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ABSTRACT: As one of the most toxic forms of arsenic, inorganic As(III) is easy to accumulate in rice, leading to severe public
health problems. Effective control of As(III) requires the development of fast analytical methods for its detection with high
sensitivity and specificity. Toward this end, in this work, we report the fabrication of an As(III) electrochemical sensor based on a
solution-gated graphene transistor (SGGT) platform with a novel sensing mechanism. The gold gate electrode of the SGGT was
modified with DNA probes and then blocked with bovine serum albumin (BSA). The specific interaction between As(III) and gold
disrupted the adsorption states of DNA probes, redistributing surface charges on the gate electrode, further leading to potential drop
changes at the interfaces of the gate electrode and graphene active layer. This new mechanism based on DNA-charge-redistribution-
induced SGGT current responses (denoted as “DNA-SGGT”) was found to greatly improve the selectivity of the sensor: the
response of DNA-SGGT to As(III) was effectively enhanced fourfold, while to other interfering cations, it was significantly reduced.
The optimized sensor showed a detection limit as low as S nM with superior selectivity to As(III). The as-prepared DNA-SGGT-
based sensor has also been successfully applied to the detection of As(III) in practical rice samples with a high recovery rate, showing
great potential for heavy metal detection in many types of food samples.
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B INTRODUCTION Toward this end, many fast detecting methods, such as
electrochemistry-based,” surface-enhanced Raman scattering
assays,”" surface plasmon resonance sensors,”” chemosen-
sors,”” and biosensors,”® have also been developed recently.
Among them, electrochemical sensors that measure direct
current responses have attracted broad attention for being
simple, flexible, and easily automated for routine analysis.”’”
Single-layer graphene has been obtained via the physical
exfoliation method.”®*” In the last decade, single-layer
graphene-based field-effect transistors have drawn a lot of
interests due to the excellent properties of graphene, such as
high electrical conductivity, excellent physical properties,
massless carriers (both electrons and holes), high transparency,
and extremely high carrier mobility.”°”*> Among them,
solution-gated graphene transistors (SGGTs) have been
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high-performance liquid chromatography (HPLC),"*”'® ion
chromatography (IC),"”” gas chromatography (GC),'® in- Received:  November 8, 2020
ductively coupled plasma-mass spectrometry,* and atomic Revised:  December 31, 2020
fluorescence spectrometry.””*' However, these methods have Accepted: December 31, 2020
many limitations in practical applications. For example, they Published: January 12, 2021
generally require large equipment, complex operation, and

excessive maintenance costs and are time-consuming.22

Rice is the main food supply for more than half of the world’s
population, so the quality of rice is concerned to hundreds of
millions of people." Compared with other cereal crops, rice
crops accumulate arsenic much more efficiently,”” resulting in
higher arsenic levels." Sites of contamination are found
worldwide as a result of both natural processes and
anthropogenic activities.” Arsenic-rich rice may cause high
risks for public health since it is one of the first chemicals
designated as a group I carcinogen,’ and it has been widely
recognized that chronic exposure to it may lead to serious
effects on human health for many years. It mainly enters the
human body through the digestive tract and respiratory tract’
and then scatters in many tissues and blood in the body,
causing extreme difficulties for its removal.® For these reasons,
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Figure 1. Characterization of the DNA/BSA-modified gate electrode. The SEM images of the (a) bare Au gate and (b) DNA/BSA-modified gate.
(c) EIS of the bare Au gate (red dots) and DNA/BSA-modified gate (black squares). Real-time current responses for continuous addition of
cDNAs for the (d) SGGT with the bare Au gate and (e) DNA-SGGT with DNA/BSA-modified gate electrodes.

