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A B S T R A C T

Highly sensitive and low-cost DNA detection are in great desire owing to the significant role of DNA molecules in detecting genetic damage and errors for the
diagnosis and treatment of multiple diseases. Traditional detections of DNA mainly rely on large-scale instrument, which requires the complicated detection process
and high cost. Solution-gated electrochemical transistors are widely studied due to high sensitivity and low cost. Here, we exploit a graphene electrochemical
transistor for the efficient and sensitive DNA detection. The probe DNA is modified on the gate electrode to detect the target DNA molecules. A novel method is
introduced to modify the gate electrode with the probe DNA to detect the different concentration of target DNA. Herein, in comparison with previous reported
methods, our DNA sensors show a good limit of detection in the range of 1 fM - 5 μM. The highly sensitive and selective validate the developed DNA sensor as a
promising tool for routine use.

1. Introduction

Solution-gated graphene transistors (SGGTs) have aroused the great
interests recently for their potential applications in real-time and highly
sensitive biosensors(Yan et al., 2014). SGGTs are ingenious combina-
tion of an amplifier and a sensor as a tiny change at the interface can
induce apparent transformations in the channel current, which endows
this kind of devices are highly sensitive compared to the conventional
DNA sensors. The operation voltage of SGGT in aqueous solution is less
than 1 V(Zhang et al., 2015), which is profitable to biological sensing
and portable devices. Furthermore, it is convenient to fabricated SGGT-
based sensors with the high-quality graphene which can be prepared by
CVD methods. Consequently, SGGTs have been widespreadly applied in
the detection of pH(Li et al., 2014; Yasuhide Ohno et al., 2009), ion(He
et al., 2012b; Lin et al., 2010a), dopamine(Gualandi et al., 2016; Tang
et al., 2011a), cells(Ang et al., 2011; He et al., 2012a; Lin et al., 2010b;
Yao et al. 2013, 2015), glucose(Huang et al., 2010; Kwak et al., 2012;
Liao et al., 2013; Tang et al., 2011b), etc. Thus, SGGTs are excellent
candidates for high-performance biosensors.

Nucleic acid diagnostics has gradually played a great economic and
scientific role in many areas(Lin et al., 2011). It shows significant im-
portance in environmental monitoring, gene expression monitoring,
bio-warfare and bioterrorism agents detecting, viral and bacterial
identifications, and clinical diagnosis(Joseph L. DeRisi, 1997). DNA is

