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Herein, a graphene field effect transistor (GFET) was constructed on an optic fiber end face to develop an
integrated optical/electrical double read-out biosensor, which was used to detect target single-stranded
DNA (tDNA). Two isolated Au electrodes were, respectively, prepared as the drain and source at the ends
of an optic fiber and coated with a graphene film to construct a field effect transistor (FET). Probe
aptamers modified with fluorophore 6'-carboxy-fluorescein (6’-FAM) were immobilized on the graphene
for specific capture of tDNA. Graphene oxide (GO) was introduced to quench 6’-FAM and construct
a fluorescence biosensor. Thus, a dual GFET and fluorescence biosensor was integrated on the end-face
of an optic fiber. Following synchronous detection by fluorescence and FET methods, results showed
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1. Introduction

Graphene is a two-dimensional material made of carbon atoms
in the shape of a two-dimensional hexagonal lattice." The high
carrier mobility and unique band structure of graphene make it
extremely useful for FET application. A GFET has the advan-
tages of a FET: fast response time, high sensitivity, low noise,
low power consumption, easy integration, a wide safe-working
range and so on.”> It combines the advantages of graphene
with higher carrier mobility and better miniaturization poten-
tial.® As early as 1998, a carbon nanotube FET, a precursor of the
GFET, was manufactured.* Up to now, GFETSs are used to detect
physical parameters (such as light, temperature, strain, and
magnetic properties), chemical molecules (such as gas mole-
cules, metal ions, and pH), biomolecules (such as DNA, protein,
glucose, and bacteria) and even living cells.> GFETs were used
for label-free detection based on changes in graphene-binding
molecules, but not for specific detection of a single molecule.
In order to specifically detect a certain molecule, GFETs were
generally modified with probe aptamers or enzymes. For
example, Kwak et al. specifically detected glucose by immobi-
lizing an enzyme that induces a glucose-catalysed reaction on
graphene ° Ohno et al. specifically detected immunoglobulin E
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stranded DNA detection and a strategy for designing multi-sensing integrated biosensors.

using a GFET by successfully immobilizing immunoglobulin E
aptamers on the surface of graphene,” and so on.

Meanwhile, fluorescence resonance energy transfer (FRET)
has attracted widespread attention as a technique for fluores-
cence sensors. Due to its unique conjugated sp® structure,
graphene and its derivatives can easily combined with fluores-
cein to quench fluorescein, and can be used as quenchers in
FRET.® The GO surface has more oxygen-containing groups
than graphene, so the quenching efficiency of GO is better than
that of graphene. Therefore, GO is widely used as a quencher in
various FRET sensors. For example, Wang et al. created a FRET
sensor that specifically detects adenosine triphosphate (ATP) in
living cells,” which uses ATP aptamer modified with fluo-
rophores and GO as probe for ATP. The fluorophores on the ATP
aptamer is quenched with GO. ATP replaces GO to bind to the
ATP aptamer, so the fluorescent group on the ATP aptamer is
restored and the amount of ATP in the cell can be measured
according to the fluorescence intensity. Jang et al. used GO as
a quencher to specifically detect the activity of DNA helicase.*
When DNA helicase is not present, GO cannot quench a fluo-
rophore on single-stranded DNA. Double-stranded DNA is
divided into single-stranded DNA when DNA helicase is present.
GO quenches the fluorophore on single-stranded DNA. Thus,
the presence of DNA helicase can be detected by changes in
fluorescence intensity. Nevertheless, despite graphene mate-
rials being widely used in biosensors, conventional graphene
biosensors commonly exploit only a single graphene charac-
teristic for detection.
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Multi-sensor integration has been shown to improve reli-
ability for target detection and has been widely used in envi-
ronmental monitoring, automated target recognition, medical
surveillance and biomolecules,"”** but there are few reports on
the use of multi-sensor integration in graphene biosensors.
Herein, we employ multi-sensor integration and exploit the
optoelectronic properties of graphene to produce an optic-fiber
graphene field effect transistor (OGFET) biosensor integrating
a GFET sensor and a FRET sensor. We constructed a GFET on
the fiber end face and used graphene combined with a probe
aptamer to specifically detect the hybridization of DNA. Mean-
while, due to the superior light transmission of graphene, the
fluorophore on the probe aptamer is quenched by GO. The
hybridization of DNA is detected by the FRET method. The
experimental results show that it is feasible to construct a GFET
on the fiber end face and combine the FRET method to detect
DNA, and a detection sensitivity of 10 nM can be achieved.

