ranging
* There is an increasing need for smell detectors|ing,m 100 nMto 250 M. The applied sourerain voltage

homeland security and the protection of the public was\sp= 50 mV.
and private environment: it is expected that in th
future bio-inspired robots will sniff out mines,

bombs, and drugsi]. inthe smell sensing cascade, i.e., odorant binding pro-
) teins(OBP3[47.

Given these few examples of the broad range of The preparation of the sensors follows the con-
potential scenarios for the use of smell sensors, itc@'pts described brig above for immunosensors: the
somewhat surprising that we have essentially no te¢h channel is functionalized by PBSE, to which a
nical device worthy of the terfarti cial nosg that is variety of OBPs from different insects are coupled
able to reach the chemical bandwidth, selectivity, aEQvalently by active ester chemigig, 43. The chip
sensitivity of the olfactory sense of mammals andinen integrated into theow cell(see gure3) and
humans or the antennae of insects. For the sensingfiiferent odorant molecules in aqueous solutions of
light, e.g. in imaging or optical communication, Wgarying concentrations were then rinsed through the
have extremely powerful devices with the ability i@l for the quantitative recording and evaluation of
detect even single photons. The monitoring of souninding reaction rates and afity constants for OBPs
in acoustic communication is also technically unprognd their set of ligands.
blematic: microphones are available with an amazing Examples for electronic smell sensing with such a
performance prole. However for chemical commu-transducer are given in the followingures for a sen-
nication, for smell or taste detection on a technicapy that was functionalized by OBP 14 from the honey

level, we hav@early nothing. ) bee, Apis melliferamounted to the ow cell, and
The attempt to detect smells by a spediind of a - exposed to solutions of a variety of ligands.
chemical sensor or the development of an aitl Figure 6 gives a series of measurements of the

nose is certainly not new. The generalinterestinartisourcedrain currentgate voltage characteristics,
cial noses;electronic nosesor E-noses, originated |-V, for the sensor in contact with analyte solu-
from the many scenarios outlined above where chenions containing the OBP 14 ligand, eugenol, in differ-
cal communication is extremely important in ourent concentrations, ranging from pure phosphate-
daily life. There have been several serious attemigfered saline solutio(PBS, to a 250 M eugenol
described in the literature to develop concepts Rylution. As one can see, the device performs as a bipo-
which, via more or less unspeciinteractions of the |ar FET, with the |s5-Vg curves affected in a quanti-
molecules of interegwith odorants being typically tative way by the analyte concentration.

small, hydrophobic molecules that are diflt to For a given gate voltage, in the following experi-
sense by classical techniques, e.g. by surface plasments xed at \6 = 600 mV (the dashed line in
sensors with an organipolymerig matrix [17]), a  gure6) one can then use the sensor for the quantita-
measurable and quantible signal is generated. Altive evaluation of the kinetic parameters of the ligand
the reported concepts, however, were eventually di3BP associatiofbinding) and dissociation process, as
carded because of the severe lack of sensitivity camell as, like in the case of the immunosensors descri-
pared to natural olfaction. bed above, the binding strength, i.e. thendfy con-

Our approach tries to realize a biomimetic smeéitant, K, of the dissociation constangespectively.
sensor that uses a combination of an electronic trans- This is demonstrated ingure7(A), which shows
ducer, in most of our cases a r6EET device, and the the global analysis, i.e. the time-dependent recordings
biological functional unit used in nature by bothof the change of the souradrain current, |gp(with
insects and mammals, as thest recognition element the sourcedrain voltage set atdp = 50 mV and the

6
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Figure 7(A) Real time biosensor measurem@iobal analys)®f the binding of eugenol to OBP 14: the current decreases as the bulk
concentration of eugenolincreases fronMto 200 M and then saturates. Blue arrows indicate runs with pure buffer, red arrows
indicate experiments with eugenol solutions. The red curvessiethe raw data by kinetic simulations of the association and
dissociation processes based on the Langmuir m@&lekangmuir adsorption isotherm, obtained from the titration leve(&pfThe
red tcurvegives K= 35 M (also plotted are error limits fordof + 20%9; the inset shows the structural formula of eugeft)!.
Analysis of the reaction rate constants, k, as obtained fronttédata in(A) as a function of the eugenol concentration; error bars
arex 20%.

gate voltage atyy= 600 mV, seegure6), upon a each change of the bulk ligand concentration and

stepwise increase of the eugenol concentration in thealed to the maximum response at high concentra-

bulk solution until saturation of the device response i®ns, see equatiorf2), one obtains a Langmuir

nearly reached. Upon injecting pure buffer into thadsorption isotherm from which the dissociation con-
ow cell again, the sensor signal returns to its baselstant Ky can be derived. This is shown igure7(B):

level showing the reversibility of the binding reactiotie full red curve is at to the data with equatiof)

between the ligand and its receptor immobilized owithKg = 35 M.

the channel of the transistor. An internal consistency test for the applicability of

By plotting the respective surface coverage,the Langmuir model is given by the analysis of the
obtained from the equilibrium levels reached aftaneasured association and dissociation rate constants
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monitoring of bioanalytes on the other. In particular,
the use of graphene as the conductive gate material in
the preparation of thin Im 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
Figure 8 Langmuir adsorption isotherms for three different | peptide markers and of odorant binding proteins in
ligands, as indicated, for OBP 14 frémmellifera smell sensors will be complemented by the develop-
ment of arti cial receptors, e.g. aptamég¥s]], af -
mers[45], or seligog46. 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

K KonC Kot (4 dynamic developmentin biosensing. All of these elec-
tronic biosensing platforms are highly sensitive, label-
with ko, being the association angiikhe dissociation free, disposable and cheap, with signals that are easy to
rate constant, respectively, one obtains from the raimalyze and interpret, suitable for multiplexed opera-
constants, k s', obtained from the ts in (A) as a tion and for remote control, compatible with NFC
function of the bulk concentration, c, a straight line, agchnology, etc, and are in many cases a clear and pro-

shown in gure7(C). The slope of thet line yields mising alternative to optical sensors.
kon = 162 M s 1 and from the intersection of thet

line with the ordinate one obtains,k= 0.0076 s*.