the basis of genetic material, which may be the key factor that will give
rise to some kinds of damage in the existence of physical and chemical
factors. Therefore, several different technologies including fluorescent
sensing platform(Loo et al., 2016), scanning Kelvin probe microscopy
(SKPM)(Thompson et al., 2005), surface vibration spectroscopy
(Miyamoto et al., 2005), and electrochemical detection(Benvidi et al.,
2014; Boon et al., 2002; Lin et al., 2013), have been developed for the
analysis of DNA microarrays. Compared with traditional technique
which mainly requires expensive apparatus, electrical detection as an
attractive alternative mensuration let sensitive and rapid measurement
achieved. Among these electrical detection methods(Ahmad et al.,
2018; Chen et al. 2018a, 2018b; Xuan et al., 2017), label-free DNA
sensors based on electrochemical transistors are low cost and can gain
high detection sensitivity. Considerable electrochemical transistor-
based sensors were well developed for DNA detection. P. Lin et al.
developed a label-free DNA sensor on the flexible organic electro-
chemical transistors(OECTs), in which the detection limit with the
concentration of complementary DNA targets is down to 1 nM(Lin et al.,
2011). In further, J. Song et al., (2018) developed an organic photo-
electrochemical transistor to detect the complementary DNA targets
and the detection limit of sensor could reach to 1 fM. The high sensi-
tivity of DNA sensor was attributed to the light irradiation-induced
photovoltage at the gate/electrolyte interface. Due to the intuitionistic
data on instrument interface and label free property, the OECT-based
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DNA sensors have aroused wide interests for future applications(Fu
et al., 2017; Manoharan et al., 2017; Yan and Tang, 2010; Zhao et al.,
2015) However, the current baseline variation of OECTs in the liquid
environment seriously obstacles the practical application due to com-
plex electrochemical doping and the intrinsic instability of organic
semiconductor in electrolyte solution(Giovannitti et al., 2016). On
other hand, the OECT-based DNA sensors reported previously demon-
strated the relatively low current response of OECT-based DNA sensor
due to low conductivity of organic semiconductor channel which results
in small channel current change. As known, the measurement of small
channel current change is dependent on the high-precision source meter
which requires high cost and hinders the development toward portable
devices. Recently, two dimensional graphene materials have also been
widely applied in DNA sensors(Guo et al., 2011), (Alia et al., 2010)
because of their ultra-high carrier mobility, high chemical stability,
flexibility and biocompatibility. Z. Wang et al.(Wang and Jia, 2018)
demonstrated a liquid-exfoliated graphene as an active material of
electrochemical transistor for sensitive DNA detection. The probe single
stranded DNA (ssDNA) was anchored onto the graphene nanosheet film
to recognize the complementary target ssDNA. The low detection limit
of 10 fM was achieved for the detection of complementary hybridiza-
tion. Compared with graphene nanosheet films, chemical-vapor-de-
position (CVD)-grown graphene have better conductivity and better
chemical stability(Chen et al., 2018b; Clodt et al., 2013; Fu et al.,
2017). Very recently, M. T. Hwang et al., (2018) successfully fabricated
a SGGT with DNA nanotweezers for highly sensitive detection of single
nucleotide polymorphism. And the real-time detection system had also
been demonstrated well. Therefore, the SGGT-based DNA sensors show
good promise in the future application.

In this contribution, we demonstrated a novel DNA sensor based on
SGGTs with functionalized Au gate. The device structure is very simple
and easy to be fabricated. The CVD-grown graphene is acted as the
active material of transistor. The ssDNA probes are immobilized on the
surface of Au gate electrodes of the devices. It is meaningful that the
detection limit of the target DNA concentration can be as low as 1 fM.
More importantly, the high current responsivity of ∼5 μA/decade was
achieved, which will facilitate the low-cost measurement of current
signal by common current meter. On the other hand, the components of
our device, except the gate electrode, can be recycled and the gate
electrode needs to be changed in recycling use, which also can reduce
the cost. This work provides a simple and low-cost approach for highly
sensitive DNA detection.

2. Experimental

2.1. Materials

Soda-lime glass substrate was purchased from GULUO Company.
Phosphate Buffered Saline was purchased from Sigma-Aldrich and
stored at 4 °C for the future use. The single layer graphene on copper
foil was purchased from VIGON Technology Company. DNA oligo was
purchased from GENSCRIPT BIO Company and stored at −20 °C for the
future use. The sequence of 16 bases thiol modified single-strand DNA
probe was 5′-SH-CTGG ATTC CAGC GATC-3'. The sequences of com-
plementary target DNA and non-complementary DNA are 5′-GATC
GCTG GAAT CCAG-3′ and 5′-GATA GATG GTAT ATAG-3′, respectively.
Acetone, isopropyl alcohol and ferric chloride were purchased from
Sinopharm. All other reagents were at analytical grade or better. DI-
water and freshly prepared solutions were used throughout.

2.2. Device fabrication of SSGT

The soda-lime glasses were ultrasonically washed three times by
Acetone, isopropyl alcohol and DI-water in rotation. The Au source/
drain and gate electrodes were deposited on glass substrate by thermal
evaporation through a shadow mask. Then the monolayer graphene

was transferred to glass substrate and covered on the channel to con-
nect source and drain. The surface of the substrate was treated with
6min O2 plasma before the graphene transfer in order to enhance hy-
drophilic. The length and width of the graphene channel were 6mm
and 0.25mm, respectively. Then the devices were annealed at 120 °C
for 1 h in a N2 glove box.