selective response to a specific ion, since the detection
mechanism is solely the change in dirac point voltages (V..)
of the devices induced by nonspecific electrochemical reactions
of ions at the gate®**®
these ions.*"*
Toward this end, in this work, we report the fabrication of
an As(III)-sensor based on the DNA-modified SGGT with a
novel detection mechanism for enhanced sensitive and
selective responses. First, the SGGT gate electrode was
modified with DNA oligonucleotides, and the remaining

or changes in electrolyte conditions by

surface sites were blocked with bovine serum albumin
(BSA). We found that the surface charge redistribution of
the gate electrode caused by the disruption of the interaction
between DNA probes and the gold surface specifically by
As(IIT) ions**** may also lead to changes in electric double
layers (EDLs) at interfaces and thus significant channel current
responses. Although there has been little pioneer work to
improve the specificity of SGGTs to Pb*" ions by modifying
the graphene channel with DNAzymes," this is the first report
about the application of the new sensing mechanism of SGGTs
with current response induced by GATE surface charge
redistribution regulated by DNA probes, denoted as the
“DNA-gated field-effect graphene transistor” (DNA-SGGT).
The optimized DNA-SGGT sensor showed an enhanced (by
fourfold) channel current response to As(IIl), while that to
other interfering cations was significantly suppressed, with a
detection limit as low as 5 nM and superior selectivity to
As(III). Finally, we also applied the DNA-SGGT-based sensor
for the detection of As(IIl) in practical rice samples and
obtained high recovery rates.
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B EXPERIMENTAL SECTION

Materials. As,O; was purchased from Xiya Reagent (Shandong,
China). The DNA sample was synthesized by Sangon Biotech
(Shanghai) with HPLC purification. Phosphate-buffered saline (1x
PBS, a mixed solution of 8 mM Na,HPO,, 136 mM NaCl, 2 mM
KH,PO,, and 2.6 mM KCl, with pH = 7.2), tris-(2-carboxyethyl)-
phosphine hydrochloride (TCEP), acetone, isopropanol, and ethanol
were purchased from Sangon Biotech (Shanghai, China). Tris-HCl
buffer (pH 8.0) was purchased from Solarbio. BSA, potassium
chloride (KCl), sodium chloride (NaCl), magnesium chloride
(MgCl,), and other selective interfering compounds were all obtained
from Sinopharm (Shanghai, China). The arsenic-free rice was
purchased from a local Metro supermarket. Ultrapure deionized
(DI) water obtained from the Milli-Q system (18.2 M€, Millipore,
Bedford, MA, USA) was used throughout the research. Other
common reagents were used without further purification.

Preparation of SGGT Electrodes. The glass slides (1 cm X 1.2
cm) were rinsed three times with acetone, isopropanol, ethanol, and
then DI water successively under ultrasonic conditions. The glass
substrate was blow-dried with high-purity nitrogen and then glued to
the mask plate with high-temperature tape, and the slide surface was
plated with 10 nm patterned Cr/Au source, drain, and gate electrodes
by magnetron sputtering. Monolayer graphene layers were synthe-
sized by chemical vapor deposition (CVD)* of CH, (40 SCCM) and
H, (20 SCCM) using 25 pm-thick copper foil as a catalytic substrate
at 1000 °C. Prior to graphene transfer, the substrate surface was
treated with O, plasma for 6 min to enhance hydrophilicity. A
polymethyl methacrylate (PMMA) film was spun onto graphene, and
the graphene/PMMA was transferred to the channel area. The sensor
was annealed at 120 °C for 15 min and soaked in acetone at 55 °C for
1 h and washed three times to remove PMMA. Finally, the sensor was
sealed with waterproof glue and silver paste to avoid direct contact
with the electrolyte during the characterization process.