The Langmuir model predicts that the ratigskk,, Acknowledgments

equals the dissociation constang, Ks obtained from
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(seethefullredtcurves giveningure7(A)). Accord-
ingto
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Bio-sensing needs capture molecules on the transducer surface to bind an|

guaranteed with a suitable surface modification strd

this chapter several of such are compared and discussed to fabricate a bio-sensin

on graphene, reduced graphene oxide and

Materials and Metho

In this section are all used strategies for the immobilization of capture

the bio-sensing surfaces. The herein evaluated and discussed methods are non-g

well as covalent surface functionalization of graphene and gold. The methods ing

immobilization of capture probes for bio-sensing and blocking agents to avoid non-

Graphene modification with pyrene-carboxylic :

The non-covalent functionalization of graphene was reported in a var
publications.1%0493 The reports mention different graphene-like structures, like
graphene, glassy carbon electrodes 3

The latter one is the most ill-defined material in the spectrum of graphene, du

different fabrication procedures. The here investigated surface modificatio

demonstrated on CVD graphene and reduced graphene oxide, which were fabr|

reported in Chapter 2: Fabrication of CVD graphene FET and Chapter 2:Fabric

reduced graphene oxide FET. The non-covalent functionalization of graphene wit



and its derivates is in literature a standard procedure and is used as the anchor

for further immobilization of capture probes. Figure 33 shows schematical

immobilization of 1-pyrenebutyric acid, which has to be activated for f

functionalization of azanide groups, referred also as amide aor ddblip. Anothg

molecule is 1-pyrenebutyric acid N-hydroxysuccinimid ester, that already conta

ester group and the NHerminated capture probe can be directly immobil

The rGO functionalization steps are shown in Figure 33. PCA was prep

different solvents to determine the best immobilization strategy, always in a conce
of 5 mM. The solvents are DMSO, Methanol and THF. For DMSO and Methanol, t

were immersed for 2 hours or overnight to determine the best duration. For the

solvent a droplet of 20 uL was placed on the sensing area and let it evaporate.

was repeated four consecutive times. After each deposition method, the chi

thoroughly rinsed with the previously used solvent before the acti

Activation of carboxylic grouj
To activate the COOH group, a mixture of 75 mg/mL (390 mM)
Dimethylaminopropyl)-1 «ethylcarbodiimide hydrochloride (EDC) and 21 mg
(185 mM) N-Hydroxysuccinimide (NHS) in 1 mL of d8 was freshly prepared.

activation mixture needs to be prepared right before the gFETs are immersed, be

EDC hydrolysis within 2 hours entirely in water. The chips remain 30 minutes

rinsed twice with giito remove excess of EDC and N



Gold slide DTS

It is necessary to modify the gold surface for SPR experiments on bare gol
WKHUHIRUH W KiDithioulipr@pWwhit AtidRdi(N-hydroxysuccinimide ester), s

stored for another 24 hours at nitrogen atmosphere. Figure 34 depicts the

functionalization of gold slides with DTSP for SPR experim

This leads to a covalent bond of the thiol to the gold substrate. The active ester o

slides is used to immobilize the Modified capture on the surfag

an additional ste

Gold slide biotinylatio

A reliable binding system is biotin with streptavidin or neutravidin, which S
the highest affinity in nature with agkof 1014, 1%4 The functionalization of gold slides
performed with a mixture of a biotinylated Alkane-PEG, SPT-0012D (SH-bioti

dithiolalkanearomatic-PEG3-OH, SPT-0013 (SH-PEG) from Sensopath. Both su

were prepared in analytical Ethanol at concentrations of 0.1 mM for SH-biotin and (

for SH-PEG. Subsequently, both mixtures were added in equal volumes to obtai

ratio of biotin/PEG. The gold slides were immersed for 24 hours to the biotin/PEG s



were the thiol group covalently binds to the Au-surface. Figure 35 shows schemati
surface modification with the SH-biotin and SH-PEG 1:10 mi

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

measurements to measure the binding kin

Immobilization of amine-terminated capture p

Subsequently, after immobilizing the PCA and activation of the surfa

immobilization of DTSP with the pre-activated group, any amine-terminated captur

can be immobilized, forming a covalent amide bond. Therefore, the capture prq
pH 9.0. The standard immobilization duration was

the PNA, DNA, RNA were immobilized overnight. For ssDNA (Aptamer
and PNA a concentration of 0.5 uM to 10 yM was used in an ov

immobilization step to assure functionalization. Only in real-time experiments, usi

to observe the binding kinetic, the monitored immobilization was carried ou

saturation was achievq



Immobilization of Streptavidin modified molecu

The immobilization of streptavidin or streptavidin-complexes was performg

concentration of 1 mg/mL. For binding kinetic studies, the buffer for dilutio

immobilization was PBS 1x buffer. For streptavidin-enzyme conjugates, the buf

Tris buffer with MgC}, adjusted to pH 8. Therefore, to a final volume of 50 mbQ@IHb0¢

mg of Trizma base and 4.76 mg of MgCIl2 were added and adjusted to

Blocking agent

Different blocking agents can be used to avoid nonspecific interactions

sensor surface, the tested strategies were BSA, pyrene-PEG, and |

BSA blocking solutio

Bovine Serum Albumin was prepared in a concentration of 20 mg/mL in PE

7.4) and deposited on the sensor surface after the capture probe was immobilized

fill the remaining non-specific binding sites on the surface. The sticking properties

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

Synthesis of PyPE
The synthesis of a pyrene anchor molecule with a poly(ethylene glycol) gro
carried, because this molecule was not directly available for purchase. The protq

adapted from® and requires three days. Figure 36 shows educts used, resulting i

with a 34-mer polyethylene glycol chain, later referred as PyP&GYPEQG




The following chemicals are required for the synth

Cover it with aluminium foil and parafilm and store it over night at -2

Put aluminium foil on top of Erlenmeyer flask and store it overnight at -3



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

SPR for blocking performan

To analyze the blocking strategies of BSA, PCA and PEG34, a com

available SPR device, the Indicator-G from Sensia was used. This device prq

microfluidic system and SPR prisms with CVD graphene coating from Graphenea
is identical to the CVD graphene for the gFET fabrication, hence the knowledge of
experiments can be transferred to the gFET surface. At first the non-specific res
the SPR with different surface modifications was measured, to see which str
suitable. Afterwards, it was necessary to determine the mixture ratio of blocki

binding agent, the Pyrene-PEG/PCA ratio. As a non-specific binding species, the

adhering bio-molecule Lysozyme was used in various concentrations. The sol

different concentrations were always freshly prepared on the day of the experime

Nanobeads immobilizatiq

To determine the best functionalization of reduced graphene oxide an

graphene with pyrene-carboxylic acid (PCA), different solvents were invest

Polystyrene nanobeads with a diameter of 50 to 120 nm were linked to the graj
visualize the immobilization success with SEM imaging. PCA was dissolved

different solvents DMSO, methanol and THF, as mentioned in Chapter 3: G

modification with pyrene-carboxylic acid, including the EDC/NHS activation.

nanobeads suspension L9904 from Sigma Aldrich with a solid content of 2.3 to 3



was immersed in Milli-Q water to obtain 3.6 x*fanobeads in 1 mL. This concentra

represents 60 nM, which is in the same order as for bio-molecule immobilization.

