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etection of biomolecules or bio-
Dsignals in vitro and/or in vivo re-

quires advanced sensors with high
flexibility for the complex recording in three--
dimensional conformation, as well as high
transparency for optical observation and
registration. To meet these requirements,
thin film transistors (TFTs), based on net-
works of carbon nanotubes (CNTs)'? and
silicon nanowires (SiNWs),3>~> and various
organic TFTs (OTFTs)®"° have been inten-
sively studied, which showed promising
sensing applications in detection of various
chemicals and biomolecules. However, the
synthesis of CNTs and SiNWs often requires
high-cost, complicated, and high-tempera-
ture chemical vapor deposition (CVD) tech-
niques, which are not compatible with pla-
stic substrates. On the other hand, OTFTs
have suffered from intrinsic chemical and
thermal instability due to the use of organic
or polymeric materials.

Recently, graphene'®'" and its deriva-
tives'?™ ' have emerged as promising channel
materials in a number of electronics applica-
tions.'®~%° The excellent flexibility, chemical
stability, and biocompatibility?*?” render
graphene an ideal channel material for ad-
vanced sensing applications.?'**%>?8 Sen-
sors based on graphene and its derivatives,
prepared from the mechanical
age,'®??3% and thermal growth,®3'
as reduced graphene oxide (rGO)
have shown potential in the detection
of gas,'®*?73* metal ions,* biomole-
cules,***>738 and most recently biosignals of
living cells.2"* Currently, the chemically
reduced graphene oxide is widely used
because of its unique advantages, such as
low cost, mass production, facile solution
process, and easy functionalization, etc.

As known, most of the reported plastic
electronics still rely on the traditional elec-
trodes, such as metals'**° or indium tin
oxide (ITO) thin films,*® but the graphene-

cleav-

as well
32-35
,
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ABSTRACT Owing to their unique thickness-dependent electronic properties, together with

perfect flexibility and transparency, graphene and its relatives make fantastic material for use in

both active channel and electrodes in various electronic devices. On the other hand, the electronic

sensors based on graphene show high potential in detection of both chemical and biological species

with high sensitivity. In this contribution, we report the fabrication of all-reduced graphene oxide

(rG0) thin film transistors by a combination of solution-processed rGO electrodes with a

micropatterned rGO channel, and then study their applications in biosensing. Our all-rGO devices

are cost-effective, highly reproducible, and reliable. The fabricated electronic sensor is perfectly

flexible with high transparency, showing good sensitivity in detecting proteins in the physiological

buffer. As a proof of concept, fibronectin as low as 0.5 nM was successfully detected, which is

comparable with the previously reported protein sensors based on single-layer pristine graphene

obtained from mechanical cleavage. The specific detection of avidin by using biotinylated all-rGO

sensor is also successfully demonstrated.

KEYWORDS: reduced graphene oxide - field-effect transistors - protein detection -

nanoelectronic sensing

based thin film, either from thermal growth
or solution process,*'*? has served as flex-
ible electrodes**** in various optical and
electronic applications such as solar cells,>**®
organic light emitting diodes (OLEDs),*° and
field-effect transistors (FETs),*”"*® where the
graphene-based electrodes satisfied both
high flexibility and transparency, resulting
in the superior performance than that of the
CNT networks*® and giving competitive re-
sults with other high-cost approach gener-
ated materials, such as metal nanowire net-
works.>®

In this contribution, we report a very sim-
ple method for fabrication of flexible and
transparent all-rGO TFTs on polyethylene
terephthalate (PET) substrates. The thick
rGO film (>9 nm) on PET, obtained by a
spin-coating method, is used as electrodes.
The patterned thin rGO films (2—4 nm),
obtained by the microfluidic method, are
used as the active channel. The fabricated
all-rGO device showed high transparency
and superior flexibility toward bending, as
well as highly reproducible field-effect and
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Figure 1. Schematic illustration for fabrication of all-rGO TFT.

sensing behaviors. As a proof of concept, we explore
the application of the fabricated all-rGO TFTs in elec-
tronic biosensing for highly sensitive and selective
protein detection.

RESULTS AND DISCUSSION

Figure 1 shows how to fabricate the all-rGO TFT. First,
the graphene oxide (GO) solution was spin-coated
onto a 3-aminopropyltriethoxysilane (APTES)-modified
PET substrate.’’”' The modification of APTES can
enhance the adsorption of GO sheets on PET.> Then,
a sharp plastic tip was used to scratch the GO film to
fabricate two separated GO pads.>® After that, the GO
films were micropatterned between the two GO pads
using the microfluidics technique.?’** The GO films on
PET substrates were reduced with hydrazine vapor to
obtain rGO films.> Finally, the silicone rubber was used
to insulate two rGO electrodes, as drain and source,
respectively, and to define the buffer-containing cham-
ber for electrolyte-gating. The length of rGO electrodes
and the distance between the rGO electrodes were
fixed at 10 and 5 mm, determining the width and
length of the conducting channel, respectively.