Preparation of DNA-Modified Electrodes. The SGGT sensor
was rinsed three times with 1X PBS to ensure a clean surface before

https://dx.doi.org/10.1021/acs.jafc.0c07052
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Figure 2. Schematic diagram As(III) detection using the DNA-SGGT with the DNA/BSA-modified gate. The sensor consists of source, drain, and
gate electrodes and a graphene channel. The gate electrode was functionalized with single-stranded DNA and then blocked with BSA. Before the
addition of As(III), the DNA strands were adsorbed on the gate. The interaction between As(III) ions and Au interrupts this DNA adsorption and
hence changes the states of DNA probes on the gate electrode, causing significant changes in surface charge distribution of the gate.

all modifications and tests. In order to modify the DNA onto the bare
Au gate electrode, we synthesized DNA with thiol modification at the
5’ end, that is, the (5'—=HS—S—(CH,);~GGT AAT ACG ACT CAC
TAT AGG GAG ATA CCA GCT TAT TCA ATT TTA CAG AAC
AAC CAA CGT CGC TCC GGG TAC TTC TTC ATC GAG ATA
GTA AGT GCA ATC T-3') sequence for self-assembly of the DNA
strand to the Au electrode surface. The DNA probe was freshly
reduced by mixing 1 uM of the probe with 10 uM TCEP in Tris-HCI
buffer (10 mM, pH 8.0) containing 1.0 M NaCl for 1 h. The cleaned
Au electrode was then immersed in the abovementioned solution for
12 h at room temperature. After that, the electrode was incubated in
10 mg/mL BSA solution for 30 min for electrode blocking. Finally,
the electrode was rinsed thoroughly with Tris-HCI buffer containing
0.5 M NaCl three times.

Device Characterization and Electrochemical Measure-
ment. The electrochemical properties of the bare and modified
electrodes were characterized by the CHI6S0D electrochemical
workstation (Shanghai CH Instruments Inc., China). The traditional
three electrodes, consisting of bare Au or the DNA-modified
electrode, platinum wire as the counter electrode, and saturated
calomel electrode as the reference electrode, were tested. Electro-
chemical impedance spectroscopy (EIS) was performed on the bare
Au gate and DNA-modified gate in 0.1 mM KCI solution containing
5.0 mM [Fe(CN)]*~/*" and the frequency range from 0.1 to 10° Hz,
and the potential used was 0.2 V.*¢

Before measurement, all devices were soaked in 1X PBS for 15 min
to remove surface residues from the electrodes and graphene channel.
The DNA-SGGT-based As(III) sensor, consisting of source, drain,
and gate electrodes, was tested for performance in a small beaker
containing 10 mL of phosphate buffer (1x PBS, pH = 7.4). The
source, drain, and gate were connected to two source meters
(Keithley 2400), and the gate voltage (V;) and source drain voltage
(Vps) were controlled using a customized LabVIEW program (see
Figure S1 for more details). Different concentrations of As(III) were
added to PBS to obtain successive different Ipg responses. The
transfer characteristic curve (Ing—V;;) was measured with the channel
current between the source and drain as a function of V; under a fixed
source—drain voltage Vg = 0.05 V and different gate voltages V: 0—
0.8 V and a scanning rate of 0.01 V/s. The channel current and time
curve (Ips—t) under a fixed source—drain voltage Vg = 0.0S V and
constant gate voltage Vg = + 0.7 V and the current response of the
sensor Ipg to different concentrations of As(III) was recorded over
time.

The detection method and conditions for complementary DNA
(cDNA) with the sequence shown in Table S1 at different
concentrations were the same as described above.

1400

B RESULTS AND DISCUSSION

Characterization of DNA/BSA-Modified Electrodes.
Figure lab shows the scanning electron microscopy (SEM)
images of the gate electrode surface before and after the DNA
modification and BSA blocking. The obvious change (black
dots) indicates the success of the functionalization with the
DNA and BSA. Next, we conducted EIS measurements to
characterize the impedance change induced by functionaliza-
tion, and the results are shown in Figure 1c. It can be seen that
the Nyquist plots of the two electrodes show a clear semicircle
at high frequencies, the diameter of which generally reflects the
interfacial charge transfer resistance (R,).*® From Figure 2c, it
was observed that the R value of the bare Au electrode was
1.5 KCQ, while that of the modified electrode was 30 KQ. The
significant increase in R, value also suggested that the gate
electrode was effectively modified by DNA probes and BSA.

