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ABSTRACT: Two low-cost, micropatterned, solution-gated field effect
transistors (modified FET and unmodified FET) based on reduced graphene
oxide (RGO) were developed and used for detection and discrimination of
nucleoside triphosphates (NTPs). The modified FET was realized by simple
deposition of a positively charged bis-pyrenyl derivative, py-dilM-py, onto the
conducting RGO strips of the unmodified FET. The electrical properties and
sensing behaviors of the as-prepared devices were studied comprehensively.
Electrical transfer property tests revealed that both of the two FET's exhibit V-
shaped ambipolar field effect behavior from p-type region to n-type region.
Sensing performance studies demonstrated that modification of the native FET
with py-dilM-py improves its sensing ability to NTPs—GTP and ATP in
particular. The detection limit of GTP and ATP was as low as 400 nM, which is
the lowest value for graphene-based electronic sensors reported so far.
Furthermore, based on the cross-reactive responses of the two devices to
NTPs, NTPs can be conveniently distinguished via combining use of the two devices. The enhancement of the modifier (py-
diIM-py) to the sensing performance of the FET is tentatively attributed to its possible mediation role in sticking onto RGO
strips and accumulating analytes by electrostatic association with the relevant species. Because they are sensitive and fast in
response, simple and low-cost in preparation, and possibly useful in sensor-array fabrication, the developed sensors show great
potential in real-life application.

KEYWORDS: reduced graphene oxide, field-effect transistors, nucleoside triphosphates detection, noncovalent modification,
nanoelectronic sensor

B INTRODUCTION

Graphene, the thinnest known material, has attracted increasing
attention in both materials science and condensed-matter
physics for the past decade. It is a single layer of highly
crystalline graphite with a two-dimensional hexagonal honey-

effective, space saving, and quite stable when used in liquid
phase. These outstanding properties enable GSFETs to be
wildly applied in constructing biosensors with excellent sensing
performances.'”*' Most of the GSFETs devices are designed
for sensing DNA,*>?* cell,'® glucose,24 and proteins.zs’26
However, studies of FETs for nucleotides sensing are still

comb-like structure and is considered as the basic buildin§
block for graphitic materials of every other dimensionality."
Graphene exhibits superior mechanical strength, fascinating
thermal stability, and excellent electrical charge carrier
mobility.>* Therefore, graphene has been applied in many
fields, such as transparent conducting electrodes,>® solar
cells,”® electronic devices,"”” supercapacitors,lo energy stor-
age,11 and sensors.'>"* For acute perception to environmental
changes,14 graphene has been employed in fabricating sensors
to detect analytes such as ases,”'> metal ions,'®” bacterials,'®
and biological materials.'” Graphene-based field effect tran-
sistors (GFETs), especially graphene-based solution-gated FET
(GSFET) systems, have an advantage of combing the functions
of sensor and arnpliﬁer.lg’20 In addition, the FETs are cost-
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limited,”” not to mention discrimination of the structurally
similar nucleotides.

Sensitive and selective detection of nucleotide anions is of
great importance for their significant role in the wide areas of
biology, chemical processes, and environmental sciences. It has
attracted great interest over the last few decades.”*™>° Due to
generally providing energy and phosphate group for phosphor-
ylations, nucleoside triphosphates (NTPs) have attracted
increasing attentions. NTPs mainly include adenosine-5’-
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Figure 1. Schematic illustration of fabrication processes of micropatterned RGO solution-gated FET. (1) Hydrophobic OTS SAMs form on the
substrate. (2) OTS substrate with micropatterned mask was first exposed to UV light, and then GO suspension was deposited on the hydrophilic
area to obtain micropatterned GO film. (3) The patterned GO film was chemically and thermally reduced to obtain the conducting RGO. (4) The
RGO substrate is contacted with insulated Ag electrode from two sides and the sensing chamber is defined by silicon rubber. (Inset) Photo of RGO

solution-gated FET.