37 represents the immobilization strategy of the amino-modified polystyrene nanol

rGO. The diameter of the nanobeads can be also observed in a SEM image. Py

was also immobilized on the surface to observe the blocking properties to avg

specific interaction with rG(

Differential pulse voltammetry for surface investiga

modification with pyrene-carboxylic acid, is the first building block of a successf

functionalization of graphene on the gFET. The linker, pyrene carboxylic-acid {

forms a non-covalent bond with the pyrene anchor to rGO, while the carboxylic-

form an amide bond to bio-recognition elements. An artificially synthesized g

nucleic acid (PNA) was covalently bond to the activated carboxylic-acid with the

PRGLILHQGY7KH 9§ HQG RI WKH 31$% LV ELRW tcQ/a@t

binding of streptavidin, avidin or neutravidin due to the high binding affiniti

streptavidin-alkaline phosphatase complex was immobilized to attach an enzym

surface. After assembly of the entire sandwich, the surface was thoroughly ri

guarantee only immobilized enzymes remain on the chip. Once attached to the



Figure 38 shows the enzyme functionalization of an already carboxylated surfa

experiment was carried out on a commercially available reference chip with carbg

single-walled carbon nanotubes (COOH-SWCNT) and reduced grapheng

The PNA was used as spacer between the graphene surface and the enz

different carboxylated surfaces were used for the DPV readout: single-walled

nanotubes on screen-printed electrodes (SPE), purchased from Dropsens, 110S

on the fabricated rGO gFET. The SWCNT electrodes were used as reference mea

to know if the entire sandwich works. These SPEs are delivered with pre-

carboxylic-acid groups, so there is no need for a further attachment of COOH

surface. Thatis v\ XVHIXO WR FRPSDUH WE H &HDEARUIRDE

The experiments were carried out with a potentiostat pAutolab Il from Me

in a three-electrode configuration. The working electrode was the SWCNT or t

respectively. A Pt-wire was used as counter electrode and an Ag/AgCl elect

reference electrode. The differential pulse voltammetry settings are shown in Fig



Graphene modification with diazonium treat

The surface modification of the reduced graphene oxide or CVD graphe

biomolecules is a necessary step towards an electrical biosensing platfo

functionalization of graphene can be separated in different groups: direct physiso

biomolecule®, non-FRY D O H Q W OdinteZactiv®’2°%E covalently to organ

The covalent functionalization of rGO and CVD graphene was achievel
diazonium treatment, radically attacking the C-C bonds with aryldiazonium salt, rq
by Leroux et al.1*® This method was carried out for rGO by adopting
gFET. The diazonium salt, precisely 4-((triisopropylsilyl)ethylenyl)benzenediaz
tetrafluoroborate, short TIPS-Eth-Af\ was synthesized by the Leroux et al. and k

provided for this research purpose. Electrochemical grafting was used to radicall

the C-C bonds of the graphene surface. Five cyclic voltammetry scans from +0.

0.75 V at a scan rate of 50 mV/s lead to the reduction of TIPS-Eth-AnBihce creati

the aryl radicals at a reduction peak of -0.2 V. Due to the TIPS protected head g

formation of a mono layer on graphene is granted, because the newly formed



cannot stack onto the first formed layer. This is an important step

surface to avoid multiple layers and hinder the further bio-functionalizatio

potentiostat pAutolab Il form Metrohm was used to apply the potential cycles in 4

electrode configuration: Au/graphene as working electrode, a Pt-wire as counter §

and a Ag/AgCI reference electrode. All electrodes were immersed in a solution o

4-((triisopropylsilyl)ethylenyl)benzenediazonium tetrafluoroborate in 0.1 M4RByin

solution for 20 minutes. The sB-DOOHG 3FOLFN’

performed under a copper-mediated environment: the chip was submerged in an

solution containing 10 MM CuSOand 20 mM L-ascorbic acid in a 0.83

azidomethylferrocene, beforehand dissolved in THF under agitation of 300 rpm

hour, the copper mediated click chemistry of ferrocene was performed. To remove

graphene surface was submerged in an agqueous S(

of Cw* from the surface, the

10 mM EDTA for 10 minutes and subsequently rinsed with acetone as@d ahtl blo

dried afterward

The schematic of the surface modification with diazonium salt, the deproteq
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of azide terminated ferrocene is shown in Figur







Results of surface modificati

The different surface modifications of graphene and

gold are shown in this

Furthermore, the results of non-specific binding interactions with the surface for d

blocking strategies and shown and discussed, as well the electrical performand

gFET after the diazonium treatmé

SPR experiment for blocking age

Surface plasmon resonance measurements were conducted to determing

blocking agent for further bio-sensing measurements on the graphene surface.

prisms with 50 nm gold are coated with CVD graphene from Graphenea and the

was modified with different blocking agents, such as BSA, pyrene carboxylic-acid

herein synthesized blocking agent PyPEG with a 34-mer polymer chain. The tes

to observe non-specific interaction, was lysozyme, a sticky and rather small (14

analyte. A titration of 1 uM up to 500 uM was carried out to stress the surface f¢

and the adhesions are shown in Figur




The results of the non-specific binding experiments of lysozyme on the

graphene surface with SPR indicate

of 10 uM are almost completely suppressed with a concentration of 5 uM Bj

immobilized on the surface. The ratio of 1:10 PCA/PyREE the surface enable

immobilization of bio-recognition elements on the surface and keeps the unspecific

at a very low level, even at high lysozyme concentrations of 500 uM and the SPR

with 200 RU still smaller than with the BSA blocked surface, shown in the compa

A) and (B). Therefore, the surface modification for protein det

experiments will be performed with PCA/PyP&® the evaluated ratio of 1:

