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In this paper, the study of an electricity-fluorescence double-checking biosensor and detection system has
been presented. The fabrication of the double-checking biosensor was performed by integrating graphene
field effect transistors (GFETs) and biosensors based on fluorescence resonance energy transfer (FRET). For
the construction of the GFETs as an electrical detection channel, graphene films grown by chemical vapour
deposition (CVD) were transferred onto glass substrates. A probe aptamer modified with 6'-carboxy-
fluorescein (6’-FAM) was immobilized on the graphene film of the GFETs via 1-pyrenebutanoic acid
succinimidyl ester (PBASE) following which graphene oxide (GO) was used to quench the 6’-FAM on the
probe aptamer to form the fluorescence detection channel. When the complementary target DNA
(tDNA) was introduced into the GFETSs, it replaced the GO and was hybridized with the probe aptamer
leading to restoration of the fluorescence of the probe aptamer. At the same time, the tDNA hybridized
with the probe aptamer leading to the formation of a new double conductive layer of the GFETs, which
could change the conductivity of the GFETs. With a home-made double channel detection system, the
dynamic hybridization process of the tDNA with the probe aptamer was achieved simultaneously
through the electrical and fluorescence channels. Compared with conventional biosensors that are

Received 26th July 2017 equipped with a single detection mode, this double-checking biosensor could be used to monitor the
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time and concentration-dependent DNA hybridization kinetics in a reliable and sensitive manner.
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1 Introduction

The detection of binding kinetics of DNA hybridization plays an
important role in the diagnosis of diseases,'” treatment of
pathogen infections® and forensic tests.*® To date, a variety of
methods have been studied for the detection of DNA hybrid-
ization which mainly include optical®® and electrochemical
methods.®** Among the optical methods, label-free surface
plasmon resonance (SPR) is the standard tool for DNA binding
detection.”*™ However, because optical responses of SPR
sensors depend on the analyte's molecular weight, it is difficult
to detect small changes in mass such as oligonucleotide
binding. Thus, SPR instrumentation has limitations in terms of
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Furthermore, this work also provides a new strategy for designing biosensors integrated with multiple

sensitivity of quantifying DNA hybridization."”® Moreover,
a high-cost dedicated sensor surface along with the integration
of optical components is required for SPR, which may increase
the overall assay costs and complicate the instrumental setup.
Besides SPR, biosensor based on fluorescence resonance energy
transfer (FRET) is another optical technology used to monitor
DNA hybridization. Due to their special chemical, topological,
optical, and electronic properties, nanomaterials have become
increasingly important in electronics, catalysis, optics, sensors
and other fields. The honeycomb like structure of graphene
oxide (GO) facilitates its combination with single stranded DNA
through m-m stacking.'®'” The zero-band gap structure of GO
makes it an effective fluorescence quencher in FRET sensors.
This unique ssDNA-GO interaction has been used in developing
biosensors for DNA, proteins, and small molecules by fluores-
cence method.'®?® P. Alonso-Cristobal et al. reported a DNA
sensor based on GO for DNA detection with limit of 5 pM.**
Tapas Paul et al. reported a biosensor to study the hybridization
mechanism during noncovalent adsorption and desorption of
DNA on graphene oxide.?

As for the electrical method, one dimensional nanomaterials
such as Si nanowire, carbon nanotube and two dimensional
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nanomaterials such as topological insulators and graphene are
expected to be feasible in biosensor design for real-time detec-
tion of a variety of bioactive molecules.”**® Bunimovich, Y. L.
et al. and Duan, X. et al. reported a biosensor based on silicon
nanowires for the real-time measurement of DNA hybridization
in electrolyte solution® and quantification of the affinities and
kinetics of protein interactions.”® However, the high probe
density in nanowires sensors reduces the efficiency of DNA
hybridization and kinetics.”” Therefore, reliable and cost effec-
tive nano devices are not yet available for quantitative
measurement of binding kinetics and affinity of DNA hybrid-
ization. Graphene has a 2D honeycomb lattice of carbon with
a sp2 structure and possesses large surface to volume ratio,***
which facilitates the more efficient adsorption of the probe
aptamer and improves the sensitivity of the biosensor as
compared with the nanowires sensor. Besides, graphene has
high electron mobility, which makes graphene more sensitive to
foreign molecules or ions. Foreign ions or molecules can
change the doping mode of graphene or establish a double
conductive layer, which could modulate the conductivity and
the Dirac point of graphene field effect transistors (GFETSs).
Therefore, graphene has emerged as an ideal conducting
channel material for FET biosensors for detection various
biomolecules.’**