For further evaluation of the DNA/BSA modification of the
gate electrode, we applied the fabricated DNA-SGGT sensor to
measurement of DNA strands that were complementary to the
DNA probes (cDNA), as depicted in Figure S3. For the SGGT
with the bare Au gate electrode, the addition of cDNA did not
induce obvious current response, as shown in Figure 1d. In
contrast, for the DNA-SGGT with the DNA/BSA-modified
gate electrode, when cDNA was added, strong channel current
response was observed (as shown in Figure le), attributed to
the change in surface charges at the gate electrode induced by
the hybridization of cDNA strands. This measurement also
confirmed the success of modification with DNA probes.
Moreover, more importantly, it gave us the implication of a
novel detection mechanism for the SGGT that the surface
charge changes may also cause obvious channel current
responses through the field-effect amplification, which was
used for subsequent As(III) detection.

Detection Mechanism of the DNA-SGGT-Based As(lll)
Sensor. As sketched in Figure 2, the established DNA-SGGT-
based As(III) sensor was composed of three electrodes (i.e.,
source, drain, gate electrodes) and a graphene channel. Both
the gate electrode and graphene channel were in contact with
electrolyte solution to form two EDLs, as shown in Figure S2.
When the SGGT works in both p-type and n-type domains,

the channel current can be described by*’

https://dx.doi.org/10.1021/acs.jafc.0c07052
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Figure 3. Channel current responses of the (a) SGGT with the bare Au gate and (b) DNA-SGGT with the DNA/BSA-modified gate electrodes to
the increasing As(IIl) concentration in PBS solution measured at fixed Vg = 0.05 V and V; = 0.7 V. (c) Transfer curves of the SGGT with the bare
Au gate (in red) and the DNA-SGGT with the DNA/BSA-modified gate (in black) measured in PBS solution. (d) Calculated effective gate voltage
change (AVE®) of the SGGT with the bare Au gate (in red) and the DNA-SGGT with the DNA/BSA-modified gate as a function of As(III)

concentration.

for IV — V.l > [Vl
(1)

where V and Vpg are the voltages applied on the gate and the
drain, respectively; Vg,  is an intrinsic parameter of the SGGT
that equals the gate voltage for the charge neutrality point
(dirac point) of the graphene channel; W and L are the
channel width and length, respectively; y represents the carrier
mobility; and C; is the gate capacitance. During the actual
measurement for real-time channel current, the sensor worked
under fixed source—drain voltage Vpg = 0.05 V and gate
voltage Vg = + 0.7 V. Therefore, as pointed out by eq 1, the
channel current Ipg is highly dependent on the gate
capacitance C; consisting of two EDL capacitances (Cog
and Cy_c), as shown in Figure S2.

It has been reported previously that the SGGT is sensitive to
multiple cations due to the potential changes induced by
electrochemical reactions at the gate or changes to the
electrolyte.** However, the SGGT sensor based on this
detection mechanism generally lacks selective response to
specific cations. To address this problem, we functionalized the
gate electrode with DNA probes and then blocked the
electrode surface with BSA. Without the presence of As(III),
DNA probes were adsorbed onto the gold electrode sur-
face.*** With the addition of As(III), the As(III)/gold
interaction is strong enough to affect DNA adsorption and
hence chan§e the states of DNA probes on the gate
electrode,™* leading to a large redistribution of surface
charges and thus the change in gate capacitance C;. According
to eq 1, this will ultimately induce channel current response
through field-effect amplification of SGGTs, as also studied in
the previous subsection using cDNAs.

