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In this short review, we summarize the design and implementation of organic semiconducting materials-
based field-effect transistors (OFET's) and the fabrication and use of reduced graphene-oxide field-effect
transistors (GO—FETs) as flexible transducers for electronic biosensing. We demonstrate that these
platforms allow for the quantitative, in situ, and in real time monitoring of bio-affinity reactions between
analytes from solution to the surface-immobilized receptors. The examples given include the binding of
anti-bovine serum albumin (BSA) antibodies to their antigen, BSA, covalently attached to the channel of
an OFET, or the reverse mode of operation, i.e., the binding of BSA from solution to the antibodies
immobilized on a rGO transistor. Finally, we will discuss a few results obtained with odorant binding
proteins used as receptors on a rGO-FET transducer for the realization of a biomimetic smell sensor.

Introduction

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

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

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

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

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

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

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

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

©2018 IOP Publishing Ltd


https://doi.org/10.1088/2058-8585/aad433
https://orcid.org/0000-0001-5416-5837
https://orcid.org/0000-0001-5416-5837
https://orcid.org/0000-0003-1543-4090
https://orcid.org/0000-0003-1543-4090
mailto:wolfgang.knoll@ait.ac.at
http://crossmark.crossref.org/dialog/?doi=10.1088/2058-8585/aad433&domain=pdf&date_stamp=2018-09-07
http://crossmark.crossref.org/dialog/?doi=10.1088/2058-8585/aad433&domain=pdf&date_stamp=2018-09-07
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0

10P Publishing

Flex. Print. Electron. 3 (2018) 034003

CKotlowski et al

Bovine Serum Albumin
Surface Modification

Conventional Bottom
Contact OFET

Protection & Top dielectic ——

flow cell with an inlet and outlet for the analyte solution.

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

was used as the polymeric semiconductor. (B) The OFET, prepared on a flexible poly(imide) substrate. (C) Mounting the device onto a

— Maleic anhydride
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surface of the transistor, and a high affinity antibody
binding from solution.

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

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

Protein (antibody) sensing by OFET
devices

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

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

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

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

An example for a global analysis, i.e., the combina-
tion of kinetic and titration measurements for anti-
BSA binding to surface-immobilized BSA proteins, is
shown in figure 2. Upon injecting analyte solutions of
increasing concentrations, ¢, a decreasing current
between the source and the drain is seen, reflecting the

2
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Figure 2. (A) Global analysis of the binding of anti-BSA
antibodies from solutions of increasing concentrations to the
surface-immobilized antigen molecules, BSA; (B) Langmuir
adsorption isotherm from the titration date of (A), plotted as
surface coverage, 0, as a function of the concentration of BSA
in the bulk solution. The red S-shaped curve is a fit to the data
with K4 = 350 nM.

increasing occupancy of the originally empty receptor
sites on the channel, the immobilized BSA, by the ana-
lyte anti-BSA up to a saturation level at full coverage.
This is shown in figure 2(A). Upon rinsing the flow cell
with pure buffer the full reversibility of the binding
reaction (except for a slight drift of the device read-
out) suggests the applicability of a Langmuir binding
model for the quantitative evaluation of both kinetic
parameters for the association, k,,, and the dissocia-
tion constant, kg, (not shown and analyzed here) and
for the affinity constant, K,, or the inverse, i.e., the dis-
sociation constant, K4 = 1/K,, equivalent to the half-
saturation concentration, ¢; , [17].

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

0= KAC/(l + KAC). (1)

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

0 = Algp/Algp ™, ()

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

CKotlowski et al

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

Immunosensing by reduced graphene
oxide (rGO)-FET devices

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

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

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

3
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connector shown (G).

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

height (nm)

A APTES droplet

Hydrazine vapor
reduction to rGO

GO dropcast

C

-4.0nm

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

20pm

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

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

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

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

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

The change of the source—drain current, Algp,
measured after a new equilibrium was established, can
be plotted as a function of the bulk analyte concentra-
tion to yield an adsorption isotherm, presented in
figure 5(B), together with the fit to the Langmuir
model with a dissociation constant of K4 = 3 M.

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

Isp = pCoxW/L(Vg — Ws) Vsp 3

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

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

Electronic biomimetic smell sensing

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

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

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

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

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

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

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

Our approach tries to realize a biomimetic smell
sensor that uses a combination of an electronic trans-
ducer, in most of our cases a rGO-FET device, and the
biological functional unit used in nature by both
insects and mammals, as the first recognition element

CKotlowski et al
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Figure 6. Current—voltage characteristics of the OBP 14 based
biosensor device without eugenol, measured just in PBS, and
in solutions with increasing eugenol concentrations, ranging
from 100 nM to 250 M. The applied source—drain voltage
was Vgp = 50 mV.

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

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

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

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

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

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

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

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

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

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

k = konC + koffy (4)

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

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

Concusions

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

CKotlowski et al

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

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