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Table of Content

Reduced Graphene Oxide can be used as sensor transducer in Field Effect Transistor (FET)
biosensors for sensitive and label-free detection of Interleukin-6 proteins, by overcoming the (1)
variable coverage and (2) high electrical resistance, via ethanol Chemical Vapour Deposition (CVD).
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DO 10.2039/X0Xx00000X Graphene Oxide (GO) is analogous to graphene with oxygen moieties. It offers several

advantages over graphene, such as a tunable band-gap, facile synthesis and without the use of
www.rsc.org/ metal catalysts. Due to the monolayer configuration of GO, all of its carbon atoms are readily
exposed to the atmosphere and are sensitive to surface perturbations, thus making GO very
suitable for liquid-gated field effect transistor (FET) type sensing applications. However, there
are two main limitations preventing GO usage in practical FET sensors. It displays (1) variable
coverage between fabricated chips and (2) high electrical resistance. In this paper, we
overcome these two limitations by using a facile atmospheric-pressure ethanol Chemical Vapor
Deposition treatment on top of pre-coated GO (ECVDGO) which decreases the electrical
resistivity from 1.99x10° Q/square to 4.68x10° Q/square, and resistivity variation from
1.60x10° to 7.72x10* Q/square; whilst enlarging the surface GO coverage up to 100%. We
then demonstrate the ability of the post-treated ECVDGO liquid-gated FET transducer to
detect Interleukin-6 which is a multi-functional cytokine involved in regulating the immune
function and the acute phase response. The sensing window of the fabricated biosensor to
Interleukin-6 is within physiological-relevant range, from 4.7 to 300pg/ml. The LOD of the
sensor based on 36 is 2.9pA or 1.53pg/ml. This study demonstrates the emerging potential of
GO with high manufacturability in liquid-gated FET biosensors for sensitive and label-free
detection of bio-molecules.

1. Introduction

Interleukin-6 (IL-6) is an important human pleiotropic cytokine,
which is reported to have both pro- and anti-inflammatory
effects.” 2 It is involved in extensive biological activities such
as the regulation of immune system and the acute phase
response. During acute exercise, IL-6 is released from the
working skeletal muscle and the corresponding level increases
as a function of the intensity and duration of the exercise. This
change is not linear, but follows a near-exponential pattern.
Plasma IL-6 concentrations have been reported to increase by
more than 100-fold in response to prolonged exercise,’ with IL-
6 peaking at the cessation of exercise, or shortly thereafter and
it is followed by a rapid decrease to baseline levels.* Protracted

This journal is © The Royal Society of Chemistry 2014

high IL-6 levels could also indicate cancer and other chronic
diseases.

Furthermore, it had been reported recently that there is no
difference in the measurement of plasma IL-6 using the more
invasive venous versus the minimally invasive capillary blood
sampling measurement.” The possible use of capillary
measurement meant a minimally invasive way to quantitatively
monitor changes in plasma IL-6 levels. The use of capillary
sampling is also a more accessible, tolerable and faster way for
sport
providing an ideal route for point-of-care testing. Thus the IL-6

field-based blood measures, for example, during

protein has immense potential as a training and fatigue
biomarker if it can be measured in real-time.

RSC Adv., 2014, 00, 1-7 | 1
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Table 1 Comparison of recently reported biosensors to IL-6.
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Reference Transducer Platform Sensitivity range Note
(pg/ml)
Reported Post-processed Graphene Oxide FET immunoassay 4.7-300 Label-free
6 Microfabricated silicon flexural Micro-electromechanical (MEM) 1.2-unknown Label-free
plate wave (FPW) resonators immunoassay
! Fiber-optic dip-probe Optical immunoassay 120-12000 Label-free
8 Functionalized Biacore sensor Surface plasmon resonance (SPR) 780 to 12500 Label-free
chip immunoassay
? SWCNTs/AuNPs Electrochemical impedance le®-0.1 AuNPs
immunoassay
10 Polymeric nanoparticles on Electrochemical immunoassay 2-20000 Porous polyelectrolyte
calcium carbonate nanoparticles label used
= Modified carbon electrodes Electrochemical immunoassay 0.01-1¢° PS@PDA-metal label used
12 Carbon Nanotube Forest Electrochemical immunoassay 0.5-30 Ab2-MWNT-HRP label
Electrodes used
13 Functionalized fluorescent core- Fluoro- immunoassay 20-1250 Fluorescent core-shell