triphosphate (ATP), guanosine-S'-triphosphate (GTP), cyti-
dine-5'-triphosphate (CTP), uridine-S’-triphosphate (UTP),
and thymine-5'-triphosphate (TTP). Among the NTP anions,
ATP and GTP are more critical since ATP plays an important
role in energy transduction in organisms and controls of several
metabolic processes, whereas GTP is a nucleotide involved in
RNA synthesis as well as the citric acid cycle. In addition, GTP
acts as an energy source for protein synthesis. Generally,
fluorescent and mass spectrometry methods with high
sensitivity and selectivity have been widely used for detection
of ATP or GTP.???!73* However, these methods or techniques
are subjected to high cost, tedious synthesis steps, complex
fabrication process, complicated instruments, or requirement
for labeled probes. Moreover, it is still very difficult to
discriminate NTPs due to their similarity in chemical structures.
Therefore, developing new and label-free detection methods
with great sensitivity, high selectivity, fast response, low-cost,
and even small size is very urgent.

In the present study, two solution-gated FETs with
continuous reduced graphene oxide (RGO) stripes as micro-
patterned conductive channels were prepared. And the RGO
strips on one of the devices were modified by a bis-pyrenyl
derivative, py-diIM-py, to improve its performance in NTPs
sensing. Furthermore, the sensing performance of the two
devices can be also modulated by varying the operating gate
voltage. It has been demonstrated that the performance at p-
type region is superior to that at n-type region. Sensing studies
revealed that the py-diIM-py modified RGO-based FET sensor
possesses fast, selective and sensitive response to GTP and
ATP, and the detection limit is as low as 400 nM, the lowest
reported result for electronic sensors until now. In addition,
based on their cross-reactive responses to the NTPs,
discrimination of the five mentioned NTPs could be realized
by combing the responses of the two sensors.

B EXPERIMENTAL METHODS

Preparation of GO Suspensions. A certain amount of GO
(Scheme S1, Supporting Information) was put into a certain amount
of water. The mixture was sonicated gently for 20 min, and then it was
centrifuged at 1500 rpm for 25 min to remove all thick multilayer
flakes. After that, the top layer solution was collected and further
centrifuged at 8500 rpm for another 25 min to separate larger GO
sheets from the smaller ones. The obtained precipitates were

redispersed in water/ethanol (v/v = 1:2) mixture to get a suspension
of larger GO sheets for further studies.

Fabrication of Micropatterned RGO-based Solution-Gated
FETs. The fabrication process is shown in Figure 1. First, a precleaned
glass plate was treated by octadecyltrichlorosilane (OTS) in vacuum at
120 °C for 220 min to obtain an OTS self-assembled monolayers
(SAMs) on surface. Then, the substrate was covered by a
micropatterned mask (100 ym width, 100 ym gap) and exposed to
UV light (homemade UV light equipment, 1000 W) for 90 min. After
that, a GO suspension was deposited on the substrate surface via spin-
coating at a speed of 1000 rpm for 60 s. The obtained GO film was
further treated in hydrazine vapor at 60 °C for 12 h, and then annealed
in Ar atmosphere at 200 °C for 2 h to obtain a RGO film with
microstrip patterns. Finally, the conductive silver paste as source and
drain electrodes were deposited on the patterned RGO films, which
was annealed at 80 °C for 60 min in vacuum to enhance the contact
between the RGO sheets and electrodes. Silicon rubber was used to
encapsulate the source and drain electrodes to minimize leakage
current. The silicon rubber insulated the electrodes completely and
defined the size of the sensing chamber (3 mm in width, 6 mm in
length).

Surface Modification of the FETs with py-dilM-py. The RGO
sheets on the conducting channels of the device were put into the
methanol solution of py-dilM-py (0.1 M) at room temperature. The
modifier was firmly adsorbed on the RGO strips due to strong 7—7x
interaction and extra-modifier was removed by washing with deionized
(DI) water.