In order to improve the reliability of detecting DNA hybrid-
ization and for a better understanding of the mechanism of its
dynamics, we proposed an electricity-fluorescence double-
checking biosensor integrated with a GFET sensor and a FRET
sensor. Graphene films grown by CVD were transferred onto
glass substrates to construct GFETs as the electrical detection
channel. The aptamer modified by 6'-FAM was immobilized
onto the GFETs via 1-pyrenebutanoic acid succinimidyl ester
(PBASE) as a probe chain. GO was combined with the probe
aptamer for quenching the 6'-FAM to form the fluorescent
channel. Due to the existence of the target DNA (tDNA), the GO
was separated from the probe aptamer and the fluorescence of
the probe was restored. Meanwhile, the tDNA replaced the GO
and hybridized with the probe chains to construct a new double
conductive layer causing conductivity changes of the GFETs. A
home-made double channel data acquisition system was con-
structed to record the fluorescence intensity (FI) and conduc-
tivity of the GFETs simultaneously. The hybridization kinetics
between tDNA and probe aptamer were obtained in real-time by
the double-checking biosensor with high reliability. In addition,
this electricity-fluorescence double-checking biosensor displays
high sensitivity towards DNA detection at a concentration as low
as 50 nM.

2 Experimental
2.1 Materials and methods

The glass substrate with two indium tin oxide (ITO) electrodes
was designed and purchased from Hua Nan XiangCheng Ltd.
(China). Polymethyl methacrylate (PMMA) was purchased from
Sigma-Aldrich (Shanghai, China). The probe aptamer and tDNA
were purchased from Sangon Biotech Inc. (Shanghai, China).
The sequence of the probe aptamer was 5’-FAM-ACC TGG GGG
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AGT ATT GCG GAG GAA GGT-NH,-3' and the sequence of the
complementary target DNA was 5-TGG ACC CCC TCA TAA CGC
CTC CTT CCA-3'. PBASE and dimethyl sulfoxide (DMSO) were
obtained from Sigma-Aldrich (Shanghai, China). Phosphate
buffered saline (PBS, P5368-10PAK) with a pH of 7.4 was
purchased from Sigma-Aldrich (Shanghai, China).

Raman microscopic system (SPEX-1403, SPEX) was used to
characterize the quality of graphene as well as verify the func-
tionalization of the GFETs. The emission spectrum of the exci-
tation LED was measured by an optical fiber spectrometer
(USB2000, Ocean Optics). The absorption and emission spectra
of probe aptamer were scanned by a fluorescence spectropho-
tometer (LS55, PerkinElmer). A home-made double channel
detection system (DCDS) was used to record electrical and
fluorescent signals simultaneously.

For the construction of the DCDS, an LED SMB490R (EPI-
TEX, Japan) was used as the light excitation source for the 6'-
FAM and a photomultiplier tube (PMT, H9306-04, Hamamatsu
Photonics (China) Co., Ltd.) was selected as an optical-electrical
converter device. Convergent lens (Zolix, Beijing, China), colla-
mitor (Wenyi, Shanghai, China), dichroic mirror and an optical
filter (Samrock, USA) were used to construct the fluorescence
optical unit. Ag/AgCl micro-electrode (R0303, AiDaHengSheng,
Tianjin, China) was adopted as the gate electrode in GFETS.

2.2 Fabrication of the GFETs

The process of fabricating a GFET has been shown in Fig. 1(a).
Graphene films were prepared by the typical CVD method in our
lab.**3¢ Graphene grown on the surface of copper foil was
transferred onto a glass substrate with two indium tin oxide
(ITO) electrodes by wetting transfer methods.*”** The ITO
electrodes were taken as the source and drain electrodes of
GFETs. A polydimethylsiloxane (PDMS) chamber was attached
on the graphene film as a reaction cell. The photograph of the
GFETs was shown in Fig. 1(b). The quality of graphene was
determined by a confocal Raman microscopic system (SPEX-
1403, SPEX).