2. Experimental
2.1 Reagents and materials

An Ag/AgCl electrode was purchased from Xuzhou Zhenghao
Electronic Technology Ltd (China). The amino group and 6’
FAM probe aptamer (sequence: 5-6'-FAM-ACC TGG GGG AGT
ATT GTG GAG GAT CCA-NH,-3'), complementary tDNA
(sequence: 5-TGG ATC CTC CAC AAT ACT CCC CCA GGT-3')
and mismatched DNA (sequence: 5-CAT GCA AGT TGA GCG
GAC TAT TTC ATC-3') were purchased from Sangon Biotech Inc
(China). 1-Pyrenebutanoic acid succinimidyl ester (PBASE) and
dimethyl sulfoxide (DMSO) were purchased from Sigma-
Aldrich. Phosphate buffered saline (PBS) was purchased from
Sigma-Aldrich. GO was purchased from Nan Jing Xian Feng
Nanomaterials Technology Ltd (China). End face flattened
fibers (core diameter 400 pm) were purchased from Nan Jing
Chun Hui Ltd (China). A magnetron sputtering apparatus was
purchased from Denton Vacuum Equipment Ltd (China). A
fiber-coupled semiconductor laser was purchased from
Yuanming Laser Technology Ltd (China). A photomultiplier
tube (PMT), model H9306-04, was purchased from Hamamatsu
Photoelectric Ltd (Japan).

The quality of graphene was characterized by Raman
microscopy (SPEX-1403, SPEX). A fluorescence spectrophotom-
eter (LS55, PerkinElmer) was used to determine the absorption
and emission spectra of the fluorophore labeled on the probe
aptamer. A photoelectric double-channel detection system
(PEDS) made in the laboratory was used to record the changes
in electrical signals and fluorescence signals simultaneously.

2.2 Optic fiber pretreatment and graphene transfer

The first step is the removal of fiber cladding. We removed the
cladding of the quartz fiber using an acetone bath (at 60 °C, 20
min). The second step is the plating with a gold film. Au elec-
trodes were prepared by magnetron sputtering (sputtering time
100 s, Au thickness 85 nm, Fig. 1b). Finally, gold electrodes were
prepared with a laser etching technique. Previous methods
employed for the preparation of isolated Au electrodes as the
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Fig. 1 (a) Schematic of laser etching. (b) Photograph of Au fiber
electrodes. (c) End face of the quartz fiber electrode diagram under
a 200x objective lens. (d) Fiber side electrode diagram under a 100 x
objective lens.

drain and source electrodes on the fiber end faces have
encountered various challenges,''® but the unique character-
istics of the laser material interaction mechanism allow laser
irradiation to achieve electrode processing."” Specifically,
according to the thermal effect of the laser and the material, the
laser was focused and irradiated on the gold film. Using
a rotating platform to rotate the optical fiber as shown in
Fig. 1a, isolated gold electrodes could be obtained by laser
etching (laser power 800 mW, focusing diameter ~20 pm;
Fig. 1a), which were used as drain and source electrodes,
respectively. Specifically, we held the fiber in place with a clamp
and then moved it under the control of an electric pan. In order
to reduce damage to the fiber core, the laser power and move-
ment velocity were optimized while etching the Au film,
resulting in the length of the gold film being approximately
30 mm and the distance between the electrodes being approx-
imately 100 um (Fig. 1c and d). After the Au electrodes were
fabricated, a graphene film produced by chemical vapor depo-
sition'® was transferred and covered on the source and drain
electrodes as a conductive channel,"** and the transfer process
is shown in Fig. 2. Thus, a GFET was achieved on the optical
fiber end.

Graphene
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Fig. 2 Process of graphene transfer.
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Fig. 3 Fabrication method, modification, and response mechanism of
the OGFET.