The detailed characterization of the rGO thin film is
provided in the Supporting Information (SI). The pat-
terned rGO films are uniform over a large area (Figure
S1 in SI), consistent with our previous result,’ which
are essential for the reliable and reproducible device
performance. The thickness of rGO electrodes was
fixed at 8—10 nm, controlled by the volume of GO
solution used in the spin-coating process (Sl, Figure S2).
The thickness of the rGO channel was fixed at 2—4 nm
(ca. 2—4 layers of rGO sheets) by choosing the suitable
concentration of GO solution supplied to the micro-
fluidic channel (Figure S2). The well-controlled thin rGO
channel is crucial toward both the sensitivity and
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reliability of fabricated TFTs in the following sensing
experiments.

To obtain high conductivity while retaining the high
transparency of rGO films, during our experiment, we
varied the thickness of rGO electrodes from 3 to 12 nm
to investigate how the thickness of rGO electrodes
affects the device performance. SI, Figure S3A shows
the dependence of the transmittance, measured at
wavelength of 550 nm, and the overall resistance of the
TFT device on the thickness of the rGO electrodes (each
resistance value was obtained by averaging the experi-
mental data measured in five devices). When the
thickness of rGO channel was fixed at 2—4 nm, we
found that the conductance of TFT increased with the
thickness of rGO electrodes. If the thickness of rGO
electrodes is ~3 nm, the conductance of TFT is rather
low (resistance of ca. 28 MQ), which arises from the
discontinuous rGO thin films, but it gives a high
transparency (>85% at 550 nm). In this case, the
measured device noise becomes dominant and the
detection sensitivity would be low. No obvious im-
provement in resistance (within 5%) was observed
when the thickness of rGO electrodes exceeds 9 nm.
Therefore, 9 nm thick rGO electrodes were chosen in
the following experiments in order to satisfy both
conductance (<2 MQ) and transparency (>75%).

Supporting Information, Figure S3B shows the trans-
mittance of all-rGO TFT on PET in the visible range,
confirming its high transparency (90% at rGO channel
region and 75% at rGO electrode). This is in agreement
with the previous reports on rGO electrodes used for
solar cells.'”*°

The field-effect characteristic was tested with elec-
trolyte-gating in a PBS buffer solution (pH 7.2). Figure 2A
shows a typical plot of drain—source current (I4s) vs
electrolyte-gate voltage (V) in the fabricated all-rGO
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Figure 2. (A) Atypical l4s—V, curve (drain—source current vs electrolyte-gate voltage) in a PBS buffer solution at V4, =400 mV.
(B) Distribution of ON/OFF ratio measured in 40 devices. ON/OFF ratio was obtained from V in the range from —0.5 to 1.2 V.
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Figure 3. (A) Bending experiments of one all-rGO TFT. The bend radius is 4 mm. (B) /4;—V, curve in a PBS buffer solution at

different bend radius at V45 = 400 mV.

TFT. The typical ambipolar characteristics were observed
in all fabricated devices. In contrast to the single-layer
graphene-based FETs whose performance often varies
largely from batch to batch, our devices showed stable
and consistent performance. The Dirac point is at +0.4 +
0.1 V. Unlike the sharp transition in the Dirac point of the
pristine graphene-based devices,>'* the all-rGO device
exhibited a rather smooth transition. Figure 2B shows the
distribution of the ON/OFF ratio obtained from 40 all-rGO
devices with fixed width (10 mm) and length (5 mm) of
the rGO channel. The average ON/OFF ratio is 3.8 + 0.7
(Figure 2B). All these results indicate that the all-rGO
devices preserve the similar field-effect properties as
shown in the rGO or graphene-based FETs with common
metal electrodes (e.g, Au and Ag).>'*°

Figure 3A shows that there is no obvious resistance
increase in the all-rGO TFT on PET with increasing the
bending cycles (even after 5,000 bending cycles) at the
bend radius of 4 mm, suggesting that the all-rGO TFT
device has an excellent flexibility. The resistance of the
device decreased about 1% after the initial 200-time
bending cycles and became stable afterward. It may
arise from the rearrangement of rGO sheets during the
initial bending, which enhanced the intimate stacking
of rGO layers.

HE ET AL.