w
Ing = TﬂcilvG = Viirad Vs
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As(lll) Detection by the SGGT Sensor. In order to
evaluate the effectiveness of the DNA-SGGT sensor (i.e., the
SGGT with the DNA-modified gate electrode) for detection of
As(I1I), we compared the channel current response of the
SGGT sensor with the bare Au gate and that with the modified
electrode. For electrochemical sensors, the detection limit is
generally determined as the minimum amount of the analyte
addition when the corresponding signal-to-noise ratio (S/N) is
greater than 3."° Figure 3ab shows the real-time I curve of
the SGGT toward the continuous addition of As(III), and the
insets show the enlarged current response at the detection
limit. For the SGGT with the bare Au gate, when 10 nM
As(II1) was added, the channel current noise Aly was 0.25 uA,
while the channel current response AI; was 2.02. The ratio of
AI/AIy = 8.08 > 3. Therefore, the detection limit of the
SGGT with the bare Au gate for As(II) was determined to be
10 nM or 0.75 ug/kg. Similarly, for the DNA-SGGT, when 5
nM As(III) was added, ALy = 0.19 pA and AIL = 1.28 pA,
giving the ratio of AI,/Aly = 6.73 > 3. Therefore, the detection
limit of the DNA-SGGT for As(IIl) was S nM or 0.375 ug/kg,
lower than that of the SGGT with the bare Au gate by twofold.
These results indicate that the modification of ssDNA can
significantly improve the detection performance of the SGGT
sensor for As(IIT). Figure 3c shows the transfer characteristic
curve of the SGGT of the bare Au gate and modified electrode
in PBS solution, showing the bipolar characteristics of
graphene. The dirac point of the SGGT with the bare Au
gate was about 0.41 V, while that of the DNA-SGGT with the
DNA/BSA-modified gate was about 0.38 V. The slight left shift
of the dirac point indicates that the DNA/BSA modification
ultimately led to n-type doping on the graphene channel.

https://dx.doi.org/10.1021/acs.jafc.0c07052
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The change in effective gate voltage (AV ) is regarded as
an alternative parameter to evaluate the detection sensitivity of
the SGGT sensor. The equivalent gate electrode voltage V¢
was derived from the transfer characteristic curve of the sensor
in blank PBS buffer (Figure 3c) according to channel current
Ing values of different As(III) concentrations, as shown in
Figure 3a,b. Then, the value of AV as a function of As(III)
concentration can be obtained by subtracting the initial
equivalent gate voltage value before the addition of As(III).
Moreover, the effective voltage change can be fitted with the
equations given by"’

Q.
Ce-x

Véff =Vogt+ Vo=

)

where &, is the electric permittivity constant, ¢, is the relative
electric permittivity, p is the surface charge density, and d is the
EDL thickness. According to the sensing mechanism discussed
in the previous subsection, the adsorption of DNA probes on
the Au gate electrode was disrupted by the As(Ill)/Au
interactions, causing larger separation of negative charges of
DNA probes from the gate. Therefore, by rough estimation, d
in eq 2 is proportional to the As(III) concentration, namely

AVéff = aCAs(III) +C (3)
where C is a constant and « is the slope of Vg per As(III)
concentration (Caq())- E%uation 3 indicates that the
equivalent gate voltage (V") shifts to a larger value with
the increase in As(III) concentration. In addition, the channel
current Ipg also increased with the increase in Vg when the
DNA-SGGT sensor worked in the n-type region (Vg =0.7 V >
Vdirac) .

Figure 3d shows the computed effective gate voltage change
(AV ) as a function of As(III) concentration. We found that
there was a clear linear relationship between the AV and
As(III) concentration. The slope generally represents the
sensitivity of the sensor. It was derived that the DNA-SGGT
sensor with the modified gate had a slope value of 0.24 mV/
nM, significantly higher than the value of the SGGT sensor
with the bare Au gate (0.05S mV/nM).