2.3 Functionalization of the GFETs

The functionalization process of the GFETs is shown in Fig. 2.
Firstly, PBASE with concentration of 10 mM was prepared by
dissolved in DMSO as a linker reagent. The prepared PBASE was
added into the reaction cell of GFETs for 2 hours at room
temperature. Subsequently the reaction cell was washed with
DMSO, ethanol and deionized water successively to remove the
unmodified PBASE. The PBASE was immobilized on the surface
of graphene by 7-7 stacking between the six-membered ring of
the graphene and the pyrene group of PBASE. Secondly, the
GFETs immobilized by PBASE were filled with the solution
containing 2 puM probe aptamer at room temperature for
4 hours to ensure sufficient reaction time between the probe
aptamer and the PBASE. The succinimide portion of the PBASE
extends out from the surface of graphene and permits immo-
bilization of probe aptamer through a conjugation reaction
between the amine group of the probe aptamer and the succi-
nimide group of PBASE.*"* The unreacted probe aptamer is

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Fabrication of GFETSs. (a) Schematic of GFETs fabrication, (b) photograph of a GFET.

removed by 1x PBS solution containing 0.2% SDS, 1x PBS
solution and deionized water respectively. Finally, 140 ug ml™*
GO solution was added into the reaction cell for 5 min to
quench the fluorescence on the probe aptamer.

2.4 Construction of DCDS

A home-made DCDS is shown in the Fig. 3. For the electrical
channel, the liquid-gate voltage was generated by a 16 bit D/A
module DAC8534 and applied on the GFETs via an Ag/AgCl

electrode immersed in the electrolyte. The voltage between
source and drain electrode of the GFETSs (Vpg) was recorded
directly through the electric circuit as shown in Fig. 3. The
electric current in GFETSs (Ips) could be calculated out through
the Vpg.

For constructing the fluorescent channel, the excitation light
with a central wavelength of 490 nm was generated from an LED
and was converged by a collimator lens into a parallel beam.
The beam was then reflected by a dichroic mirror and focused

Aptamer,

COOH HOOC

HOOC

COOH

3)

(@)

Fig. 2 Functionalization and detection principle of the GFETs. (a) Graphene film grown by CVD, (b) functionalization of graphene by PBASE, (c)
immobilization of probe aptamer via PBASE, (d) GO to quench the fluorescence of probe aptamer, (e) hybridization of the probe DNA with target

DNA.
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Fig. 3 Construction of the double channel detection system. (a) Photograph of the DCDS, (b) schematic of the DCDS.

by the converging lens into the reaction cell of GFETs. The
emitted fluorescence in the reaction cell passed through
a dichroic mirror and was focused by converging lens to the
effective area of the PMT. The output of the PMT was recorded
to reflect the FI in the reaction cell.

Both the electric voltage and the FI were simultaneously
collected and converted into a digital signal via a 16 bit A/D
module ADS1256 and then uploaded to a computer via USB.

2.5 Target DNA detection

Detection principle for tDNA is shown in Fig. 2(e). The
complementary tDNA was injected into the reaction cell for
1 hour to ensure full incubation between probe aptamer and
tDNA. Since the base sequence of tDNA is complementary to
that of the aptamer, the affinity of tDNA and aptamer is stronger
than that between GO and aptamer, which is based on -7
stacking. The tDNA were hybridized with the probe aptamer to
form stable double-stranded structure while GO were released
from the probe aptamer strand causing the recovery of the
fluorescence of the probe aptamer. Meanwhile, the tDNA
replaced the GO and hybridized with the probe aptamer leading
to the formation of a new double conductive layer causing
conductivity changes of GFETs. Therefore, the FI and Ipg of
GFETs could reflect the dissociation kinetics of GO from the
probe aptamer and hybridization kinetics of tDNA with probe
aptamer simultaneously. The DCDS could record the Ips and the
FI of the GFETs simultaneously.

3 Results and discussion
3.1 Raman characterization

Raman spectroscopy was utilized to characterize the graphene
films and to verify the immobilization of PBASE and aptamer
respectively on the graphene films as shown in Fig. 4.