XPS Aptamer surface coverd

the immobilization of amine-terminated sSDNA. The samples were functionalize

C: PCA/PYPEG 1:10, no activation, no DNA. (control experimen




The result, Figure 42, show only very small P 2p signals with the highest output fq

aptamer on the surface. The surface modification with PCA and PCA/PyPEG and t

solvents needs to be discussed and maybe improved in additional experime|

replacement of aptamer with other molecules can lead to better results. The immol

of amino-modified polystyrene nanobeads is shown in Chapter 3: Nanobeads SE

Nanobeads SEM imag
The immobilized polystyrene Nanobeads were investigated with scanning 6

microscopy (SEM) to visualize the surface coverage after linking to pyrene carbox
(PCA), immobilized with different solvents Figure 43, Figure 44, Figure 45 und Fig

demonstrate the surface coverage of nanobeads on the rGO surface of differe




After the nanobeads were immobilized, the density was evaluated from t

images with the graphical picture processing tool ImageJ. The example for the t

manipulated picture for the PCA in THF is shown in Figure 47 (A). The surface cg

was determined from the pixel count for all 4 surfaces and the percentage values a

in Figure 47 (B




Differential pulse voltammetry enzyme reac

DPV measurements were performed to compare the surface coverage of bio-re(

elements on rGO chips, Au slides and carbon nanotubes with carboxylated surfa

screen-printed electrodes (SPE 110SWCNT, Dropsens) with single walled

nanotubes (SWCNT) with carboxylic acid functional groups. In Figure 48 are th

experiments shown of the reference system on the SPEs and three different solve
PCA immobilization on rGO gFETs. Each DPV measurement was carried out as a

binding experiment (pos, red curves) and control experiment where the binding site

not be present (control, black curves), hence exhibit a small signal during the reac

measurement in Figure 48 (A) demonstrate the DPV peak of the hydroquinone

groups vield in a high currdg

This reference measurement with pre-modified COOH

at about -0.5 V. Both signals, the positive and control measurement, were evalug

peak-analyser method in the NOVA software to determine the current
The dashed lin¥ DUH WKH EDVHOLQH IRU WKH VLJQDO
electrochemical active species in the measurement setup. All current peaks were
accordingly and for each surface modificationgibeandcontrolwere compared in Fig
49. It can be shown, that the modification of SWCNT-COOH on the SPE, the re

measurement, exhibits the highest current for the positive measurement, of m

different dimensions between the SPE and Micrux sensing area and the fact that

have an increased surface area, due to their 3D structure. The experiments were a

out on biotinylated Au-slides to verify the surface modification of the SPR slides,

in Figure 50 (A). The comparison of all signal-to-noise rations, determined by the

positive to control experiment are shown in Figure 49 and Figure 50 (B). The

modification with pyrene carboxylic acid, dissolved in THF leads to the highest S/



of almost 10, comparable to the modification of the Au slide with a ratio of 8.9, and

the SWNCT S/







Performance of diazonium treated g

The immobilization of TIPS-Eth-ArN was carried out with 5 cyclic voltamme

cycles from -0.6 V to +0.6 V. The reduction is most prominent in the first cycl

decreases each cycle due to the fact, that the surface modification is self-inhibit

the TIPS-protected diazonium is attached to the surface, show in Figure 51 (A). T

Eth-ArN2" was successful. The cyclic voltammetry experiment indicating a sucq
surface coverage is show in Figure 51 (B) on the gFET. The comparison of a gFE
the deposition yields to a prominent oxidation peak at 0.25 V and a reduction peak

black curve). After deposition of the TIPS-protected diazonium, the current decrea

, indicating a blocked surface. After the TIPS deprotection, the redox curren

to the level of the unmodified gFET due to the successful deprotection. Figure 51 (C
the cyclic voltammogram of thé F O L FNBHF&focene compound on the surface.

redox reaction of ferrocene covalently immobilized on the gFET surface exhibits g

0.463V and 0.38® ( mV). The integration of the area below the curve indi

a surface coverage cf 19 mol/cn?, whereas the maximum surface coveragg

degree of immobilization still exceeds non-covalent immobilization strategies




After the click chemistry was proven to work with electrochemical experi

of graphene after the harsh treatment with diazonium is

with SEM images of CVD graphene. Figure 52 shows the results of the

modification before and after diazonium treat

The diazonium treatment for the covalent surface modification leads to a li

CVD graphene from the glass substrate. The adhesion layer of CVD graphene wa

by Triethoxyphenylsilane but forms a non-covalent bond to graphene. The r4

electrical properties of partially removed CVD graphene have to be investigated W

curves to investigate if the chip can be used as a bio-sensor. These damages|
observed on reduced graphene o

1oV curves and mobili

Due to the covalent surface modification and the observed damages, visible
images, it is necessary to determine the functionality of the graphene substrate
harsh treatment with diazonium. Morphological investigations, such as SEM imagi

successful to prove the presence of the substrate, but the electrical properties n

investigated for further sensing properties. The transfer characteristic of the graph

is a parameter to observe the semiconducting properties of the channel materi



compare the before and after state. In Figure 53pthedurves of rGO FET (A) and C

graphene FET (B) before and after diazonium treatment are shown. The slope of t

curve (left of the Dirac point) was evaluated using a linear fitting to obtain the va

miin and calculate the mobili

The mobility of the gFET can be calculated from the slope of the linear

previously reported in Chapter 2: Mobility calculation with eq 7. The results of the
u for rGO and CVD graphene FETs

6
Mdiazonium= 740 ? 1Py

216
Mdeprotected— 877 Pwy

behaviour was observed for an entire batch of diazonium treated FETs and makes

graphene FET suitable for sens



Discussio

This chapter about different surface modifications of CVD

graphene oxide and gold shows several different approaches to visualize we

immobilization strategy works or cannot be used for further bio-sensing. The dif

methods cover the non-covalent immobilization with pyrene derivates on grapheng

covalent immobilization strateqgy of diazonium treatment. Furthermore, cd

functionalization of gold slides is shown and the successful immobilization d@

molecules was sho

The reported blocking strategies to avoid non-specific binding (NSB) to the

protein lys

The synthesized pyrene-polyethylene glycol molecule with 34 repetition units is bes

for the deposition and blocking of NSB. It outperformed the standard blocking S
used in ELISA, the BSA blocking. Furthermore, the PyRE&Hlows the mixing wit

immobilize a capture probe on the surface,

to the conclusion that this is a practical way to modify the gFET surface. Experi

determine the ratio of blocking agent PyRE&nd PCA for functionalization show, thj

ratio of 1:10 is best suited to have a sensor surface that is selective and specific af

time. The strategy of a 1:10 ratio was also adapted for the functionalization of A

while here the immobilization was with the well-established covalent thiol che

Unfortunately, XPS measurements on immobilized aptamer on the gFET

exhibit minute signals of less than 0.2 at% and cannot prove the successful aptam
to the graphene surface. The investigation of the best solvent for PCA was carried
amino-modified polystyrene nanobeads and amino-terminated PNA strain

nanobeads could be depicted with SEM imaging after immobilization to the gr

surface. The quantification with a graphical image processing tool lead to a ma

surface coverage of 7%. Differential pulse voltammetry of enzymatic reactio
exploited to determine the best solvent for the non-covalent immobilization of

the best immobilization strategy for PCA: dissolve 1 mM of PCA in THF and appl

a droplet on the surface until evaporat



The covalent functionalization of graphene leads to promising results for

extremely high packing density of immobilized molecules and the controlled formg

diazonium deposition makes this material

reproducible gFET architecture with high surface functionalization

Due to the establishment of the covalent diazonium deposition method at the en
project, it was not possible to perform bWWHQVLQJ H[SHULPHQW
recognition elements. The detailed results of the diazonium treatment on graphe

found in the publication Mishyat al.2019.11

Mishyn, V., Aspermair, P., Leroux, Y., Happy, H., Knoll, W., Boukherroub, R
Szunerits, S., 20193& OLFN"~ &KHPLVWU\ RQ *ROG (OHFW