Electrical Measurements. To test the electrical property of the
prepared device, 60 uL of DI water was injected into the chamber, and
a Pt wire was inserted as an electrode to modulate the gate voltage of
the device. The source-drain current (I;) was continuously recorded
at a given source-drain voltage (Vg = 400 mV) and the analyte of
various concentrations was added. The gate voltage (V) was applied
at —0.6, 1.2 V via Pt electrode immersed in the solution.

Instrumentations. All electrical measurements were conducted on
an instrument of Agilent B2912A precision source/measure unit and at
ambient temperature and pressure. The XRD traces were collected by
a Rigalcu D/Max-3¢ diffractometer with Cu Ka (1 = 0.154 nm)
radiation generated at 40 kV and 30 mA as light source. The scan rate
was 4°/min. The test sample was prepared by placing a graphite
powder or freeze-dried GO directly onto a glass sample holder. The
FTIR spectra were obtained with a Bio-Rad FTIR spectrometer, and
the attenuated total reflection infrared (ATR-IR) spectra of the films
were recorded with a Bruker VERTEX 70v spectrometer. AFM
pictures were obtained using Veeco Dimension V (noncontact mode).
Contact angles of the films were measured on a Dataphysics OCA20
contact-angle system at room temperature. Scanning electron
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Figure 2. Schematic representation of the GO stripes fabrication, relevant surface properties and stripe pictures.

Modifiers

Figure 3. (a) Optical image of the py-diIM-py modified FET. (b) Partial amplification image of the picture shown in panel a (black spots represent
modifiers). (c) Fluorescent image of the same device. (d) Partial amplification image shown in panel c (blue spots represent modifiers).

microscopy (SEM) images were taken on a Quanta 200 scanning
electron microscopy spectrometer (Philips-FEI). The accelerating
voltage was 20 kV, and the emission current was 10 mA. 'H NMR data
were obtained by using an AVANCE 400 MHz spectrometer (Bruker).
Chemical shifts were referenced to an internal standard, tetrame-
thylsilane (TMS). The MS data were acquired in ESI positive mode
and MADI-TOF mode using a Bruker maxis UHR-TOF mass
spectrometer. The optical and fluorescence microscopic observations
were carried out on a Nikon ECLIPSE Ti—U (Nikon, Japan) with
330—380 nm or 450—490 nm as excitation light.

B RESULTS AND DISCUSSION

The fabrication process of solution-gated FET with continuous
RGO stripes as micropatterned conductive channels is
schematically shown in Figure 1. To generate the micro-
patterned RGO thin film channels, hydrophilic GO sheets were
assembled on a substrate with alternative hydrophilic and
hydrophobic microstrips. The patterned substrate was created
in the following way: (1) chemical assemble of OTS to prepare
hydrophobic self-assembled monolayers (SAMs) on a glass
substrate, and (2) treatment of the hydrophobic surface under
UV light via a micromask. The SAMs in the unprotected region
was decomposed after UV treatment resulting in hydrophilic
regions, and the protected region was hydrophobic due to the
presence of the SAMs. The surface property of the hydrophilic
and hydrophobic regions was confirmed by water contact angle
(CA) measurements and the results are shown in Figure 2. The
water CAs of the two regions are 4.25 + 0.5° and 102.65 +
0.25°, respectively. After the treatment, a GO suspension was

selectively adsorbed on the hydrophilic areas. Optical
microscopy and SEM studies of micropattern GO stripe film
demonstrated that the continuous and uniform GO stripes are
successfully achieved, and the stripe structure has a 100 pm
width and length up to centimeter scale (cf. Figure 2).
Furthermore, the quality of the GO stripe structure could be
controlled and adjusted by varying GO concentration (Figure
S1, Supporting Information). Continuous stripes with high
quality were acquired when GO concentration was between 0.3
and 1 mg/mL, whereas the stripes with inferior quality were
obtained at 0.1 and 0.2 mg/mL.