Raman spectra of the graphene films displayed three bands:
D bands at 1360.8 cm ™!, G band at 1584.9 cm ™ * and the 2D

44562 | RSC Adv., 2017, 7, 44559-44567

band at 2722.2 ecm ™. The 2D band is the characteristic peak of
the graphene structure and the strength ratio of the 2D band
and G band (I,p/Ig) shows that the transferred graphene film is
multilayer. After the modification of PBASE on the graphene
films, the characteristic peaks of the corresponding molecules
were observed in the Raman spectra at 1234.5 cm ',
1445.5 cm™ ' and 1674.8 cm™ *. These results are consistent with
the Raman spectra of PBASE as shown in Fig. 4. After the
modification of graphene with probe DNA, two more peaks are
observed in the Raman spectra. The spectral changes of the
graphene surface in the Raman spectra demonstrated the
successful immobilization of probe aptamer through the
PBASE.

3.2 Functionalization of GFETs

As shown in Fig. 2, the process of modification of GFETs
includes the PBASE immobilization on the CVD graphene film

2400 ~ —— Bare Graphene 7

2200 —— Graphene\PBASE
1 —— Graphene\PBASE\DNA
20001 ——PBASE -
1800 -
1600 -
S 1400
\(P/ 4
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2 1000 -]
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_/\ |
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04
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Fig. 4 Raman characterization of bare graphene, graphene modified
by PBASE and graphene modified by probe DNA.
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Fig. 5 Dirac point voltage of GFETs.

as an anchor, probe aptamer interaction with PBASE and GO
binding with the aptamer. For each step of the modification
process, the DCDS recorded the Ins and the FI simultaneously.

3.2.1 Electrical characterization. Due to the zero-bandgap
structure of graphene, carriers (electrons and holes) can be
converted to each other at Dirac point, which results in the
formation of bipolar characteristics of GFET centred around the
Dirac point as shown in Fig. 5. After the successive modification
of graphene by PBASE, probe aptamer, GO and tDNA, the Dirac
point of the GFETSs shifted to the right side. Based on this result,
we established a GFET electrical model as shown in Fig. 6.

In the GFET's model, the gate electric field (Egs) forms the
electric field of a double conductive layer (Ep;) on the surface of
the graphene through the polar solution electrolyte.** The
capacitance of the double conductive layer could be described
by:

£0&rS

CDL = d (1)

where ¢, is vacuum permittivity, ¢, is the relative dielectric
constant of water, s is graphene channel area and d is the
distance between the two planes of the double conductive
layer.*> Therefore, the electric field of the plate capacitors can be
represented as:

IDs vs. VGate

(a)Graphene

Fig. 6 Schematic of the double conductive layer model.
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D DL

Egs =
d £0&rS

(2)

In the above formula, D is the distance between gate elec-
trode and graphene film. According to the Dirac equation, when
the gate voltage (Vs) is 0 V, intrinsic graphene is located at the
Dirac point, that is Egs = 0, Ep;, = 0, gp1, = 0.

After the functionalization of graphene, the modified mole-
cules introduce the change of the accumulated charge (Ag) on
the double conductive layer capacitor plate.””** According to
formula (2), the corresponding change in Ep;, could be repre-
sented as:

Ag
Eo&rS

AEp, = 3)

In order to make Ep;, = 0, an external electric field AEgg
should be applied on the double conductive layer through
adding the gate voltage (AVgs). That is:

AEgs + AEpL = Ep. =0
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Therefore, we could obtain the relationship between AVgs
and the chargeability of the modified molecule as:
AgD

AVGS:AEGsXD:—i (5)
£0ES

From formula (5) we can conclude that when the modified
molecules are negative, AVgg is positive indicating that the
Dirac point shifts towards the right side and when the modified
molecule is positive, the Dirac point shifts towards the left.