10.3390/surfaces2010d



surfaces

1] and electrochemical sensors can reach that goal by
converting a chemical or a biological response into a processable and quanti able 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 modi cation of graphene-based materials with recognition elements. Covalent and
non-covalent strategies have been employed, including amide bond formation and — 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
Ims [ 9-13]. The ability of EPD to be applied to different materials and to control the thickness of

Surface®019 2, 193-204; doi:10.3390/surfaces2010015 www.mdpi.com/journal/surfaces



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 de ned deposition techniques [ 10,11,19-24].
The group of Boccaccini added intensively to this eld 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 agueous 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 2+, 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 co[ig], the detection of dopamine in meat [ 20] and Ni 2* 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 Im electrodes. It is shown
that the use of a voltage bias of 2.5V for 5 min results in rGO thin Ims of good electrochemical behavior.
These Ims can also be submitted to further surface modi cation using diazonium electrochemistry
without altering their adhesion characteristics.

2. Materials and Methods

2.1. Materials

Potassium hexacyanoferrate(ll) ([K4Fe(CN)g]), hydrazine hydrate, phosphate buffer tablets
(PBS, 0.1 M), tetrabutylammonium uoride (TBAF), ferrocenemethanol, copper(ll) sulfate (CuSO 4),
L-ascorbic acid, EDTA and N-butylhexa uorophosphate (NBu 4PFs) were purchased from
Sigma-Aldrich and used as received. Graphene oxide (GO) powder was purchased from Graphenea,
Spain. 4-((triisopropylsilyl)ethylenyl)benzenediazonium tetra uoroborate (TIPS-Eth-ArN  ,*) was
synthesized as reported previously [ 26].

Azidomethylferrocene was synthesized according to Reference [27].

Au thin Im 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 ow. The deposition took place in a two-electrode
system with a platinum foil (1 cm 2) as the cathode and the cleaned gold surface as the anode (0.5 crf).
The electrodes were placed in parallel to each other at a xed distance of 1.5 cm. An aqueous GO
solution of 1 mg mL ' 1 was used for the EPD. Voltage biases of 1.25V, 2.5V, 5 V or 10 V were applied
using a potentiostat/galvanostat (Metrohm Autolab, Utrecht, The Netherlands) for 5 min. The modi ed
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 modi ed electrodes were






1A. It is based on a two-step
process in which, after EPD at 2.5V 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 signi cantly at
voltages greater than 2.5 V (Figure 1B), where the electrical current passing through the interface
increases during the rst 25 s before stabilizing. In contrast, at potential biases of 2.5 V and lower,
a decrease of the electrical current is rst 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 at3and5V [ 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 Ims 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 Im rupture with poor Im attachment.

Figure 2A shows SEM images of the different interfaces. While the Ims formed at 1.25 V display
granular like structures, the Ims 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 Im
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 Ry = 4.1 nm (Au) to R4 = 3.5 nm for Au/rGO (2.5 V deposition
potential).
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28. A Im
thickness of 59 nm was determined. This is in agreement with pro lometry measurements where
a Im thickness of about 55 nm was determined (Figure 2B). Samples prepared at 1.25 V for 5 min
had a deposited mass of 3 g and an estimated rGO Im thickness of 20 nm, below the acceptable
accuracy limit of pro lometry to be validated. Increasing the potential to 5 V resulted in 120 nm
thick Ims. The Hamakar model [ 29] correlates the time-dependent (t = 300 s) amount of deposited
materials (m,go in g) with the electrical eld strength ( E, 1.6 V m' Lin our case), the surface area of the
electrode (0.8 cn?), the electrophoretic mobility of GO (1.97 10 4 cm?/(Vs) ' 1), the concentration of
the particle suspension (1 mg mL' 1, 0.001 g cnt 3) and the anodic ef ciency factor f (Equation (2)) [ 29].

Mco=CGeo A m E t f (2)

In the case of f = 1, the amount of deposited rGO should be equal to m g0 =47 g. The determined
rGO amount, however, was only 10 g, which implies an ef ciency factor of f = 0.2.

As a voltage bias of 2.5 V seems to be the best condition for the EDP of rGO Ims 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-de ned redox couple with
increased capacitance behavior as expected for rGO materials (Figure2B, blue curve).

The chemical composition of the deposited graphene matrix was further evaluated using XPS
(Figure 2D). The high resolution C1s 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 sp 2 increased
compared to the GO solution, indicating the partial restoration of the sp 2 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 n®2 D2 () (3)



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 Ims 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 Im 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) C1s high-resolution spectra
of GO (black), EPD GO (red) and further reduced GO (blue). ( E) Raman spectra of the EPD Im 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 Im 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 Im 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.

3.2. Surface Modi cation Using Diazonium Electrografting

To validate the stability of the formed interface, ef cient covalent modi cation based on the
electroreduction of a triisopropylsilyl-protected ethynyl diazonium salt was performed (Figure  4A).
Covalent surface modi cation 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 dif culty 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
tetra uoroborate (TIPS-Eth-ArN ,*) was used for the formation of an organic thin Im 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 ve 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 modi ed Au/rGO-TIP surface was immersed
into tetrabutylammonium uoride (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 rst 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 (Figure5A). 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-modi ed electrode examined in electrolytic ethanol
solution. A surface concentration of G=2.5 10 1mol cm' 2 of bound ferrocene groups was derived
from these measurements using Equation (4):

G= 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 cn?. Considering the ferrocene



34]. In our case, about half of the
full coverage was achieved.
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Figure 4. (A) Covalent modi cation of Au/rGO electrodes using a silyl-protected diazonium
salt followed by tetrabutylammonium uoride (TBAF)-based deprotection and “click” reaction
using azidomethylferrocene as a model compound. (B) Electroreduction of 4-((triisopropylsilyl)
ethylenyl)benzenediazonium tetra uoroborate (TIPS-Eth-ArN  ,*) on Au/rGO, scan rate 50 mV's ' 1.
(C) Cyclic voltammograms of ferrocene methanol (1 mM)/0.1 M PBS of rGO/Au before (blue) and
after modi cation with TIPS-Eth-ArN  ,*