2.3 Modification and response mechanism of the OGFET

The modification and response mechanism of the OGFET to
tDNA are shown in Fig. 3. First, 10 puM PBASE dissolved in
DMSO was reacted and incubated on the graphene film at 30 °C
for 12 h in an incubator.”® The OGFET was then washed with
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DMSO and PBS three times to remove any unbonded PBASE.
Due to its pyrene structure, PBASE reacted with graphene
through m-m stacking, and the succinimide portion of PBASE
was able to immobilize an amine-modified probe aptamer
through conjugation between the amine group of the DNA
probe and the succinimide group of PBASE.” Second, 2 uM
probe aptamer dissolved in PBS was added and reacted with
PBASE at 30 °C for 2 h. The OGFET was then washed with 2%
sodium dodecyl sulfate (SDS) and PBS to remove any unreacted
probe aptamers (Fig. 3e). Finally, 100 ug mL ™" GO was intro-
duced to quench the 6-FAM on the probe aptamer. After
washing with PBS three times to remove any residual GO, the
OGFET biosensor was ready to detect complementary tDNA
(Fig. 3f). When tDNA was introduced for detection, the fluo-
rescence of the modified probe aptamer was restored based on
FRET (Fig. 3g). Further, the DNA hybridization process modu-
lated the conductivity of the GFET on the optical fiber. There-
fore, the fluorescence intensity and the electrical current could
be simultaneously detected through a lab-made PEDS (Fig. 4c),
constructed as described below.
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Fig. 4 (a) Absorption and emission spectra of PBASE and the probe aptamer. (b) Schematic diagram of the PEDS. (c) Photograph of the PEDS.
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2.4 Construction of the lab-made PEDS

First, Fig. 4b shows a schematic diagram of the lab-made PEDS,
which mainly includes an optical unit and an electric unit. The
electric unit mainly includes a power module, gate voltage
output module, bridge circuit module, PMT gain control
module and analog-to-digital signal acquisition module. In
order to select suitable optical elements, the absorption and
emission spectra of PBASE and the 6-FAM modified probe
aptamer were collected with a fluorescence spectrophotometer
as shown in Fig. 4a. Based on the absorption and emission
spectra of PBASE and 6'-FAM on the probe aptamer, a fiber-
coupled semiconductor laser, with a center wavelength of
465 nm, was selected as the excitation light source. The laser
beam output from the fiber-coupled semiconductor laser was
collimated and filtered following reflection by a dichroic mirror
and optical collimator, and coupled to an optic fiber as the
excitation light. Then, the excitation light was coupled directly
to the OGFET and the fluorescent group was excited in the
presence of tDNA based on FRET. The emitted fluorescent light,
with a wavelength of about 525 nm, was collected through the
OGFET and detected by a PMT after successively passing
through the dichroic mirror and a high-pass optic filter.

Subsequently, the liquid gate voltage (V,) was generated
using a 16 bit digital-to-analog module and applied on the
OGFET via an Ag/AgCl electrode immersed in the electrolyte as
shown in Fig. 4b. The voltage (Vg,) between the source and drain
OGFET electrodes was recorded directly through the data
acquisition unit (Fig. 4b). The OGFET electrical current inten-
sity (Ic) could be calculated through Vys.

Finally, both the intensity of fluorescence (Ix) and I of the
OGFET were recorded synchronously and uploaded to
a computer using a double-channel data acquisition unit
(Fig. 4b). The complete image of the PEDS is shown in Fig. 4c.

