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A reduced graphene oxide (RGO) based capacitive real time bio-sensor was presented. Suspended graphene
oxide (GO) film was assembled electrophoretically between the source and drain electrodes of a transistor and
then reduced by annealing in hydrogen/nitrogen forming gas to optimize the surface functional groups and con-
ductivity. The resonance frequency of the transmission coefficient (S,;) of the transistor was observed to shift
with deoxyribonucleic acid (DNA)-hybridization, with a detecting limit of ~5 nM. The advantages of the bio-sens-
ing approach include low-noise frequency output, solution based real time detection and capable of on-chip

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Nanoelectromechanical sensor has attracted much attention in re-
cent years as a label-free, real-time and highly sensitive approach to de-
tect target molecules in solution. These devices measure the deflection
of a cantilever or film caused by biomolecules binding to functional
groups on the surface of the device, where the deflection of the
micromechanical part was detected by optical [1-5], piezoresistive [6-
8], piezoelectric [9-11], surface acoustic wave [12,13] or Metal-Oxide
-Semiconductor Field Effect Transistor (MOSFET) [14-16], etc. In
principle, the sensitivity of the nanoelectromechanical sensor is inverse-
ly proportional to the dimensions of the cantilever. Thus, micro-
mechanical parts made up of nanotubes [17,18], nanowires [19,20] or
graphene [21,22] are reported in recent. However, it is much more
difficult to build a piezoresistive, piezoelectric or MOSFET sensor on
nanomaterials than that on silicon. Thus, new deflection detection strat-
egies based on nanomaterials for portable and in-situ applications are
desirable.

Well-developed capacitive sensing technology could be used to de-
tect the deflection of a film in the range of a few angstrom straightfor-
wardly [23,24]. The structure of a capacitive deflection sensor is
simple, too. For example, a suspended conductive nanomaterial cantile-
ver or film and a solid underneath metal electrode can measure the
deflection accurately.

In a previous work, we proposed a nanoelectromechanical biosensor
with a suspended single walled carbon nanotubes (SWCNTs) film [25].
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However, it is well known that SWCNTs have different sizes, types,
chiralities and their orientations are hardly aligned perfectly in the
film, which made the repeatability of the biosensor was not satisfied
theoretically.

In this paper, we tried to replace the SWCNT film used in ref. 25 with
suspended graphene film and investigated its potential applications on
bio-sensing. Because Graphene oxide (GO) has good dispersity in water
and could be better assembled in the same circumstance than graphene
[26,27], the suspended graphene oxide (GO) film was firstly assembled
to a transistor-like device with low parasitic capacitance [28]. However,
the suspended GO film has low conductivity, which cannot act as a mov-
able electrode of a capacitive sensor. Thus its electrical conductivity
needs to be improved by reduction. Unfortunately, most of reported re-
duction processes of GO are performed at a high temperature or via
complicated solution treatments [29-36], in which the device used in
this work can be damaged. In that case, we proposed a low temperature
and clean reduction process to reduce GO to RGO, while the RGO film
could keep freestanding after the process.

As a proof-of-concept of this new biosensor, the hybridization of a
single stranded DNA was real-time detected in solution. Comparing
with many label-free DNA sensing approaches have been reported
in literatures including electrical [37-43], electrochemical [44-48]
and optical detection [49-54], the output of this device is based on
frequency shift, which has better immunity to environmental inter-
ference than voltage or current output. Its driving circuit can also
be integrated easily using the commercial CMOS technology with
low cost. In addition, the proposed sensor is easy to be integrated
to micro fluidic chips by simply coating polydimethylsiloxane
(PDMS) channels on its top surface, implying a promising approach
for portable, rapid and low cost biosensing.
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Fig. 1. Schematic of characterization of the proposed DNA sensor based on suspended RGO
film.
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2. Experimental
2.1. Materials

The well-dispersed solution of graphene oxide was synthesized via
modified Hummers' method [55,56] and the concentration was about
20 pg/mL.

Single stranded probe and complementary DNAs were purchased
from Invitrogen Biotechnology Co. Ltd. Their sequences and modifica-
tions are as follows: probe DNA: 5’-NH,-(CH;)s-CGC CGA TTG GAC
AAA ACT TAA A-3'; complementary DNA: 5-FAM-T TTA AGT TTT GTC
CAA TCG GCG-3'.