2.3. DNA immobilization and hybridization

To detect the influence on gate electrode of DNA immobilization
and hybridization, three gate electrodes without DNA attachment, with
ssDNA attachment and dsDNA attachment were set for comparison.
Before the probe ssDNA was attached on gate electrode, it was thiolated
so that it could connect to Au electrode well. Au gate electrodes were
first washed with acetone and DI-water in turn. Then, 50 μL probe
ssDNA was dropped on the surface of Au gate electrode and remained
for 12 h to immobilize ssDNA. The substrate was rinsed with PBS buffer
for 3min to remove unfixed and residual DNA molecules after the
immobilization. The same rinsing step will take in 6 h after DNA hy-
bridization processes in order to lessen the impurities during the de-
tection (Lin et al., 2011).

2.4. Device characterization

The electrical characteristics were measured by using two con-
nected Keithley 2400 instruments. The circuit connections and experi-
mental setup is shown in Fig. S1. The graphene-based DNA sensors were
immersed in PBS solution at room temperature as shown in Fig. 1. The
electrodes of the transistors were connected to two Keithley source
meters. The gate voltages (VG) and drain voltages (VDS) were auto-
matically controlled by a LabVIEW program in a computer. A series of
different concentrations of DNA were designed to obtain the influence
the DNA concentration on the channel current. The DNA sensor was
measured at a fixed drain voltage of VDS= 0.1 V and variable VG. The
transfer characteristic of the transistor was tested while the channel
current ID as a function of gate voltage VG and the current-time response
of sensors was tested while channel current ID as a function of time.

3. Results and discussion

3.1. The detection principle of devices

In order to investigate the influence of DNA molecules on Au gate
electrode, the different gate electrodes with ssDNA, dsDNA and gate
electrodes without DNA (control samples) have been prepared. As
known, the interface capacitance and surface potential of the gate
electrode play a significant role in the performance of the device(Lin
et al., 2010a). When the probe DNA is immobilized on the surface of
gate electrode, its hybridization with DNA targets can influence the
potential of gate electrode. Thus, the device can be used to detect the
target DNA. To find whether the immobilization and hybridization of
DNA can cause potential change on the Au gate electrode, control ex-
periments are set and every device is tested under the same condition. It
is more convincing that the devices are measured in the same electro-
lyte all the time (before and after the DNA immobilization and the
hybridization) and hence any potential change in the device will be
attributed to DNA molecules on the gate electrode.

Fig. 2(a) shows the transfer characteristics of SGGTs measured in
the PBS solution (VDS= 0.1 V) before and after the immobilization and
the hybridization of DNA. It is clear that the transfer curve exhibits the
voltage shift of 140mV toward the positive voltage when the 5 μM
ssDNA is attached on the surface of Au gate electrode. As known, the
ssDNA is the electronegativity, the ssDNA is attached on the surface of
Au gate electrode and the electronegativity of gate electrode will be
increase, which is equivalent to apply the negative voltage on the gate
electrode, and results in positive shift of the transfer curve.

S. Li, et al. Biosensors and Bioelectronics 136 (2019) 91–96

92



Interestingly, after the immobilized ssDNA on the gate electrode is
hybridized by complementary DNA targets of 1 pM, the gate voltage of
shift 30mV toward the positive voltage can be observed clearly. Highly
sensitivity of SSGT can be comparable with those reported previously
(Dong et al., 2010; Manoharan et al., 2017). The immobilization and
hybridization of DNA on Au gate electrode were confirmed by SEM and
fluorescence microscopy, as shown in Fig. S2.