shell nanoparticles

nanoparticles label used

Currently, ELISA and western blotting are the gold standards
for IL-6 detection.'* These techniques require substantial time,
cost, machinery and specialist training; thus making real-time
detection of IL-6 impossible. In contrast, a liquid-gated FET
biosensor offers real-time monitoring and requires only a single
antibody to capture the antigen and report a signal. When the
target antigen binds to the antibody, it changes the environment
near the surface of the transducer and alters its electrical
conductance.'” Table 1 compares the sensitivity range of
different types of biosensors to IL-6 reported recently.
Although  the
immunoassay'' with modified carbon electrodes is much wider

sensitivity range of  electrochemical
than that of the FET immunoassay reported in this work, it is

noted that most electrochemical immunoassays require

secondary markers or antibody labels as reporter molecule
which involves additional costs and processing time.”'*!'""12
Using the reported real-time label-free graphene oxide sensor,
the sensitivity range is within the physiological range of
~10pg/ml in sweat samples from healthy women'® " which
were not to be significantly different from plasma levels
(p=0.19;').

Graphene oxide (GO) is analogous to graphene with oxygen
moieties and has the distinct advantages of being solution
processable, industrially scalable and a tunable electronic band-
gap.'® '° Due to the monolayer configuration of GO, all its
carbon atoms are exposed to the environment and the charge-
carriers are confined to the surface of the sheets. Thus the
electrical conductivity of the flake is very sensitive to local
electrostatic perturbations.?’ This property makes it suitable for
sensing applications. GO biosensors have been reported for the
detection/discrimination of antibody oxytetracycline (4pg/ml-

2 | RSC Adv., 2015, 00, 1-7

1ug/ml),*! antibody Immunoglobin E (1pM-10nM),?* bacterium
Vibrio cholera (0.12nM-5.4nM),** nucleic acid DNA (1.0fM-
0.1uM),** tumour marker carcinoembryonic antigen (0.1pg/ml-
20ng/ml)** and monoamine catecholamine (1mM-10mM).%
There are however, inherent limitations in GO that prevent it
from being used as an ultra-sensitive and high-loading
transducer in FET molecular sensing applications. These
limitations need to be resolved before GO can be used in
practical applications. For example, the coverage of GO on
SiO, substrate ranges from ca. 60-90% due to the inefficient
self-assembly of GO flakes and undesirable cross-linking
within the 3-AminoPropylTriEthoxy Silane (APTES) adhesion
layer. APTES is commonly used in literature % to form a
positively-charged surface for the negatively-charged GO to
self-assemble via electrostatic attraction. This incomplete
coverage leads to variable available sensor surface area, and
more importantly, high sheet resistance that Ilimits the
sensitivity of the biosensor.*®

Various GO pre- and post-treatment such as ultrasonication to
230 short ethanol Chemical Vapor
Deposition (CVD) treatment to obtain increased graphitization

obtain larger GO sheets,

3! and hydrogen heat treatment to obtain improved reduction *?
have been reported. However, none of these strategies can
produce a combination of these solutions.

In this paper, we demonstrate a post-treatment of GO using
atmospheric ethanol CVD which can increase the size,
graphitization and reduction of GO and thus removing
limitations of high electrical resistance and variability to yield a
practical liquid-gated FET transducer platform suitable for real-
time and sensitive detection of molecules. The ethanol CVD
post-treated GO is termed ECVDGO. We then determine the

This journal is © The Royal Society of Chemistry 2015
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Figure 1 (a) Schematic illustration of the ethanol CVD tube furnace
setup; (b) microscope image and photograph of fabricated gold
electrode on GO; and (c) schematic illustration of fabricated biosensor
chip with silicone well and analyte.

sensing characteristics and window of the sensor to IL-6
proteins.

2. Experimental Procedure

2.1. Preparation of large GO flakes on silicon substrates

A modified Hummers method®” 3% 3 was used to obtain large

sized GO. Briefly, 2 g of graphite (3.5mm flakes, NGS) was
stirred with concentrated H,SO,4 (12 ml) for 4 hours at 80 °C.
The mixture was cooled to room temperature and ultrasonicated
for 1 hour. Water (500 ml) was then added and the mixture was
left overnight. The next day, it was washed over a 0.2 pm filter.
The product was dried and stirred with concentrated H,SO,
(120 ml) and KMnOy, (15 g). After 2 hours, the solution was
diluted with water (250 ml) in an ice bath. After another 2
hours, water (700 ml) and H,O, (20 ml) was added. The

This journal is © The Royal Society of Chemistry 2015

obtained mixture was dialyzed and centrifuged to obtain GO
stock solution.