To obtain conductive RGO strips from the GO strips,
reduction reaction was conducted by using hydrazine vapor as a
reductant and then annealed in Ar atmosphere. FTIR
measurements in transmission mode were utilized to confirm
the effective reduction of the GO strips. The results are shown
in Figure S2 (Supporting Information). The spectrum of GO
illustrates O—H stretching vibration at 3260 cm™" originated
from carboxylic acid, and C=0 in carboxylic acid and carbonyl
moieties at 1736 cm™'. After reduction, the broad O—H
stretching band remains, but intensity decreases, and the C=0
vibration band even disappears. On the contrary, a new peak at
1570 cm™' appears dramatically close to 1580 cm™', a
characteristic C=C stretching band of graphite, suggesting
formation of high quality RGO. This tentative conclusion is
further confirmed by the result from XPS measurements (c.f.
Figures S3 and S4, Supporting Information). The XPS traces
shown in Figure S4a (Supporting Information) reveals that C
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1s signal has three peaks, which could be attributed to carbon
atoms of different states: the pristine conjugated C—C (284.8
eV), C in C—O bonds (286.8 eV), and the carbonyl C=0
group (2882 €V), a direct evidence for the obtained GO.
However, the intensities of the carbon signal containing oxygen
greatly decreased after reduction (Figure S4b, Supporting
Information), revealing deoxygenation and restoration of sp’-
hybridized carbons.

Recently, Xu et al. reported a GSFET for detecting ATP, and
the detectable concentration range is between 0.002 and §
mM.”” The sensitivity of the sensor is not as well as that
expected even though it has a number of advantages. For GTP
and other N'TPs, electronic sensors based on similar devices
have not been reported until now. To improve the performance
of the GSFET-based NTPs sensors, we introduced a modifier,
bis-pyrenyl derivative (py-dilM-py). As shown in Scheme S2
(Supporting Information), the unique structure was based on
two pyrenyl units and two cationic imidazole residues of the
modifier. It is believed that introduction of the pyrenyl units
could enhance attachment of the modifier onto RGO surface
due to 7—x interaction, and the cationic structure of the
imidazole residues could act as NTPs receptor through
electrostatic association. Fluorescence microscopy studies
confirmed that the modifier selectively attached on the RGO
strips (c.f. Figure 3).

The specific current—voltage (I—V) relationships of the
RGO and the modified RGO-based devices were tested. The
results are shown in Figure SS (Supporting Information). It is
found that both the RGO and the modified RGO devices
exhibit electrically continuous Ohmic behaviors. Although
modification of the RGO-strips with py-diIM-py increased the
resistance of the device, highly stable Ohmic contact is
remained, a basis for further studies. To develop the RGO-
based FET into usable sensors, FET configuration with solution
as top gate was adopted. This is because this configuration is
more sensitive than typical back-gate FET."® In order to obtain
efficient GFET, the stacked layer number of graphene sheet is
dominant because it greatly influences the field effect
response.®> >’ For the proposed system, the device shows no
field effect property when the thickness of the RGO strips
exceeds 10 layers of the RGO sheets at 1 mg/mL or even
higher concentrations of RGO suspensions. On the other hand,
the device prepared in RGO suspensions with concentrations
lower than 0.2 mg/mL also show weak or even no field effect
response due to inferior continuity of the strips. Optimization
tests revealed that 0.3—0.5 mg/mL are suitable concentrations
for making a RGO-based FET with superior performances.
Figure S6 (Supporting Information) shows typical AFM images
and height profiles of the RGO stripe edges. The images and
the height profiles indicate that the thickness of the stripe edge
prepared at 0.3 mg/mL GO suspension is about 4.6 nm and
that prepared at 0.5 mg/mL is about ~7.7 nm, which
correspond to 4—S5 layers and 6—7 layers of RGO sheets,
respectively (thickness of monolayer GO is ~1.2 nm in our
study, shown in Figure S7, Supporting Information).
Considering the electrical property influence of the modifier
to the RGO-based FET, the devices prepared in 0.5 mg/mL of
GO suspension were chosen for further studies.