As shown in Fig. 5, when the graphene film in the GFET is
bare, the Dirac point shift 50 mV to the right (black curve) which
was due to the presence of organic residues and trapped air
pockets in the wrinkles leading to the p-doping during the
preparation of graphene.’*** After the PBASE immobilization on
the surface of the graphene film, as shown in Fig. 5, the Dirac
point continued to move towards the right by about 100 mvV.
The rightward shift of Dirac point is due to the strong electron
delocalization of the pyrene group®® and its negative elec-
trons***>*¢ causing p-doping of graphene through the Ep;. Since
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Fig. 9 Real-time Fl of GFETs with different concentrations of tDNA.
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both the probe aptamer strand and GO carry negative charge,
the Dirac point continues to shift towards the right corre-
sponding to the fixed state of the probe aptamer and GO on the
graphene through the PBASE. Therefore, the results shown in
Fig. 5 demonstrate that the shift of Dirac point could reflect the
chargeability of molecules on the surface of graphene and also
indicate that the probe aptamer has been fixed successfully on
the graphene through PBASE.

Meanwhile, with modification of graphene by PBASE, probe
aptamer, GO and tDNA successively, it also can be found from
Fig. 5 that Ips is gradually reduced which is contradictory to the
p-doped enhancement of GFETs. This result can be explained by
the fact that the introduction of foreign ions not only brings the
doping effect of the GFET, but also widen the energy band-gap
of the graphene, which could reduce the conductivity of the
graphene.*”*® The I of the GFETs in each step of modification
was shown in Fig. 7 and its dynamic characteristic in time
domain is described in Fig. S1 of the ESL

3.2.2 Fluorescence characterization. In order to select the
appropriate optical components, the absorption and emission
spectrum of the probe aptamer were scanned by a LS55 fluores-
cence spectrophotometer as shown in Fig. S2, which indicated
that the absorption wavelength of probe aptamer was approxi-
mately 490 nm. Therefore, an LED (SMB490R-1100) with a central
wavelength of 490 nm was selected as the excitation light source
as shown in Fig. S2.f A PMT CH253 having a spectra response
range between 180 nm and 900 nm could cover the emission
spectral was selected as optic—electric converter device.

Since the excitation and emission light passes through the
graphene film, the corresponding absorption spectrum is
observed by an ultraviolet spectrophotometer as shown in
Fig. S3.T When the wavelength of light is about 520 nm, the
transmittance of graphene is more than 90%, which indicates
that graphene has little effect on the measurement of FI.

As shown in Fig. 2, GFETs were sequentially modified by
PBASE, probe aptamer and GO. After the immobilization of the
probe aptamer, the fluorescence was enhanced significantly
indicating that it has been modified on the surface of graphene
through PBASE as shown in Fig. 7. After adding GO, the FI
obviously decreases, which indicated that GO binds with the
aptamer and quenched the fluorescence. After combining with
different concentrations of tDNA, the fluorescence gradually
increased showed that GO was replaced by tDNA leading to
fluorescence recovery. The Ins of GFETs was also obtained for
each experimental step in Fig. 7.

3.3 Double channel detection of DNA hybridization in time
domain

As an application, the electricity-fluorescence double-checking
biosensor and detection system was utilized to detect the
binding kinetics of DNA hybridization. When the target DNA
was added into the GFETs, the tDNA were hybridized with the
probe aptamer to form a stable double-stranded structure while
GO was released from the probe aptamer strand.?>334%5°

With the gate voltage fixed at 0 mV, the hybridization
dynamics curve obtained from the electrical channel is shown

This journal is © The Royal Society of Chemistry 2017
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in Fig. 8. It can be seen from Fig. 8 that the Ins in the GFET
remains almost constant when the tDNA sample was not added
to the GFET. When a certain concentration of DNA sample was
added into the GFETS, the I;,g increased with time which was
due to the tDNA substitution GO and hybridization with the
probe aptamer to form a new double conductive layer and
causing p-doping enhancement. However, for different
concentrations of tDNA samples, the I,s of the GFET decreased
with increasing tDNA concentration, which was consistent with
the results in Fig. 5. This could be explained by the fact that the
increase of the foreign negative charges in the electrolyte can
increase the graphene band gap, thereby reducing the
conductivity of graphene (Fig. S41).*”*® Therefore, we concluded
that the conductivity of the GFETs was determined by the
doping effect and the graphene bandgap jointly.

For fluorescent channel, since GO was substituted by tDNA,
the fluorescent group on the probe aptamer recovered in the
presence of the excitation light as shown in Fig. 9. With the
increase in the concentration of the tDNA, the FI and recovery
speed were both significantly increased.