(A) (B)

Figure 5. (A) High-resolution Fe2p X-ray photoelectron spectroscopy (XPS) core-level spectrum of
ferrocene modi ed Au/rGO interfaces. ( B) Cyclic voltammograms in acetonitrile/ NBu 4PF; 0.1 M),
scan rate 100 mv ¢ 1.
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To guarantee stable and reproducible measurement conditions over a lon

of time it is important to have a measurement tool for the produced gFET with

specifications and settings. Beside characterization of the devices, it is impo

measure the modulated current between drain and sesihgring

events, store the data and process it, if necessary. Therefore, a data logger with vis

of the ongoing measurement is required and shown in this ¢

Materials and Metho

This section shows all used materials and software tools to measure the

FET in the laboratory environment. The tools apply for the experiments in the stz

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

Source measure u

A standard device to characterize semiconductors like field-effect transist
source meter unit, SMU, that has the capability to measure the current while ap|

voltage. The most important parameters for such a device are the resolution (typ

SMU 2612B and the SMU 4200, depicted in the Figure 54 A and B. These h

measurement devices provide versatile units to specify newly developed semico
but are overpowered for bio-sensing applications. It is only possible to measure o



a at a time, because both channels are utilized for the field-effect transist

measurement circuit is depicted in Figure 54 C, where two channels are connectg

FET. The parameters for each channel can be adjusted individuall

characterize the deviq

As an alternative, a common gate electrode could be used to modulate two

FETs at the same time. That is only allowed, if the leakage cugsgyutf the Gate electro

is less than 1% of the drain source curregtWUnder the assumption, that the drain-sg

conductivity of a graphene FET is at any time high enough, such a configuratibe

practice and a sufficient rGO surface coverage on the drain-source sensor amc

present measurement specifications. Commercial alternatives to a high priced a

SMU are available, like the measurement device U2722A from Keysight Techng

shown in Figure 55 (A). The advantage of this device is the presence of three indg

controllable channels, where two can be used to measure simultaneously two gFE

the third channel controls the gate. The circuit diagram forghésIcharacterization

two gFETSs parallel is shown in Figure 55




Software: gFET measurement uti

A software module controls the SMU U2722A to achieve reproducible

during all experiments. The gFET measurement utility takes over all task of set

parameters for the measurement, running the experiment and logging the meas

The customized requirements for the software tool contain the following require
Adjust parameters for the measure

Vps, Vaeatg CUIrent ranges, Start and Stop potentials, repe

Read and save configuration files for measure

Evaluate the Dirac point shift and slope ch4
Control two gFETs simultaneou

The programming environment Labvi€éw2016 from National Instruments off

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

graphical user interface (GUI) for a good working platform on the com



Flow cell 1: micro fluidic desig

The commercially available flow cell from the company Micrux Technol

provides a micro fluidic device for electrochemical experiments, where all electro

planar on a glass substrate with dimensions of 6 x 10 mm. Typically, such sensq
consist of two or three electrodes, working electrode (WE), counter electrode ((
optional the reference electrode (RE) to measure electrochemical properties on th
or in solution. Figure 56 shows the flow cell base (ED-AIO-CELL), the lid (FC-P

3,5) and the sensor chip with two interdigitated electrodes (ED-IDE1-Au), avail

Micrux Technologies. These components are commercially available from

Technologies and can be connected via standard USB-mini cable to a

perform measureme

The commercially available lid is not suited for a liquid gated FET experime

interdigitated electrodes of the standard Micrux chi

and source electrodes, while an additional AgCl wire is necessary in the lid as

electrode on top of the sensor chip. Micrux Technologies produced the ada

according to 3D design, shown in Figure 57. The 3D parts were all designed with A

Inventor and the lid was produced of Poly(methyl methacrylate) P



Flow cell 2: gFET/SP

in the resonance angle. The gold slide is modified with capture molecules, which

of binding events change the resonance angle of the plasmons. Typically, the gol

assembled in a flow cell to wash a buffer solution containing the analytes over the

area. Liquid gated field-effect transistors for bio-sensing comprise of a similar flg

architecture. The gold slide of the SPR set-up can be used as gate electrode in
AQCI wire. It is necessary to assemble a sandwich of the drain-source electrode

side with the gate electrode on the other side of a liquid channel. The gold slide

two functions: for the electrical FET it is the gate electrode and for the SPR config



it exhibits the surface plasmons. The essential components for the gFET/SPR s

gold slide, the drain-source electrodes and a gasket, shown in Fig

Figure 59 shows the approaches of combining the SPR in a Kretsqg

configuration with a gFET in one flow cell, fabricated in a fused deposition mo|

(FDM) process, a specific method of 3D printing. All FDM parts were fabricated w

Ultimaker S5 and two different filaments: polylactic acid (PLA) as building materid

polyvinyl alcohol as water soluble support matg



The gasket between the gold slide and the field-effect transistor was d

according to the requirements of the created flow cell. The in- and outlet of the mol

DUH SHUIHFWO\ DOLJQHG ZLWK WKH JDVNHWY{V R{
the flow cells and molds for the PDMS gaskets were fabricated. The first appr
combing the electrical chip with the SPR slide contained a 3 mm thick PDMS

connected to tubing with syringe needles. The first gFET holder and the 3 mm g3

later referred as 3 mm flow cell. This first gFET/SPR flow cell was the

and lead to the second iteration of the flow cell, later called pCell with a microfluidic

of only 400 um liguid channel heig



Gasket for uCe
It was necessary to create a molding form to produce the 400 um high ga

the uCell with its unique properties. The special feature about this gasket is the 3D

gFET side, because of a gap between the molded part and the sensor chip, show

The gasket is asymmetrically designed between inlet and outlet. The in

opens like a funnel towards the measurement spot, in the center of the gasket. A 9

between top and bottom part is implemented inside the funnel to avoid a lift off fr

gFET surface. The outlet side reduces the cross section rapidly to avoid trap

PDMS gasket fabricatiq
Once the molds for the 3 mm and pCell gaskets were fabricated, the PDM

can be produced. Standard microscope slides (25 x 75 mm) cover the molding

make a sealed chamber for casting the liquid PDMS. The

prepared right before the casting for good pouring properties. The source of the H



the Slygard 184 kit from Sigma Aldrich. The monomer and the curing agent are

a ratio of 10:1 and stirred with a glass spatula for 10 minutes to assure a ho

mixture. Air bubbles immerse in the solution during this process, which are remo

desiccator for 15 minutes under vacuum. The liquid siloxane solution is carefully

into the top of the molding forms in an upright position. The molds are put inside a