The electrical transfer properties of the RGO-based solution-
gated FET before and after modification with py-diIM-py were
tested, and the results are shown in Figure 4. V-shaped
ambipolar field effect behavior from p-type region to n-type
region is observed on the RGO-based solution-gated FET, of
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Figure 4. Transfer curves of the RGO-based FET and the py-dilM-py
modified RGO-based FET recorded at Vy = 400 mV.

which the characteristic Dirac point appears at ~1.1 V and the
on/off ratio is close to 1.5. These characteristics are similar to
GFET, but the Dirac point is right-shift if compared with the
value of ideal graphene-based device, showing significant p-type
doping. This result could originate from the adsorption of
oxygen or water on the RGO surface."**~** The transfer curves
and output curves of the RGO-based solution-gated FET in
both p-type and n-type operation are shown in Figure S8
(Supporting Information).

Modification of the RGO-based solution-gated FET with py-
diIM-py does not affect its fundamental ambipolar field effect
behavior (c.f. Figure 4). However, the conductance (current) of
the device decreases and the Dirac point is left-shift, suggesting
induction of electrons onto RGO surface due to the existence
of interaction between the RGO surface and the modifier, py-
dilM-py.

It is already mentioned that RGO is ambipolar material. This
characteristic makes it possible to use the RGO-based device in
two different ways."'”*' Figure Sa depicts the monitoring
results of the modified RGO-based device at different GTP
concentrations at either p-type region (V, = —0.6 V, less than
the Dirac voltage) or n-type region (V, = 1.2'V, greater than the
Dirac voltage). It is seen that the current decreased with the
addition of GTP when the device operated at p-type region.
However, the current increased when it was operated at n-type
region. Moreover, the response of the device to the addition of
GTP is instantaneous even though equilibrium needs about 5
min. Furthermore, the detection limit to GTP could be as low
as 400 nM, which is the lowest value for GTP detection by
electronic sensors reported in literature. Figure Sb shows the
statistics of the sensor to different concentrations of the analyte,
from 4 independent tests at the two different working modes
(p-type region and the n-type region). It is seen that the current
gradually changes in a wide concentration range (nanomolar
scale to micromolar scale), and it tends to be constant when
GTP concentration exceeds ca. 50 yM. The probable reason is
the adsorption saturation of the analyte on the sensor surface.
Besides, the performance of the sensor at p-type region is
superior than that at n-type region due to adsorption of
oxy%en.zo’42 This result is in consistent with that reported by
He

As a control, the sensing performance of the unmodified
RGO-based FET to GTP at p-type region was also evaluated.
The result is shown in Figure S9 (Supporting Information). It
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Figure S. (a) Real-time detection of GTP at various concentrations by the py-diIM-py modified RGO-based FET (V=

1200 mV) and (b) the change of I upon the addition of GTP.
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Figure 6. (a) Real-time detection of ATP at various concentrations on the py-dilM-py modified RGO-based FET (V, = 400 mV, V,=—600 mV and

1200 mV) and (b) the change of I upon the addition of ATP.

can be seen that a similar result was obtained. But the changes
in the current are much smaller compared to the result for the
modified RGO-based FET. The detection limit for this sensor
is ca. 2.5 uM, significantly larger than that for the modified
sensor (ca. 400 nM), suggesting efficient enhancement of the
modifier, py-dilM-py, to the sensing performance of the FET.

The sensing performance of the modified RGO-based FET
sensor for ATP, another important universal energy currency in
all of the biological systems, was also examined. As depicted in
Figure 6, the real-time response of the modified sensor to the
presence of ATP was recorded. The current decreased at p-type
operation and increased at n-type operation, a result similar to
the modified device in the exploration of the sensor
performance for GTP. Additionally, the detection limit to
ATP is 400 nM, and the sensing performance of this sensor to
ATP at p-type region is also superior to that at n-type region.
Moreover, similar to that observed in GTP sensing, control
experiment for ATP sensing also confirms that py-diIM-py
modification benefits the sensing of the RGO-based FET by
increasing at least S0% of its sensitivity (c.f Figure S10,
Supporting Information).