The single stranded probe DNA was dissolved into the immobili-
zation buffer (1.5 mM NaCl + 0.1 mM NaHCOs) to get probe DNA
solution. Another single stranded complementary DNA was dis-
solved into the hybridization buffer (0.15 mM NaCl + 0.015 mM
C6H5Na307‘2H20 + 2 mg/L SDS (C1 2H25SO4N3)) to get D'FAM DNA
solution.

2.2. Device fabrication

A bi-layer gate electrode (Cr/Au) was formed by sputtering and lift-
off on a glass wafer. Next, a 2 pm thick photo resist layer (SU8-2002,
MicroChem Corp. USA) was patterned by backside exposing using the
gate electrode as photo mask. Another photo resist AZ4620 was then

=—gh
4

!. -i-.- _

p—
)&
~
® o o ©
2 ® b ®

height (nm

®
©

position (um)

1 2
position (um)

Fig. 3. AFM images of (a) GO and (b) RGO. The thicknesses of (c) GO and (d) RGO nanosheets were 1.24 nm and 1.10 nm, respectively.
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Fig. 4. (a) Raman spectroscopy (a) and (b) XRD patterns of GO and RGO.

spin-coated and polished subsequently to expose the SU8 surface and
fill in the gaps between SU-8 patterns. The source and drain electrodes
with bilayer of chromium (20 nm) and gold (200 nm) was formed on
the surface of SU8 by another sputtering, photolithography and wet
etching. Finally, the glass wafer was diced into chips, rinsed by acetone,
isopropyl alcohol (IPA) and deionized (DI) water and blown dry by
nitrogen.

2.3. Assembly of suspended graphene oxide film

Suspended GO film was assembled between source and drain elec-
trodes of the self-aligned device by dielectrophoresis: 10 L GO solution
(~20 pg/mL) was dropped on the device by a square wave ac signal
(200 kHz, 8 Vpp) applying between two electrodes for 4 min. The device
was rinsed by DI water and blown dry by nitrogen.

2.4. Hydrogen reduction and characterization of GO film and devices

The devices were annealed in a tube furnace (OTF-1200X-S-DVD,
MTI K] GROUP, China) in 5% hydrogen/95% nitrogen forming gas for
30 min at 180 °C, 190 °C, 200 °C, 210 °C, 240 °C, and 250 °C respectively.
After that, the furnace was cooled down to 100 °C in 30 min then to
room temperature naturally. A 2-hour annealing at 200 °C was also ap-
plied to further increase the conductivity. Scanning electron microscopy
(SEM, Carl Zeiss, Germany) and atomic force microscopy (AFM, OX-
FORD Cypher S, UK) were employed to characterize the morphology.
Raman spectroscopy (IDSpec ARCTIC) and X-Ray diffraction (XRD,
Shimadzu, Japan) were employed to analyze the structure and surface
chemistry of GO and RGO.

The output and transition characteristic curves of the devices before
and after thermal reduction were measured by a probe station
connecting to a semiconductor parameter analyzer (Keithley 4200,
USA). The resistance of the RGO film with different thermal reduction
conditions were measured at Vgs = 1.0V, Vg = 0 V.

2.5. Electrical detection of DNA immobilization and hybridization

The circuit shown in Fig. 1 was employed to characterize the DNA
sensor based on suspended RGO film. A sweeping high frequency signal
from a vector network analyzer (ZNB 8, R&S) was applied between the
gate and the grounded source (acting as the input port) through bias T
respectively. The signal fed back into the network analyzer after passing
through the drain. A low-noise preamplifier (Agilent 8447D) provided
25 dB gain and DC bias about 1.0 V was applied to the drain.

The detection of DNA immobilization was performed by dropping
10 pL probe DNA solution with a certain concentration (5 pM, 5 nM,
50 nM, 500 nM) onto the top surface of as-prepared devices, which

was followed by 30 pL PDMS primer dropping on the same location to
encapsulate the DNA solution to prevent evaporation. The transmission
coefficient S,; was recorded in each 5 min to observe the real-time DNA
immobilization for an hour.

Electrical detection of DNA hybridization was performed as follows:
the devices were immersed in the as-mentioned probe DNA solution
(5uM in 2 mLimmobilization buffer) overnight to ensure a full coverage
of probe DNA on the surface of RGO, then rinsed with immobilization
buffer. After that, the complementary DNA solution (10 pL) with the
concentration of 5, 50, 500 nM and 5 UM were dropped on the top sur-
face of the device, respectively, followed by 30 puL PDMS primer to pre-
vent solution evaporation. The transmission coefficient S,; was
recorded every 5 min for an hour to reveal the real-time hybridization
of complementary DNA with probe DNA.