Standard procedure involving RCA cleaning of SiO, substrates
was employed. The substrates were then immersed in 1 % v/v
(3-Aminopropyl) triethoxysilane absolute-ethanol solution for
1 hin a dry box followed by rinsing thoroughly with ethanol to
remove physisorbed APTES. The substrates were then baked in
an oven for 1 h at 120 °C to introduce crosslinking.** The
prepared GO solution was drop-casted on the substrates and
left to stand for 1 hour. APTES covalently attaches to the
hydroxyl groups of the freshly cleaned SiO, surface and
modifies the surface with -NH>* groups to become positively
charged®*. The GO, which is negatively charged in aqueous
media of low to medium pH, then electrostatically attaches to
the surface. Finally, the prepared substrates with 1-2 layers of
GO were rinsed, blow-dried and kept in desiccator.

2.2. Ethanol CVD post-treatment of GO substrate

The prepared substrates were placed in the middle of an
ethanol CVD tube furnace setup (Figure la). The tube was
purged with 300 sccm of Ar gas for 30 mins. The flow was
then adjusted to 100 sccm and 20 sccm for Ar and H,
respectively. Subsequently, the gases were passed through the
ethanol column and the furnace set to 950 °C at 40 °C per
second ramp. After 2 hours, the ethanol valves and furnace
were turned off and left to cool slowly to ambient temperature.

2.3. Fabrication of liquid-gated FET sensor

Gold electrodes of 100 nm thickness with a titanium adhesive
layer of 20 nm thickness were thermally-evaporated on the
surface of the substrate using shadow mask. The channel
dimension is 100um by 4 mm (Figure 1b). The surrounding
ECVDGO around the electrodes were scraped off the surface
using a metal tweezers wrapped with IPA soaked clean-room
cloth. The remaining ECVDGO layer is however stable under
normal test conditions. The electrical resistance in liquid was
stable for more than 4 hours. Two dots of silver paint (RS186-
3600) were dropped onto the gold electrodes and dried at 120°C
for 10 mins to protect the fabricated gold electrodes from
measuring probe scratches. A silicone gel well was then
fabricated onto the electrodes to hold the liquid test analyte
(Figure 1c).

Then 30ul of 6mM 1-pyrenebutanoic acid, succinimidyl ester
(PBSE) linker molecules with DMF were placed into the well
for 1 hour and then rinsed thoroughly. IL-6 antibody were
subsequently incubated on the surface for 2 hour and rinsed.
The ECVDGO sensor was then blocked with bovine serum
albumin and ethanolamine in fetal bovine serum to prevent
non-specific interferences. The chips were kept under moist
conditions at 4°C before measurement.

RSC Adv., 2015, 00, 1-7 | 3
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Figure 2: Scanning electron microscope of (a) before and (b) after ethanol CVD growth GO flakes. The coverage increased from 60 to 80% after a 30 minutes
treatment. The pre-existing graphene oxide flakes are highlighted in purple and the growths are highlighted in yellow. (c) High magnification of the growth which

start growing from edges of existing flakes.
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Figure 3: (a) Microscope image of ECVDGO after 2 hours with a red square indicating region where Raman mapping is performed; (b) Raman mapping showing
complete GO coverage of the substrate; and (c) the 2D Raman spectrum used to distinguish the contrast in the Raman mapping.