The results from the sensing performance studies described
above reveal that (1) change in gate voltage of the RGO-based
FET not only induces different sensor signals but also
modulates the sensor performance, and (2) modification of
the RGO-based FET with py-diIM-py is crucial for improving
its sensing performance to GTP and ATP.

As already described, the response mode of the RGO-based
FET to GTP is similar to ATP no matter if it was operated at a
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p-type region or at an n-type region. This is because the two
NTPs possess similar chemical structures. For the sensing
mechanism, it should not be the electrostatic gating effect as
reported in literatures.'”*>**** If the sensing mechanism is
based on the electrostatic gate, the increasing current at p-type
or the decreasing current at n-type and the positive shift of
Dirac point would be expected since the GTP or ATP with a
negatively charged triphosphate group. In fact, opposite results
were observed, as already discussed, indicating that a different
mechanism was adopted by the studied systems. Specifically,
the sensing reason is not the negatively charged triphosphates
but the nucleoside in GTP or ATP induces the n-doping (or
increase of electron concentration) on the RGO. This is
consistent with the results in the ATP sensing studies of a
GSFET sensor, where graphene was prepared by CVD
process.”> Therefore, the response of the RGO-based FET to
the NTPs could be attributed to the stacking interaction
between the nucleoside of the analytes and RGO sheets, giving
rise to electron transfer from the electron-rich, aromatic bases
in GTP or ATP to RGO.

The superior sensing performance of the modified sensor is
attributed to the introduction of py-diIM-py enhancing the
interaction between the two NTPs and RGO due to
electrostatic association of the positively charged modifier and
the negatively charged NTPs. In other words, this binding
interaction significantly increases the local concentration of
ATP or GTP on RGO, which then enhances the electron
transfer from the nucleoside to RGO and results in greater
current change. The binding interaction of ATP to py-dilM-py
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Figure 7. Plausible sensing mechanism of the py-diIM-py modified RGO-based FET to ATP. The electrostatic interaction of ATP with py-diIM-py
absorbed on the RGO surface gives rise to effective electron transfer from ATP to RGO.
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Figure 8. Transfer curves of (a and c) the unmodified RGO-based device and (b and d) the modified RGO-based device before and after addition of
GTP or ATP, respectively. The concentration of tested GTP or ATP solution is 50 M.

is confirmed by changes in zeta potential (Figure S11,
Supporting Information). It can be seen that the zeta potential
obtained for py-diIM-py is nearly S0 mV (¢, +49.6 mV), but the
introduction of ATP results in 20 mV decrease in the potential
(£, +29.6 mV), suggesting significant association between the
two species. Based on these discussions, a plausible sensing
mechanism is proposed and presented in Figure 7.

The fact that the sensing performance of the RGO-based
FET to the presence of GTP or ATP is enhanced by the
introduction of the modifier py-dilM-py is further supported by
a more pronounced change in the transfer curves, as shown in
Figure 8. It is seen that although the Dirac points of the two

10723

devices all show a left-shift with the addition of GTP or ATP,
the modified one causes a more pronounced shift if compared
to that of the unmodified one, which illustrates that the
modified device is much more sensitive. The data shown in
Table 1 is a collection of the values of the Dirac points of the
two sensors in the presence of GTP and ATP, respectively.
The responses of the modified and unmodified RGO-based
FETs to the presence of different concentrations of five NTPs
were examined at p-type region (Vy, = 0.4 V, V, = —0.6 V), and
the results are shown in Figure 9. It is seen that the responses
of the sensors to the NTPs rely on both their concentrations
and their chemical nature. In other words, for each NTP, there
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Table 1. Dirac Point Shifts of the Un-modified RGO-based
Device and the py-diIM-py Modified RGO-based Device
after Addition of GTP and ATP