3. Results and discussion
3.1 OGFET characterization

In this OGFET, on the one hand, the properties of the trans-
ferred graphene film had an important influence on the
performance of the biosensor.”* Therefore, the transmittance of
the graphene film was recorded using a fluorescence spectro-
photometer (LS55, PerkinElmer) (Fig. 5a). As shown in Fig. 5a,
both the excitation and absorption transmittances were over
90%, indicating that the light transmittance of graphene films
was very good, and the light excitation and emission could not
be reduced.”®*” On the other hand, the quality of graphene
transferred to the end face of the optical fiber also has a huge
impact on the sensitivity and reliability of the construction of
biosensors, so the transfer of high-quality graphene is a neces-
sary condition for the manufacture of biosensors, and the
quality of the transferred graphene can be analysed by Raman
spectroscopy (SPEX-1403, SPEX) (Fig. 5b).”® It can be seen from
the figure that the Raman spectrum of graphene on the end face
of the fiber has three peaks: D band, G band and 2D band. The
Lpl/lg intensity ratio can be used to verify the number of gra-
phene layers,* and using this, we proved herein that graphene
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was multilayer. The D band in Fig. 5b presented some defects
may be introduced during the process of grahene transfer. After
the graphene films were modified with PBASE, the corre-
sponding characteristic peaks appeared at 1233.1 c¢m ',
1445.7 cm™ ', and 1657.8 cm ™', respectively. Compared with the
PBASE peak calculated theoretically, the results are basically
consistent. The peak at 1233.1 cm™ ' was due to sp® bonding.
The peak at 1657.8 cm ™" was assigned to the pyrene group and
the peak at 1445.7 cm ™ * to the disorder arising from the orbital
hybridization of the molecule with the graphene film. These
results demonstrated that PBASE was modified on the graphene
surface as a linker.

Due to the zero band-gap structure** and high electron
mobility** of graphene, the GFET exhibited typical bipolar
characteristics centered on the Dirac point (Fig. 6a).>* The Dirac
point also shifted when charged molecules were added to the
GFET (Fig. 6b). According to a capacitance model of a GFET,***
we concluded that a Dirac point shift towards the right was
observed in the presence of negatively charged molecules and
a shift towards the left was observed in the presence of posi-
tively charged molecules. Based on this principle, first, we
measured the bipolar properties of graphene by adding a pH 7.4
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Fig. 5 Characterization of graphene before and after modification
with PBASE. (a) Transmittance of the graphene film. (b) Raman spectra
of graphene films.
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Fig. 6 Dirac point characteristics of the OGFET. (a) Bipolar charac-
teristics of the OGFET. (b) Shift of Dirac points.

PBS solution to the device. Next, after functionalization with
PBASE, a probe aptamer and GO solution were added to the
device, and changes in the bipolar properties of graphene
caused by each charge doping were measured, and as shown in
Fig. 6b, the Dirac point shifted to the right. This indicated that
the probe aptamer and GO, both of which are negatively
charged, were successfully anchored on the graphene through
PBASE functionalization. Conversely, with the addition of the
tDNA, the Dirac point shifted towards the left, indicating that
tDNA replaced GO and hybridized with the probe aptamer,
thereby weakening the negative charge modification of the
GFET. Because GO has more negative charges than tDNA, after
adding 2 uM tDNA, tDNA replaces a larger amount of GO, and
the total amount of negative charge decreases, causing the
Dirac point to shift towards the left. Additionally, based on the
results shown in Fig. 6a, we could also conclude that the electric
current in the OGFET under a fixed V; could be used to detect
their modification and the concentration of tDNA samples.

3.2 PEDS detection of the OGFET

First of all, the changes in Ir and I generated by the OGFET
during the modification process were detected and recorded by

This journal is © The Royal Society of Chemistry 2021
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using a PEDS with fixed V, at 100 mV. As shown in Fig. 7, when 2
uM probe aptamer was added to the OGFET, the I of the OGFET
significantly increased and the Ig significantly decreased. A
significant increase in Ir indicated that the probe aptamer
modified with 6’-FAM was fixed to graphene, and the significant
decrease in I in the OGFET was due to the band gap opening to
the Fermi energy when foreign molecules were attached to
graphene, resulting in a decrease in the conductivity of the
graphene absorption system.**** Next, when a GO solution was
added to the OGFET, the Iz of the OGFET significantly
decreased, and I¢ continued to decrease. A significant decrease
in Iz confirmed that 6'-FAM on the probe aptamer was
quenched based on FRET. The continuous decrease of I in the
OGFET indicates that GO binds to the probe aptamer. Finally,
when tDNA solution was added to the OGFET, the Ir of the
OGFET increased significantly and the I continued to decrease.
An increase in Ir indicated that tDNA replaced GO, resulting in
fluorescence restoration of 6'-FAM on the probe aptamer. The I
decline indicates that tDNA binds to the probe aptamer. In
addition, the variation trend of I is consistent with the char-
acteristic curve of the OGFET (Fig. 6a). Therefore, the OGFET
designed in this study can simultaneously detect the modifi-
cation of tDNA samples through fluorescence channels and FET
channels. Fluorescence channels and FET channels show
a consistent trend in detecting tDNA concentration, which will
give measurement results that are more accurate and reliable
than those of single channels.