2.4. Measurement of IL-6

A liquid gate potential is applied (4200-SCS, Keithley) to a
well-defined and stable reference electrode (Ag/AgCl, 3M KCl,
WPI) with respect to the grounded drain electrode. Small
source drain bias voltage of 10mV was applied across the FET
channel to monitor the device resistance. PBS buffer was added
to the chip to obtain a baseline. Then, different concentrations
of proteins were added to get different device current-voltage
curves. 1x PBS concentration was used as it is similar to
biological conditions and prevents the
operations to shift positively which is unfavorable for solution
gating operations®>. Immunoglobulin Isotype-G (IGG) purified
monoclonal recombinant antibodies comprising of two heavy
and two light chains to IL-6 (555220 kit, BD) and recombinant
human IL-6 proteins (555220 kit, BD) were used.

solution gating

3. Results and Discussions

Due to the wundesirable cross-linking within the 3-
AminoPropylTriEthoxy Silane (APTES) adhesion layer*® and

4 | RSC Adv., 2015, 00, 1-7

the intrinsic inefficient self-assembly of GO flakes, the
coverage of GO ranges variably from ca. 60-90%. The
electrical conductivity is thus decreased and the standard
deviation between chips is increased. The variable coverage
also prevents the manufacturability and reproducibility of GO
substrates for any applications. Figure 2a shows a SEM image
of the substrate before growth with an initial coverage of ca.
60%.

After a partial 30-minute treatment with the ethanol CVD, the
coverage can be increased from 60 to 80%. The growths are
highlighted in yellow in Figure 2b. Figure 2c¢ shows a higher
magnification SEM image that indicate that the growth
extension starts from the edges of existing flakes and continues
outwards into the empty gaps between flakes. The new growth
also covers existing flakes. As the ethanol CVD treatment
continues to 2 hours, the new growths cover all the gaps
between pre-existing new gaps completely.

Raman spectroscopy (488nm) was used to confirm the
complete coverage of the 2 hours ethanol CVD treated samples.
A contrast between the existing flakes and new growth
extensions can be observed in the microscope image in Figure

This journal is © The Royal Society of Chemistry 2015
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Figure 4 The back-gated ECVDGO FET (a) output characteristic drain current-drain voltage (Isp-Vp) curve under different applied gate voltages; and (b)
corresponding transfer (lsp-Vg) curve under fixed drain voltage, Vp=0.1V. Both measured under ambient conditions.
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Figure 5: Detection characteristics of liquid-gated ECVDGO FET biosensors. (a) Source-drain current [lsg] vs. gate voltage [Vg] plot with different concentration of

IL-6 protein, showing decreasing lsp at increasing IL-6 addition; (b) Isp vs. time
effect when BSA interference protein was added.

3a. This contrast is due to the thickness difference between the
new growth and pre-existing flakes on SiO,*’, where the darker
contrast area indicates thicker layer. The presence of new
growth extensions was confirmed in the Raman mapping shown
in Figure 3b. The 2D Raman spectrum (23cm™' difference) was
used to distinguish the existing flakes from the new growth
extension because the former has an upshifted position that is
due to increased number of graphene layers'® *®

To quantify the improvement in electrical conductivity, 5
samples of 2-hour ECVDGO and hydrazine-reduced GO* were
measured under the 4-point probe setup. All the chips were
made in a single batch for accurate comparison. The measured
electrical resistance of the ECVDGO sample decreased from
1.99x10° to 4.68x10° Q/square compared to hydrazine reduced
samples, whilst the relative standard deviation of ECVDGO
samples decreased from 80.4% to 16.5%. Thus the ethanol
CVD post-processing treatment reduced the electrical
variability of GO across the samples and also improved the
electrical conductivity.

The ECVDGO samples were then fabricated into back-gated
transistor to measure the transfer characteristic transistor output
under ambient temperature and pressure. Channel length of

This journal is © The Royal Society of Chemistry 2015

with addition of 0-300pg/ml of IL-6; and (c) real-time Isp plot, showing negligible

100um was fabricated to ensure bulk-limiting transport
behaviour and decrease the role of contacts. The linear output
behaviour of the back-gated device (Figure 4a) at various gate
voltages shows good ohmic contact between the transducer and
the electrodes. The device is stable in large gate voltages (V,)
ranging from -100V to +100V. The corresponding transfer
curve (Isp-Vg) of the transistor under drain bias voltage, Vp =
0.1V, is shown in Figure 4b. The current of the transfer curve
are much higher at negative gate voltages compared to positive
voltages. These indicate that the holes are the main charge
carriers of ECVDGO under ambient condition.