Dirac point shift B(RGO device) (MV) (Modified RGO device) (V)
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Figure 9. Sensing performances of the unmodified RGO-based and
the modified RGO-based devices to NTPs at different concentrations.

is a specific response pattern. Therefore, combining use of the
obtained information may result in full discrimination of the
NTPs. The variations in the response extent, (Snodified —
Sunmodified)/ Omodifiey Of the two sensors to different NTPs at
different concentrations were collectively shown in Figure 10,
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Figure 10. Plots of the variations in response extent before and after
py-diIM-py modification of the RGO-based device to different NTPs
at various concentrations.

where O, odified a0d Ounmodified are€ the current variations at a
certain concentration of a given NTP on the modified and the
unmodified RGO-based devices, respectively. Clearly, detection
of GTP is most benefited from the modification of the RGO-
based FET as more than 10 times increase in the detection
sensitivity. Furthermore, five NTPs over the measured
concentration range (1.5—-50 uM) are grouped in well-
separated lines, illustrating the strong capability of the proposed
sensors to discriminate NTPs. This may be the first report on
the real-time electronic recognition and discrimination of NTPs
based on graphene solution-gated FETs. Actually, for the
discrimination of NTPs or nucleotide bases, only two results

relevant to graphene-based electronic device were reported, of
which one uses graphene nanopore to detect and distinguish
nucleic acids or DNA nucleobases,*>*® and the other utilizes an
armchair graphene nanoribbon (AGNR)-based two-dimen-
sional molecular electronics spectroscopy (2D MES) to identify
nucleotide bases via variation of bias and/or gate voltages
applied to the graphene.*” Fabrication of the devices as
reported in the literatures, however, is complicated and time-
consuming when compared with the presented work.

There should be no doubt that the efficient accumulation of
NTPs on RGO or py-diIM-py modified RGO surfaces is a
prerequirement for the response of the sensors to their
presence. The differences in the sensing ability of the two
sensors to the five NTPs should be mainly originated from their
different binding abilities to the nucleotides. Experimental
studies conducted by Sowerby and co-workers demonstrated
that graphene possesses a stronger binding ability to G in GTP
and A in ATP than those to the nucleosides in other NTPs.*®
The reason for the binding interaction arises from the 77—z
stacking between the nucleosides and the RGO, and the
conclusion is further confirmed by theoretical calculations
performed by Gowtham.*”*® These conclusions illustrate that
the electron transfer from G (A) to RGO could be induced if
GTP or ATP adsorbed on RGO effectively. That is why our
sensors possess higher sensing sensitivity to the two NTPs. As
for the differences in the enhancement of the sensing ability of
the sensors to different NTPs after the introduction of py-dilM-
Py, the reasons might be more complicated. This is because that
the presence of the pyrenyl derivative not only alters the
binding ability of the graphene surface to the NTPs, but also
the orientation of the nucleotide adsorbed. Both the amount of
the nucleotide adsorbed and the change of the orientation affect
the electron transfer efficiency, which is the origin of the signal
change.

H CONCLUSION

Two solution-gated FETs with continuous RGO stripes as
micropatterned conductive channels were fabricated. The
devices could be used as efficient NTPs sensors. The sensing
studies showed that modification of the device with py-diIM-py,
a positively charged bis-pyrenyl derivative, resulted in
significant enhancement in the sensing performance. The
modified FET demonstrated a 10-fold enhancement in the
sensitivity to GTP and 2-fold increase to ATP. In addition, the
detection limit of the two analytes is 400 nM, which is the
lowest value for graphene-based electronic sensors reported so
far. Moreover, the two devices showed cross-reactive responses
to the five NTPs, GTP, ATP, CTP, UTP, and TTP. On the
basis of these findings, discrimination of the five NTPs was
realized via combining the responses of the two devices. The
excellence in sensing performance, simplicity in fabrication and
integration in size of the RGO-based solution-gated FET
sensors endow the as-prepared devices with great potential in
practical detecting N'TPs.
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