To investigate how the bending affects the transistor
behavior, the electrical property of all-rGO TFT at
different bending radius was investigated. The resis-
tance of TFT increased with bend radius (ca. 24% at
bend radius of 9 mm, S|, Figure S4). Figure 3B shows the
plot of Iy vs Vg at different bending radius. The ben-
ding has not resulted in the obvious shift of transcon-
ductance. However, it broadened the transition region
around the Dirac point and lowered the ON/OFF ratio
from 3.4 to 2.4 at bend radius of 9 mm.

As mentioned above, the fabricated all-rGO TFTs
showed excellent reproducibility, flexibility, and trans-
parency, which could have promising applications in
electronic sensing. As a proof of concept, we first
applied the all-rGO TFTs to real-time detect the non-
specific absorption of fibronectin in buffer solution.
The rGO channel was first functionalized with 1-py-
renebutanoic acid succinimidyl ester (i.e., carboxyl
group-terminated pyrene), which served as the linker
molecule to catch proteins in buffer solution. As shown
in Figure 4A, the cross-linking of fibronectin onto the
functionalized rGO channel resulted in the decrease of
current. Figure 4B gives the percentage change of /45 as
a function of fibronectin concentration, confirming
that fibronectin as low as 0.5 nM was successfully
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Figure 4. (A) Real-time detection of fibronection with increasing concentration in PBS buffer by using the pyrene-
functionalized all-rGO TFT sensor. (B) The plot of current change vs fibronectin concentration. The standard error in each

concentration was obtained by measuring five samples.

detected with a signal-to-noise ratio of 16. This detect
limit is comparable with the reported result obtained
by the single-layer pristine graphene-based protein
sensors.>°

To study the biosensing selectivity, we further ap-
plied the all-rGO sensor to real-time detection of the
specific binding of biotin—avidin by the biotinylated
rGO channel, where the polyethyleneimine (PEI) coat-
ing was used to link biotin and polyethylene glycol
(PEG) coating was used to prevent the nonspecific
binding of proteins. Figure 5A shows the real-time
measurement of /45 while avidin with increasing con-
centration was introduced to the PEI/PEG coated-rGO
TFT with biotinylation. The binding of avidin through
the strong biotin—avidin interaction on the rGO chan-
nel resulted in the increase of /4. The current began
to increase within 2 s after addition of avidin and
continued to increase for 10—25 min until it reached
a stable value, indicating the saturation of the
adsorption of avidin on the biotinylated rGO chan-
nel. Note that during addition of the target solution,
sometimes the current immediately jumped to a
higher level, mostly likely due to the disturbance
to the solution in the sensing chamber. A lowest
avidin concentration of 80 nM was detected at a
signal-to-noise ratio of 3 (inset in Figure 5A). The
introduction of bovine serum albumin (BSA) did not
result in the change of current (inset in Figure 5A),
which confirmed that the PEG-coating successfully

MATERIALS AND METHODS

Fabrication of All-Reduced Graphene Oxide (rGO) Thin Film Transistors
(TFTs). Figure 1 shows the schematic illustration for fabrication
of all-rGO TFTs. The substrates used in our experiments, for

example, PET and SiO, substrates, were first modified with
3-aminopropyltriethoxysilane (APTES, Sigma) self-assembled
monolayers (SAMs),>" in order to enhance the adsorption of
graphene oxide (GO) films. The fabrication process is described
as follows. First, the GO solution in methanol (0.5 mg/mL)”'53
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prevented the nonspecific absorption of proteins.
Figure 5B shows the steady-state percentage change
of Iys as a function of avidin concentration.

The mechanism of such current change upon bind-
ing of target molecules can be explained by the direct
doping effect instead of the electrostatic gating effect.
Since the isoelectric point of fibronectin and avidin is 5
and 10.5, respectively. Electrostatic gating from the
negatively charged fibronectin would predict a posi-
tive-shift of the Dirac point in /4s—Vg, while the posi-
tively charged avidin would produce a negative-shift.
However, as shown in Figure 6, the opposite trends
were observed in both cases. Therefore, the current
response could be attributed to the n-doping effect
from fibronectin and the p-doping effect from avidin.