oven at 35 °C over night for the curing the PDMS. The final silicone elastomer s

Tube connection to the gFET/SPR flow @

The first model of the gFET/SPR flow cell with the 3 mm gasket is connecte
two syringe needles of diameter 0.75 mm with a length of 35 mm. One side of thg

is connected to silicone tubes SC0002 from Ismatec, with an inner diameter of

ringe is inserted through a guidance hole in the gFET holder to

inside the 3 mm gasket. This step is repeated for inlet and
To connecttheinDQG RXWOHW WXEHV WR WKH —&H(

threads for standard HPLC tube end fittings, like Bola F 702-38. PTFE tubes with
GLDPHWHU RI " OLNH 6LJPD .§0e@URERWes are alddhe)

the terminal pieces Kinesis 002310 for a good sealing in the final mounting positiq

allows a rapid disassembly of the flow ¢

Fabrication of printed circuit boa

A copper etching technique was used for rapid prototyping of printed circuit |

to create the required connections between the measurement equipment and the ¢
base material for the PCB boards are 1.6 mm thick copper laminated (60 um) fi
plates. The raw copper sheet is

the copper oxide layer. Subsequently, the sheet is washed briefly with water and re

grease residues are rinsed off with acetone. All PCB boards are designed using t

software Eagle V7.6.0., laser printed on transparent overhead foil (Avery, A



covers the PCB and for 5 minutes a constant pressure is applied to transfer the t

the copper. After the 5 minutes, the PCB is immersed in cold tapped water to cool
rapidly and remove the foil. The copper layer of typically 60 um is etched in a {

persulfate solution (Sigma Aldrich, CAS Number: 7775-27-1) with a concentra
20 g/100 mL in the 50 °C bath under constant stirring. Onl

copper exposed to thg

solution is removed. Figure 61 shows the designed PCB boards for Keysig

connections, using standard USB connect




Results of gFET/SPR des

All results from the creation of the measurement system, the developed S

tool and the novel gFET/SPR flow cells are listed. The realization of all these toolg
corner stone of the present work, without the project would have been p

Measurement set-up for the gFET and gFET

The combination of the new source measure unit Keysight U2722A, the d¢

liquid gated MicUX[ RU 635 IORZ FHOOV DQG WKH GHYHO

XWLOLW\ " JXDUDQWHH D UHSURGXFLEOH ZD\

throughout this project under stable conditions. To connect the SMU with the

measurement flow cells it was necessary to create an adapter to a standard U

Beside the availability of such standard USB-A to USB mini cables, it is impossible

user to connect the devices wrong. The mechanical stability was achieved with an

produced connector board, shown in Figurg

connection in the gFET/SPR flow cell, while a wire connects the gate electrode of
Micrux flow cell, re-designed to include a gate electrode. The developed softwarg




all requirements stated in Chapter 4: Software: gFET measurement utility and F

shows the final version of the gFET measurement u

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

required to start the measurement with the Keysight U2

Graphical user interface (G

In the control panel sets the gate and drain-source voltages, current ranges
alues for a voltage sweep. Further

Transfer characteristicoVa

The recording of the Drain-Source curresgdr short b during the \§ sweep

Dirac point and slope evaluati

Surface charges, ionic double layer and molecule adhesion on the surface i

the parameters of eq 2, causing a shift in the Dirac point and the slope of the



characteristic. The automated evaluation of the Dirac point shift, in V, and slope

A/V, were implemented in the software and the results are plotted in real time

the experiment, shown in Figure 63. The Dirac point is the minimum of g¥ehclrve

plotted as the voltage value vs. time, while the slope is evaluated either from the

p-type branch of the curve. The user chooses the evaluated direction and length of

DFFRUGLQJ WR WKH 'LUDF SRLOQW 7KH VHWWLQ

pbercentage define the considered data points for linear regression. It is not ad

choose 100 % because the center of the Dirac point has a slope of 0 pA/V, ther

linear regression would yield a high er

Repetitions, automation and Dirac ti

Automation in measurements makes the experiment easier and leads to reprodug

The user adjusts the time delays and number of repetitions fas\Mgaelrves. In case

holistic studies for the changes of surface properties, a continbldgsrieasurement
QHFHVVDU\ 7KH QRYHO WHFKQLTXH FDO OH @sdurihl

plots the shift of the Dirac point and slope variations as a

of time. The logged data contains kinetic in case of binding events on thg

As an additional interface, it was adapted to measure the electrical gFET an

SPR signal at the same time, where the input signal for the channel two is provide

locked-in amplifier of the SPR measurement set-up. Figure 64 shows the simu

readout of the gFET (upper and the SPR signal (lower

simultaneous read-out of a layer-by-layer assembly, further discussed in Chapter

by layer measureme



Exported Dat

Once the measurement is finished, the gFET measurement utility exports a Windo

spreadsheet with all logged and processed data. The output file is shown in Fi

Figure 66. The entire data set for both channels during the experiment is auto

saved on the hard drive for further data processing and docume



Assembly of gFET/SPR cel

After all parts were fabricated with the Ultimaker S5, they were cleane

assembled as shown in Figure 59. The 3 mm flow cell requires a soldering step to
with the Keysight U2722A, while the pCell is attached with a USH



cable. A connector board for the pCell was designed and fabricated in house. H

shows the assembled components in the gFET/SPR config




Discussio

new measuremen

using a commercially available source meter unit with three channels to meas

gFETs and apply on the third terminal a gate voltage. The new developed software

for the user to control all channels of the SMU, start measurements in different md

store the data in an Excel spreadsheet is in its final version suitable to measure 4

bio-sensing event. The gFET measurement utility 4.4 contains a novel meas

technique to observe the Dirac point shift and slope change during the re

measurement. This new feature in FET bio-sensing aims a comprehensive way to

gate voltage or a transfer characteris

the binding event is finish, but a real time monitoring of the influence of ligands

binding partner, immobilized on the sensing sur

In combination with a FET micro fluidic flow cell, such as the new fabris
Micrux cell and the novel development of the gFET/SPR cell, this tool can be ud

research platform to investigate binding phenomena. The Micrux cell has the ad

of fast assembly and commercial availability. The disadvantage is caused

architecture: the modification of the gate electrode is not possible with the AgQ

therefore all experiments have to be carried out on the rGO surface, at the drai
channel substrate. The surface chemistry for bio-functionalization can be a diffic
and needs to be adapted for each substrate. The gFET/SPR micro fluidic devicg

the use of a standard Au slide with established thiol-chemistry and can benefit fro

measurement system with optical and electrical readout. The first approach with t

flow cell was the first attempt of combining the gFET with the SPR device. O

working principle was tested, the system could be improved with a microfluidic gas

a better way for assembly. The here shown improvements from a 3 mm high meaj

chamber towards 400 um was a big leap for the rapid solvent change inside the

required volume is drastically decreased, and a laminar flow is available in
chamber. The gFET connector board makes the system compatible with a daily lab
and the USB connection to the source measure unit decreased connection probl