Finally, we observed the hybridization kinetics between
tDNA and probe aptamer simultaneously through electrical and
fluorescent channels as shown in Fig. 10. We can observe clearly
that the FI and Is of the GFETs change synchronously indi-
cating the dissociation kinetics of GO from probe aptamer and
hybridization kinetics of tDNA with probe aptamer simulta-
neously. With the increase of tDNA concentration, the FI grad-
ually increased and the Ips gradually decreased. Furthermore,
the time domain kinetics curves were stable at about 10
minutes, indicating that the hybridization of tDNA to target
aptamer was completed.

This journal is © The Royal Society of Chemistry 2017

3.4 Data fusion of the DCDS

Based on DCDS, we have presented a new data processing
method for analysing DNA hybridization kinetics which could
contain more information than the conventional technique.
Firstly, in order to fuse the Ips and FI of GFETs with same
dimension, the DNA kinetics curves depicted in Fig. 10 were
normalized through the following formulae:

() = 50 ©
A = 20 )

N
o

| |[—=—0nM tDNA
—e— 50 nM tDNA
—4&— 100 nM tDNA|
1|—v— 250 nM tDNA

-
o
1

g 1.4 4 |—«—750 nM tDNA
b 4 |—»— 1 uM tDNA
"é 1.3 [—¢—2 uM tDNA
2 ]
£
T 1.2+
N
©
€ 1.1+
o
P4
1.0 1

" Detection Channel

Fig. 11 Combination of Iy(t = 500 s) and Fy(t = 500 s) with different
concentrations of tDNA.
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where I, and F, are Ins and FI of GFETs without tDNA samples,
Ins(t) and F(z) are actual value of GFETs in time domain, Ix(t)
and Fx(t) are normalized values.

Secondly, we combined I(T) and Fx(T) of tDNA samples with
different concentrations, where T was 500 s and corresponding
to which, the DNA hybridization process is considered to have
been completed. The combined result has been shown in
Fig. 11, in which detection channel has been taken as the x axis
and the normalized values Ix(t = 500 s) and Fx(t = 500 s) as the y
axis. Since the decrease of Ing and increase of FI, the combined
Fy(t = 500 s)/In(t = 500 s) could show a better sensitivity than
each single detection channel as depicted in Fig. 12 indicating
that the DCDS has better sensitivity than each isolated method.
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Fig. 13 (a) Combination of /(t) and Fy(t) with each tDNA samples in

the entire hybridization process. (b) Electrical channel (/pg), (c) fluo-
rescent channel (Fl).
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In addition, the synergistic changes of I,s and FI co-detect the
tDNA samples, which could also improve the reliability of the
results compared with those obtained from single detection
method.

Thirdly, we combined Ix(t) and Fx(t) of each tDNA samples in
the entire hybridization process as shown in Fig. 13, in which
the detection channel was taken as the x axis and normalized
values of Ix(f) and Fy(t)as the y axis. The following information
has been depicted in Fig. 13(a): (1) with the increase of tDNA
concentration, fluorescence intensity gradually increased and
Ips gradually decreased, (2) the max slope could also reflect the
concentration of the tDNA samples, (3) for each tDNA samples,
both FI and Ips increased as shown in the enlarged view of Fig.
13(b) and (c), (4) the line gap in the enlarged view Fig. 13(b) and
(c) reflected the dynamic hybridization process of tDNA and
probe chain and dissociation process of graphene oxide and
probe aptamer.

4 Conclusions

In summary, we have fabricated an electricity-fluorescence
double-checking biosensor and DCDS based on CVD grown
graphene. PBASE could be used to immobilize the probe DNA
on CVD grown graphene film. GO was used to quench the
fluorescence of probe DNA based on the principle of FRET. The
double-checking biosensor was used to monitor the binding
kinetics of DNA hybridization. The change of FI and Ipg
simultaneously indicated the dissociation kinetics of GO from
the probe aptamer and hybridization kinetics of tDNA with
probe aptamer. Compared with the conventional biosensors
which use single detection techniques, this method not only
enhances the reliability of the testing result, but also is
conducive to a better understanding of the mechanism of the
dynamics of DNA hybridization. Besides DNA detection, this
double-checking sensing method can also be expanded to
detect miRNA, RNA and other biomolecules. Furthermore, this
work provides a new strategy for biosensor design based on
multiple sensing techniques integration.
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