3. Results and discussion
3.1. Surface characterizations

Fig. 2 showed the SEM images of the as-assembled GO device and
the annealed RGO device, respectively. The GO film was assembled be-
tween the source and drain as indicated in the central area of Fig. 2(a).
Using the fabrication methods mentioned in 2.2 paragraph, the gap be-
tween the two gold electrodes (source and drain) was found to close to
4 um for each chip that we fabricated. Under the assembly condition
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Fig. 5. Resistance of RGO film annealed for 30 min at different temperatures. The inset
shows the resistance of RGO film after thermal reduction at 200 °C but for 30 min and
2 h, respectively.



T. Wang et al. / Materials Science and Engineering C 72 (2017) 62-68 65

Vds=0.5V

Ids (1 A)

Vds (V)

Fig. 6. The output and transition characteristic curve of the device after thermal reduction
at 200 °C for 2 h at hydrogen atmosphere.

listed in 2.3 paragraph, the suspended graphene oxide film was found to
be assembled almost every time by dielectrophoresis in this experiment.

It was also found that the morphology of GO film did not change ob-
viously after annealing. However, the RGO film was found broken at
240 °C, 250 °C (not shown) and kept uniform below 210 °C, which
was theoretically expected because of the thermal mismatch between

RGO film and the device. AFM images of GO and RGO were shown in
Fig. 3, from which the thickness of the GO and RGO nanosheet could
also be measured. Fig. 3(c) indicated that the thickness of GO nanosheet
was about 1.24 nm. Fig. 3(d) showed that the thickness of the annealed
RGO nanosheet was about 1.10 nm, which was comparable to that of the
as-prepared GO nanosheet.

The structure and surface properties of GO and RGO were character-
ized by Raman spectroscopy (laser wavelength, 532 nm) and XRD, as
shown in Fig. 4. In the Raman spectra, the peak at ~1350 cm™ ! corre-
sponding to disorder and crystal size of graphite structure (D peak), as
well as the peak at ~1580 cm™ ! corresponding to the C-sp? honeycomb
structure (G peak), could be identified in both GO and RGO, while the Ip/
I ratio increased from GO to RGO, which might be caused by the loss of
carbon and transition of oxygenated functional groups during the an-
nealing [57,58]. Meanwhile, the G peak shifted from ~1581 cm ™! to
1571 cm™ !, and the characteristic peak of graphene at 2685 cm™! (2D
peak) was observed in RGO [57-59], indicating a successful reduction
from GO to RGO via the hydrogen annealing. On the other hand, the
XRD pattern also confirmed the reduction i.e. GO exhibited a sharp 26
peak at 9.9° corresponding to the interlayer distance of GO [60], while
that of RGO showed a weak broad peak at ~24.4° attributed to distance
of graphite sheets along [001]. Particularly, it should be noticed that the
2D peak of RGO was a sharp single peak around 2685 cm™ !, which indi-
cated that the RGO film assembled to the device was highly possible to
be a monolayer RGO [58,59].
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Fig. 7. (a) The red-shift of resonance frequency after the probe DNA was dropped on the suspending RGO film of the device. (b) The shift of resonance frequency versus the concentration of
probe DNA. Each data was collected 1 h after the probe DNA was dropped on the suspending RGO film of the device. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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3.2. Electrical characterization of the suspended RGO film

Fig. 5 showed the resistance of RGO films i.e. GO films after 30 min
annealing at 180 °C, 190 °C, 200 °C, and 210 °C, respectively. It should
be noticed that the resistance of GO film exceeds 10'2 Q. The minimized
average resistance of the suspended RGO film occurred after annealing
at 200 °C, which was about 770 kQ. The inset in Fig. 5 showed the resis-
tance of RGO film after thermal reduction at 200 °C for 30 min and 2 h,
respectively. The resistance decreased to 150 kQ with extending the an-
nealing time to 2 h.

The resistance of the suspended GO film on the device was over
10'2 O, which was in consistence with the reported square resistance
of GO (~10"2 Q/sq) in previous literature [61,62]. The electrical conduc-
tivity of RGO film after thermal annealing had a typical mean value of
20 S/cm when the annealing temperature was 200 °C. This is less than
the reported 727 S/cm after 1100 °C annealing [63] because the anneal-
ing temperature in our experiment was much lower. The resistance of
the RGO film increased abnormally when the annealing temperature
exceeded 200 °C as shown in Fig. 5. The main reason was that small
cracks were found on suspended RGO film due to the thermal mismatch
between RGO and the substrate at higher annealing temperature.