[ gFET/SPR setup, combined with the electronic measurement



package provides a platform for bio-sensing appli

for future researchd



This chapter applies the knowledge gained throughout the Chapters Intro

Fabrication of graphene FETs and gold slides, Surface Modifications and gFl

measurement tool, to perform electrical gFET and optical SPR measurements on t

Materials and Metho

At the beginning of this work, electrical measurements on the gFET were

out independently from the optical surface plasmon resonance measureme

surfaces, such as graphene FETSs, gold slides and graphene/gold slides were
according to the protocols of Chapter 2: Fabrication of graphene FETs and gol

Initially, optical SPR experiments on CVD graphene were carried out

commercial SPR system from Sensia, the Indicator-G. The prisms for this devi

purchased directly from Sensia, already coated by Graphenea with a CVD grapheg

The first aptamer experiments were carried out on CVD graphene coats
surfaces in an SPR system Indicator-G (Sensia). The functionalization of graph

demonstrated and discussed in Chapter 3: Surface Modifications and consists of t

A self-assembly layer of pyrene-carboxylic acid and pyrene-PEG mixtuseapjlie

before the bio-recognition element was immobilized. An amine-terminated Apta

immobilized on the EDC/NHS activated surface. The sequence for the best suitablg



Layer by Layer assemi

The combination of the optical SPR and electrical gFET measurement cre

possibility of simultaneously recording the refractive index change and the influg

surface charges on the bio-sensor surface. To observe and understand the

between positively and negatively charged species on the surface, a layer bgdaysn

of alternating charged species was carried out. The optical signal represents thef

refractive index upon mass deposition on the surface. These adsorbed molecul

surface lead to a collective new order of charges on the gate electrode, modul

drain-source current of the graphene FET. The electrical readout is based on s

continuous deposition of different charges, redefining the electric double layer

electrostatic field The formation of PDADMAC/PSS
called PEM, was used to obtain differently charged surfaces in a controlled exp

adsorption of PDAI

The electrostatic interaction supports the alternating

poly(diallyldimethylammonium chloride) and PSS poly(sodium 4-styrenesulfonate)

Au-surface

The experiment was carried out with the novel gFET/SPR measurement s¢

Biotinylated gold surfaq

The surface of the SPR slide was modified with biotin, following the

reported in Chapter 3: Gold slide biotinylation. The experiment was carried out

gFET/SPR setup, were only the golds slide was functionalized. The specific bindin

of avidin, neutravidin or streptavidin to the biotin leads to an increase in surface




therefore change of the resonance angel, which can be observed in a real-t

measurement. The adherence of any avidin complex leads also to a charge re-di

on the gold slide, which works as gate electrode for the gFET at the same time. T

readout signal is therefore modulated upon binding events. The binding experime
always observed with continuous SPR readout at a fixed angle to trace the c
reflectance during the binding events. The gFET experiment was carried out

different modes:d(t) and bVe.

In(t) mode: continuous currerdd measurement with a fixed gate voltags

IV mode: measurement of the transfer characteristic after the Q

The two methods have both advantages:gtigdan be used to evaluate the binding ki

for each concentration because a data point is acquired every second, wbW&sthierve

measurements cover the entire transfer spectrum of the gFET after each binding e

is in particular interesting, if it is not known, at what gate voltage the binding event

most promine







Results of gFET/SPR measurem

Human papilloma virus protein detect

The detection of the human papilloma virus was carried out on the commerg

Indicator-G from Sensia and on the stand-alone gFET measurement flow cell. Th

protein titration from 7.5 nM to 1000 nM are shd

for the human papilloma virus

Figure 68. The titration of insulin was performed at the end of the HPV protein titra

observe the non-specific interaction on the rGO surface. Since the protein has

molecular weight of around 60 kDa, it would lead to a similar non-specific interac

the surface. The response to an insulin concentration of 1000 nM is aroung

comparable to the specific signal at 7.5 nM HPV-protein concentration. A concentr

three orders of magnitude higher to this, 1 mM, was injected to exhibit a response @
on the gFET. This demonstrates that the anti-fouling surface modification suppre

non-specific interaction, while specific interaction occurs at 7.

The exponential fits upon binding events were evaluated and are plotteq

Figure 68. The time constant of the exponential equation represents the affinit

brobe at different concentrations. If this value is inserted

ligand to the capture



Langmuir equation, the half-saturation value can be determined, which repres

dissociation constantd Figure 69 illustrates the different Langmuir curves for the o

SPR and electrical gFET sensor respo

The binding of the HPV-protein to a densly packed surface, a more losely

surface and to a scrambled, but anti-fouling surface are shown in Figure 70. The SH

exhibits the highest magnitude of around 200 response units at a loosel
coverage. The CVD graphene surface was modified with a 1:10 ratio of aptamer li
igh packing density of the HPV-aptamer without any anti-f

agent leads to a reduced sensor response. The non-specific surpression with t

PEG anti-fouling agent is shown with the sensor response at 1 UM HPV-protein i

The latter surface was modified with a scrambled DNA sequence that has no affini



The increased binding signal at 1 uM for a diluted aptamer surface coverag
explained with possibility for the protein to access the binding site of the aptame

A more loosely packed arrangement of aptamers increases the amount of binding

probe, hence increasing the signal amplitude, as shHenwarifReference s

ource not found.

Titration of different pH solutions in gFET/SPR s¢

graphene FET inside the Micrux flow cell with the

gFET/SPR flow cell is shown in Figure 71. The two systems consist of differe

electrodes. The Micrux cell has a chloride coated silver wire, while the gFET/SPR

gold coated optical SPR slide as gate electrode. Therefore, the influence of diffe

arrangements, is investigated with the titration of ionic solutions with increasing pH

The ionic solution consists of standard PBS buffer (pH 7.4), adjusted with 0.1

0.01 M HCI solutions to the values of pH 4 up to pH 7 in 0.5 incre



The response of the gFET in the Micrux cell differs from the gFET/SPR ce

minimalistic manner. The magnitude of the signal differs according to the device-to

YDULDWLRQ ZKLFK FDQYW EH FRQWUR O @3gdns&ridnidi

constant upon pH value changes, due to the constant refractive index between t

and pH 7.0. The measurement proves the dependency of the gFET to pH conce
related to the variations of the electrical double layer formation on the two interfacq

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

Layer by layer measureme

voltage \&=-400 mV, while the red curve is the result of a positive
Ve = +400 mV applied to the gFH