14 __ .
143 — Current of OGFET

T | i

=
()

141
140[
139[
138 [ ""L_‘LM ]
137

1688 . PBS IPBASE . Aptamer GO | DNA

Current of OGFET (mA)

Fluorescence intensity
500

400
300

200[ i

Fluorescence intensity (a.u)

100

PBS PBASE  Aplamer GO DNA

Steps of OGFET modification and tDNA detection

Fig. 7 Fluorescence and current intensity during OGFET modification
and tDNA detection.
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3.3 Detection of DNA hybridization

To test the practicability of the OGFET, we examined the
binding kinetics of real-time DNA hybridization between
different concentrations of tDNA and probe aptamers. First, we
added different concentrations of tDNA to the functionalized
graphene in the order from low to high. The tDNA concentra-
tions were 10 nM, 50 nM, 100 nM, 200 nM and 500 nM,
respectively. Then, I and Ir can be obtained simultaneously in
real time based on the dual electro-optical sensing character-
istics of the OGFET and the real-time monitoring performance
of the PEDS (Fig. 8). When different concentrations of tDNA
were added, for electrical channels, the I of the OGFET grad-
ually decreased and then stabilized (Fig. 8a), indicating that
hybridization between the tDNA and the probe aptamer was
completed. And the higher the tDNA concentration, the faster
the hybridization reaction. For the fluorescence channel, the I
of the OGFET gradually increased and then stabilized (Fig. 8b),
indicating that tDNA had replaced GO and combined with the
probe aptamer, and the fluorophore on the probe aptamer was
restored. The fluorescence channel and the electrical channel
showed a consistent trend in detecting tDNA sensitivity. This
will make the measurement results of this sensor more reliable
than the measurement results of a single channel sensor, and at
the same time, according to this result, it can be seen that the
sensitivity of this sensor can reach 10 nM.

3.4 Negative control experiments

We further verified the specificity of the OGFET using mis-
matched DNA. First, 2 uM mismatched DNA dissolved in PBS
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solution was placed in the reaction pool for 10 minutes to fully
react. The OGFET was then cleaned with 2% SDS and PBS to
remove excess mismatched DNA. Finally, as a control experi-
ment, 2 uM matched tDNA was added to the reaction tank and
washed again after 10 minutes of reaction. We used the PEDS to
monitor the changes of Ic and Ir during the whole reaction
process. As shown in Fig. 9a, at the same molality, the I of
mismatched DNA did not change significantly, but the I of
matched tDNA decreased significantly. After the reaction, the
OGFET was placed in the same PBS solution and the PEDS was
used to detect the bipolar properties of graphene. As shown in
Fig. 9b, the Dirac point of graphene did not change after the
addition of mismatched DNA, indicating that mismatched DNA
did not react with the probe aptamer. After the addition of
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matched tDNA, the shift of the Dirac point to the left indicates
that matched tDNA replaces GO and binds to the probe
aptamer. In addition, changes in Ir also indicate that the OGFET
binds only to matched tDNA (Fig. 9¢). This experiment proved
that the OGFET has excellent specificity.

4. Conclusions

Herein, an OGFET biosensor was developed through the
transfer of a graphene film onto the face-end of an optic fiber.
Through the magnetron sputtering and laser etching method,
Au electrodes were, respectively, prepared on the optic fiber as
the source and drain electrodes. Following immobilization of
the probe aptamer and GO onto the graphene film, tDNA was
captured and detected via the GFET and fluorescence methods
simultaneously. Through the detection of tDNA, this dual-
sensing integrated biosensor not only improves the reliability
and efficiency of the detection, but also can be used for the
detection of different targets in addition to the detection of the
same target. Particularly, based on the non-invasive and pene-
trating properties of light, the sensor also has the potential to be
used for simultaneous detection of different molecules inside
and outside the cell, which is of great significance for studying
the mechanism of cell activity. Therefore, this work has
provided an opto-electrical graphene biosensor for DNA detec-
tion as well as a new strategy for the construction of multi-
sensing integrated biosensors.
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