(a)
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The output and transition curves of the RGO film annealed at 200 °C
were measured to determine the electrical properties as shown in Fig. 6.
In the output characteristic curve, the Vg, changed from —8 Vto 8V,
while the V45 sweeping from zero to 5 V. In the transition curve, the
Vgs was set to 0.5 V, and Vgs was swept from —8 V to 8 V. As a result,
the resistance of the suspending RGO film increased by approximately
75%. The device exhibited a p-type semiconductor behavior due to the
oxygenated surface functional groups, which is consistent with the pre-
vious result [64].

3.3. Detection of DNA

The resonant frequency of RGO devices immobilized with probe
DNA was firstly measured to obtain the reference frequency for the fol-
lowing detection. Fig. 7(a) showed the time-dependent change of reso-
nance frequency after the probe DNA (5 uM, 10 pL) was dropped on the
suspending RGO film. The frequency remained the same value at ap-
proximately 9.98 MHz in the first 20 min, then decreased to 9.86 MHz
slowly in the following 30 min. Fig. 7(b) showed the dependence of res-
onance frequency and concentrations of probe DNA solution. It could be
concluded that a higher red-shift occurred with a higher concentration
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Fig. 8. (a) The blue-shift of resonance frequency versus time after 10 pL, 5 uM complementary DNA was dropped on the suspending RGO film of the device. (b) The shift of resonance
frequency versus the concentration of complementary DNA. Each data was collected one hour after the probe DNA was dropped on the suspending RGO film of the device. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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complementary ssDNA

Fig. 9. Mechanism of the DNA biosensing on RGO film: (a) ssDNA was immobilized onto
the surface of RGO film and additional charges generated, and (b) DNA hybridization
happened and additional charges were bought out of the RGO film.

of probe DNA. The shift of resonance frequency was almost zero at the
concentration of 5 nM, which could reach 120 kHz while the concentra-
tion of probe DNA was 5 tuM.

Secondly, the blue-shift of resonance frequency attributed to the
drop of 10 pL, 5 pM complementary DNA solution on the device, as
shown in Fig. 8. The resonance frequency was constant in the first
10 min and then increased from 10.20 MHz to 10.28 MHz. After
50 min, the resonance frequency remained the same value because of
the saturation of the hybridization. In the hybridization process, the
probe DNA was desorbed from the RGO film, which reinstated the sur-
face charges of the RGO film and increased the resonance frequency.

Fig. 8(b) indicated that the resonance frequency increased with the
increase of the concentration of complementary DNA i.e. a positive cor-
relation. The average blue-shift could reach 90 kHz after 10 pL, 5 M
complementary DNA was dropped on the device for 1 h. The detecting
limit of the device would be as low as 5 nM.

The interaction between DNA and RGO film was illustrated in Fig. 9.
Previous studies showed that the interaction between graphene and
single-stranded DNA produced stable negative charges because the
phosphate groups on the DNA backbones were deprotonated (Fig. 9a)
[65,66]. When the complementary ssDNA was introduced onto the
same RGO film and bound probe ssDNA, the double stranded DNA
(dsDNA) could not stably bind onto the RGO film because of the exis-
tence of efficient shielding of nucleobases [67]. As illustrated in Fig. 9b,
the negative charges on the suspended RGO film will decrease with
the DNA hybridization resulting in variation of electrostatic force be-
tween the suspended RGO film and the underneath gate. This varied
electrostatic force will further change their gapping distance caused
by the deflected RGO film. As a result, the gate capacitance would
change. The resonance peak of transmission coefficient S;; depends on
the gate capacitance and channel conductance in this configuration, so
the DNA hybridization on RGO film could generate a frequency shift of
Sz].

4. Conclusion

A detection method of DNA immobilization and hybridization utiliz-
ing suspended RGO film based transistor was presented. The transmis-
sion coefficient S,; of the device was measured and its resonance
frequency was observed to decrease for DNA immobilization and to in-
crease for hybridization. A capacitive sensing mechanism was proposed
that the variation of surface charge in the process of DNA immobilization
and hybridization deflected the suspended RGO film and further varied
the gate capacitance, leading to the shift of the resonance frequency.

In general, this study demonstrates a practical method of combining
the use of suspended RGO film and capacitive electrical detection in
sensitive and fast detection of DNA hybridization.
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