Fig. 2(b) shows the potential drops between the two double elec-
trical layers(EDLs) of gate/electrolyte and electrolyte/graphene. It is
clear that the gate potential drops actually occurs in the two EDLs. The
immobilization and hybridization of DNA molecules on the gate elec-
trode will induce a surface dipole (Yan et al., 2009) and result in the
potential change Δψ at the surface of gate electrode. The potential
change caused by intrinsic charge of DNA can be expressed by
(Thompson et al., 2005)

= ⋅Δψ nQ
ε ε

tDNA

r
DNA

0 (1)

where n is the density of DNA molecules on the surface of gate elec-
trode, QDNA is the pure charge for one DNA molecule, εr is the realtive
dielectric constant of DNA layer, ε0 is the dielectric permittivity of the
free space, and tDNA is the thickness of the DNA layer. The surface po-
tential of the gate electrode is decreased after the DNA attachemnt on
the surface of gate electrode due to the negative charge of DNA mole-
cules and the surface potential is further decreased after the DNA hy-
bridization because the complimentary DNA targets have more negative
charge (QDNA). In the real measurement, the gate voltage VG will be
kept between 0 and 1 V during the whole measure process. Thus, to
keep the same effective gate voltage VG, the offset voltage (Voffset) needs
to be introduced to offset the gate voltage after the immobilization and
the hybridization of DNA molecules on gate electrode.

It is konwn that the channel current of the SGGT can be modulated
by the gate voltage while drain voltage VDS was fixed. The im-
mobilization and the hybridization of DNA molecules on gate electrode
will induce the gate potential change. In other word, the informantion
of immobilization and the hybridization of DNA molecules on gate
electrode will be fed back on channel current change. On the other
hand, the capacitace of SSGT will have little change at low frequence

while the DNA molecules are immobilizd and hybridized on the gate
electrode (Lin et al., 2011). Therefore, in our case, the influence of
device capacitace change could not be considered. The sensing me-
chanism of SSGT-based DNA detection is that the modulation of the
surface potential of the gate electrode induced by the immobilization
and the hybridization of DNA molecules on the gate surface. The
channel current ID of a SGGT can be given by (Chen et al., 2010)

= ⎛
⎝

− − − ⎞
⎠

≤ − −

I W
L

μC V V V V V when V

V V V
2

(

)

D i G offset Dirac
DS

DS DS

G offset Dirac (2)

where W and L are the width and length of the channel, respectively;
VDS and VG are the voltages applied on the drain and the gate elec-
trodes, respectively; μ is the carrier (electron or hole) mobility in gra-
phene; Ci is the gate capacitance, VDirac is the gate voltage when the
Fermi level in graphene channel is modulated to the charge neutrality
point (Dirac point). Voffset is the offset voltage related to the potential
drop on the two interfaces of gate/electrolyte and electrolyte/graphene.
Here, Voffset is mainly related to gate potential change derived from the
immobilization and the hybridization of DNA molecules on the gate
surface and thus ΔVoffset= Δψ. Therefore, the transfer curve shift shown
in Fig. 2(a) can be explained well by equation (2). Fig. 2(c) shows
channel current as a function of time measured at VDS=0.1 V and
VG=0.8 V. It can be observed that the channel current (ID) decreased
about 0.033mA after adding the complementary DNA targets with the
concentration of 1 pM. The results are consistent with the results shown
in Fig. 2(a). The ssDNA on the gate electrode can be hybridized by the
complementary DNA targets of 1 pM with the time of ∼2000 s.