The ECVDGO material was then used to fabricate liquid gated
transistors for IL-6 sensing application and the shift in source-
drain current (Igp) of the anti-IL-6 immobilized ECVDGO
transistor is sensitive to increasing concentrations of IL-6
protein due to electronic n-doping of the device. Figure 5a
shows that binding of increasing amounts of IL-6 protein to the
anti-IL-6 antibody results in a down-shift of the Isp-Vg curve,
from 21.09pA (Opg/ml) to 20.96 pA (300pg/ml) at Vg=0V.
Low gate voltages were used to minimize possible disturbances
to the biological sample and prevent instability of the biosensor
due to electrochemical and charging effect.”® The sensor was

RSC Adv., 2015, 00, 1-7 | 5
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operating in the p-type region at Vg=0V and the negative shift
is tentatively attributed to the electrostatic gating effect on the
ECVDGO surface.

Increasing density of overall positive charges from the immune-
complex induces negative charges in the ECVDGO. This n-
doping shifts the transconductance curve to more negative gate
volatges.'> *° Additionally, responses could also be due to a
decreased ionic screening effect after the protein-antibody
interaction.***? The decrease in Igp corresponds to a sensitivity
of 1.5pA per pg/ml of IL-6. The slope of the Isp-Vg curve does
not change thus indicating that the charge carrier mobility in the
ECVDGO transducer remains the same after the protein-
antibody reaction. It is noted that Isp downshift (electrostatic
gating effect) exhibited in our biosensor is more reproducible
and reliable than other effects using Schottky barrier and
changes in gate coupling and carrier mobility.'>

The change in Igp can then be utilized to be a sensor for the IL-
6 concentration by fixing the gate voltage value. The general
trend of the Igp decreasing with increasing concentration of IL-
6 is evident in the calibration curve (Figure 5b). The linear
dynamic range (LDR) of the sensor is from 4.7 to 18.8 pg/ml of
IL-6. Although at higher concentrations, the change in the
sensor electrical signal was not much higher than at 18.8pg/ml,
but the sensor still acts as an active material that gave a reliable
reading against IL-6 concentrations (Figure 5b insert). The
non-linear between interleukin-6

slightly relationship

concentration and the decrease of measured source-drain
current could be attributed to the carrier injection during the I-V
measurement.” Tt has also been commonly observed for
carbon-based FET biosensors.*® ***¢ Further studies are needed
to reveal the details of the sensing mechanisms. Figure 5c
shows no change in the Igp when the sensor is exposed to
interference protein, BSA. This shows the sensor resistance
(after IL-6 attachment and blocking agent protection) in
preventing interferences and unspecific binding.

The LOD of the ECVDGO sensor based on 3¢ is 2.9pA
(equivalent to 1.53pg/ml). Plasma IL-6 levels in physically
active individuals have been reported to be as low as <lpg/ml*
47 while levels in sedentary middle-aged men ~11pg/ml and
healthy premenopausal women have been reported in the range
of ~10-11pg/mL'® Following prolonged exercise such as
cycling, IL-6 can be elevated as much as 38 fold, and as much
as 128 fold following completion of a marathon;® therefore the
detection range of the reported sensor is within the
physiological range of IL-6.

The eventual end point application would be for point of care
and whole blood analysis. Thus the ability of the ECVDGO
sensor to sensitively and selectively detect the biomarker in
serum demonstrates its relevance to potential usage in medical
diagnostics. Future work from the results of this experiment
could be used to develop portable, real-time, low-cost and
robust amperometric biomarkers detection array, kinetic study

platform for the study of liposomes*® and synthetic aptamers.

4. Conclusions

6 | RSC Adv., 2015, 00, 1-7
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Two important factors for high manufacturability of biosensors
are the homogeneity and also the sensitivity of the transducer.
Herein, we devised an ethanol CVD post-treatment of 2 hours
on pre-coated GO substrates to form a complete coverage
achieving significantly lower electrical resistivity (~4.68x10°
Q/square) and deviation (~7.72x10* Q/square) as compared to
typical hydrazine reduced GO. We then demonstrated that the
ECVDGO act as a
measurement within the human physiological range of 4.7-
300pg/ml. The LOD of the sensor based on 3o is 2.9pA or
1.53pg/ml. The specificity of the biosensor to IL-6 was also

sensitive active material for IL-6

demonstrated. This study highlights the emerging potential of
post-treated GO based biosensors in sensitive and label-free
detection of bio-molecules, particularly, in detection for
interleukin based proteins which have been reported to be

linked to diagnostic of fatigue and inflammatory.
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