In summary, TFTs with rGO as both channel (2—4 nm
thick rGO micropatterns) and electrode materials (ca.
9 nm thick rGO pads) have been successfully fabricated
by a simple method. Such all-rGO devices are perfectly
flexible with good transparency. The typical ambipolar
field-effect characteristics with ON/OFF ratio of 3.8 and
Dirac point of 4-0.4 Vin the electrolyte-gating is reliably
observed in more than 40 devices. As a proof-of-con-
cept biosensor, the all-rGO TFT showed good sensitiv-
ity and selectivity in protein detection. Our promising
results suggest that the solution processed rGO is an
excellent material, which could be used in flexible
electronics, in particular, the flexible electronic sensors
with high sensitivity and selectivity.

was spin-coated on the APTES-modified substrates at
4000 rpm. The thickness of spin-coated GO film was con-
trolled by the volume of GO solution. Typically, after 150 uL
of 0.5 mg/mL GO solution were spin-coated (15 uL/drop) on
the APTES-coated PET substrate, ca. 9 nm rGO film was
obtained after chemical reduction of the obtained GO film
on PET. The drain and source electrodes with size of 2 x 10
mm? were created by the previously reported scratching
method®® with a sharp plastic tip. Second, a microfluidics-

based micropatterning technique
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Figure 6. (A) I4s—Vq curves of all-rGO TFTs before and after binding of fibronectin. (B) I4s—Vq curves of biotinylated all-rGO

TFTs before and after binding of avidin.

thin GO micropatterns between two GO pads. As shown in
Figure 1, an O, plasma-treated PDMS stamp with line channels
(10 um width, 5 um height, and 10 mm length) was placed on
the APTES-modified substrate and perpendicular to the two GO
pads to form close contact. A drop (10 uL) of GO aqueous
solution (2 mg/mL) was then dropped at one end of the PDMS
stamp to allow the GO solution to flow through the PDMS stamp
channels. After drying in vacuum oven for 30 min, the PDMS
stamp was carefully removed and the GO micropatterns were
formed between two GO pads, which were reduced in hydra-
zine vapor at 60 °C for 12 h*? to form rGO electrodes and rGO
channel. Silicone rubber (Dow Corning) was used to insulate the
contacted areas between rGO channel and rGO electrodes to
define the sensor chamber.

The resulting rGO electrodes and micropatterns were char-
acterized by optical microscopy and atomic force microscopy
(AFM). Optical images were recorded with Nikon Eclipse LV100
optical microscopy. AFM images were obtained by using Di-
mension 3100 (Veeco, CA) in tapping mode with a Si tip (Veeco,
resonant frequency, 320 kHz, spring constant, 42 N/m) under
ambient conditions with a scanning rate of 1 Hz and scanning
line of 512.

Electric Measurement. Electrical property of the resulting all-
rGO TFTs was measured using a semiconductor device analyzer
(Agilent B1500A). The length of rGO conducting channel was
fixed at 5 mm, which is determined by the distance between the
drain and source rGO electrodes. The width of patterned rGO
channel is fixed at 10 mm, which is determined by the length of
the rGO electrodes with size of 2 x 10 mm? At a fixed
drain—source bias (V) of 400 mV, the drain—source current

(l4s) was continuously measured while varying the electrolyte-
gating potential (V) applied through the Pt electrode in a PBS
buffer solution (pH 7.2).

Detection of Fibronection. The rGO channel was immersed into
a DMF solution of 1-pyrenebutanoic acid succinimidyl ester
(10 mM) for 4 h, followed by thorough rinsing with DI water and
drying with N,. The obtained device was used for biosensing
application. The electric measurement was carried out by
continuously monitoring the drain—source current (lys), while
the fibronectin solution (Sigma, 1 uL of 100 nM, 0.4 uM, 4 uM, 40
uM) was continuously introduced into 200 uL PBS buffer solu-
tion (pH 7.2) in the sensor chamber, in order to test the total
concentration of fibronetin in buffer solution (i.e., 0.5, 2.5, 22.2,
and 218.1 nM).

Detection of Avidin. The rGO channel was immersed into a
mixed solution of 10 wt % of polyethyleneimine (PEl, average
molecular weight 25000, Sigma) and 10 wt % polyethylene
glycol (PEG, average molecular weight 6000, Sigma) for 4 h,
followed by thorough rinsing with DI water. After the PEI/
PEG coating, the rGO channel was biontinylated after im-
mersing in a 10 mM DMF solution of biotin-N-hydroxysucci-
nimide ester (Sigma) overnight, followed by rinsing with
DMF and DI water and drying with N,. The electric measure-
ment was carried out by continuously monitoring the
drain—source current (l45), while the avidin solution (Sigma,
1ul,2ul of 90 uM, and 1 uL, 3 uL, 6 uL, 10 uL of 300 uM) was
continuously introduced into 300 uL PBS buffer solution (pH
7.2) in the sensor chamber, in order to test the total con-
centration of avidin in buffer solution (i.e., 0.3, 0.9, 1.9, 4.8,
10.4, and 19.4 uM).
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