3.2. Detecting limitation of devices

To explore a relatively lower concentration of DNA targets can be
detect by the sensors based on SGGTs, we set the concentration gradient
of complementary DNA targets to measure. In order to make the ad-
dition of the complementary DNA targets completely hybridized in PBS
solution, the interval time of the addition of the complementary DNA
target is set as ≥ 2000 s. As shown in Fig. 2(b), it takes about 2000 s for
single DNA hybridizing with its complementary DNA in solution. It is

Fig. 1. Schematic diagram of the graphene-based DNA sensors, which illuminated the measuring method and the procedures of DNA immobilization and hy-
bridization. The thickness of glass is 2mm.
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reasonable that the hybridization process needs less time if the solution
of DNA targets is in a lower concentration. As shown in Fig. 3(a), the
solution of complementary DNA targets with different concentration is
added into the electrolyte every time after the channel current (ID)
reaches an equilibrium state, then the solution will be stood statically
for 45min (longer than the balance time for 1 pM complementary DNA
targets) for single DNA hybridization with its complementary DNA.

Interestingly, the device demonstrates that the lowest detection limit
for the solution of complementary DNA targets is 1 fM. This prominent
sensitivity can be comparable with the result reported by Dong et al.
(Alia et al., 2010) who detected DNA hybridization using SGGTs with a
concentration as low as 0.01 nM. The induced change of the channel
current (ID) can be extracted, as shown in Fig. 3(b). The change of
channel current (ID) of the device can be fitted very well in the range of
concentration from 1 fM to 10 pM, which indicates that the SSGTs have
excellent linear range in the plot of ΔID ∼ log C. And the linear equa-
tion can be got from the fitting: Y = 4.79X + 78.11. Here, Y = ΔID,
X= log C. The correlation coefficient R2 is equal to 0.96227.

3.3. Selectivity of devices

In order to examine the selectivity of DNA sensor, the com-
plementary DNA molecules and non-complementary DNA molecules
are measured by the SSGT device under the same condition. Fig. 4(a)
shows transfer curves of a device measured in PBS solution before and
after the immobilization of ssDNA molecules and hybridization of
complementary DNA molecules. It can be seen that the transfer curve
shifts to higher gate voltage for 200mV after the immobilization of
ssDNA molecules with the concentration of 5 μM and for 150mV after
the hybridization of complementary DNA molecules with the con-
centration of 5 μM. The same processes were conducted for non-com-
plementary DNA with a concentration of 5 μM in another device, as
shown in Fig. 4(b). After the immobilization of ssDNA molecules with
the concentration of 5 μM, the transfer curve also shifts to higher gate
voltage for 100mV. However, after the non-complementary DNA with a
concentration of 5 μM is added to PBS solution, the transfer curve shows
little shift, which implies that the device cannot response to the non-
complementary DNA. Therefore, the SSGTs with DNA adapter probes
have excellent selectivity of DNA detection.

3.4. The stability of the devices

Because the SSGTs work in the solution environment, the stability of
the device in the solution is also important for the application. Here, we
examine the stability of the device in which the gate electrode is not
modified by DNA molecules. The prepared devices were immersed in
the PBS buffer all the time no matter in test or not. Their transfer
characteristics (ID∼ VG, VDS= 0.1 V) in different time will be obtained
for checking the stability of device. As shown in Fig. 5, the transfer
curve of the device demonstrates a small change at the first 2 h. The
possible reason is that the graphene channel is highly sensitive to ions
of PBS solution. In fact, the tiny change can be accepted(Wang et al.,
2010; Lafkioti et al., 2010) in the real application. More meaningfully,
in the following 4 h, the transfer curve can keep its position and shape
as that at the first 2 h. It indicates that SSGTs have the excellent stability
in the PBS, which is benefit to be applied in the future.

4. Conclusions

In conclusion, a highly sensitive label-free DNA sensor based on
SGGT is developed. The mechanism of this novel DNA sensor is that the
gate potential drop is induced by DNA immobilization and hybridiza-
tion on the Au gate electrode. The detection limit of complementary
DNA targets can reach 1 fM by using the SGGT-based DNA sensor.
However, graphene transfer process involves chemical doping that re-
sults in the performance fluctuation of SSGT. Better graphene transfer
process need to be developed in the future. Base on SGGT sensor
technology, the detection of protein molecules, antibody molecules,
bacteria and so on can also be developed.
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