Selective Test. The main purpose of the DNA/BSA
functionalization was to improve the selective responses to the
As(III) target. For characterization of selectivity, the specificity
test was performed by computing the effective gate voltage
change (AV™) from measured real-time channel current to
other interfering metal ions at even much higher concentration
(10 uM), including K*, Pb**, Co**, Cu®', Ni**, Fe’*, Cr’*,
Mn*, Cd*, Na*, Mg**, Zn**, Ba**, Ca®, Se**, Sb*, and AI*".
The red bars in Figure 4 represent the responses of the SGGT
sensor with the bare Au gate to these ions. It can be seen that
some other metal ions (such as Co**, Cu**, Ni**, Fe**, Cr**,
and Mn?") also caused comparable or even larger responses as
500 nM As(III) (i.e., 25.29 mV) for the SGGT sensor with the
bare Au gate. In contrast, the black bars in Figure 4 show the
responses of the DNA-SGGT sensor with the DNA/BSA-
modified gate. It was observed that S00 nM As(III) induced
the highest response with a AV value of 109.92 + 21.08
mV. The response to other interferences was weak at 10 uM,
and the AV values of K* (0.76 + 0.45 mV), Pb** (2.82 +
0.01 mV), Co** (5.76 + 0.19 mV), Cu** (18.38 + 8.32 mV),
Ni?* (23.01 + 7.95 mV), Fe** (17.84 + 0.49 mV), Cr** (4.05
+2.82 mV), Mn** (2.90 + 0.45 mV), Cd** (4.83 + 2.90 mV),
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Figure 4. Selectivity measurements of the SGGT with the bare Au
gate (red bars) and the DNA-SGGT with the DNA/BSA-modified
gate (black bars). The AV signal responses of the sensor to target
As(III) at S00 nM and other interfering cations at 10 M, including
K+, Pb2+, C02+, Cu2+, Ni2+, Fe3+, CI‘3+, Mn2+, Cd2+, Na*, Mg2+’ Zn“,
Ba*, Ca, Se*, Sb**, and AI**, were calculated. Error bars represent
the standard deviation of three independent repeated experiments.

Na* (0.50 + 0.12 mV), Mg** (3.02 + 1.57 mV), Zn®* (8.86 +
499 mV), Ba>* (3.59 + 0.80 mV), Ca** (4.13 + 1.49 mV),
Se** (=5.90 + 0.40 mV), Sb*" (—=22.63 + 2.85 mV), and AI**
(1.21 + 0.18 mV) were significantly lower than that of As(III)
at 500 nM. These results clearly suggest that the DNA/BSA
functionalization to the gate electrode dramatically reduced the
response of the sensor to the many interfering metal ions, for
example, the response to Mn** was lowered by nearly 98 times.
In the meanwhile, the response of the DNA-SGGT with the
DNA/BSA-modified gate was enhanced by more than fourfold
than that of the SGGT with the bare Au gate. Therefore, it can
be concluded that DNA/BSA functionalization to the gate
electrode effectively improved the selective response of the
sensor to target As(III) ions.

Real Sample Testing. Ultimately, we applied the DNA-
SGGT-based sensor for detection of As(III) in rice samples.
First, we grinded the arsenic-free rice from the market into
powder and added As,O; to the crushed rice sample and
stirred well. Then, an appropriate amount of DI water and
NaOH were added so that a weak alkaline mixed solution of
100 nM (i.e., 7.5 ug/kg) concentration of As(III) ion and rice
was prepared. The mixture was centrifuged, and the super-
natant was collected for subsequent measurements.

The DNA-SGGT-based sensor was calibrated in PBS
solution in order to obtain the relationship between As(III)
concentration and the equivalent gate voltage change AVF
(i.e., standard curve). Then, the prepared As(III)-spiked rice
sample was applied to the optimized DNA-SGGT-based sensor
in 10 uL volume, and the results are shown in Figure S. The
Ve value corresponding to channel current Ipg before the
addition of the aqueous rice sample was called the initial
equivalent gate voltage (i.e., baseline). By subtracting the initial
equivalent gate voltage value, the equivalent gate electrode
voltage change value AV corresponding to the 10 uL rice
sample was obtained. The As(III) concentration in the rice
sample was calculated by substituting the corresponding
effective gate voltage change into the standard curve.”’ In
this manner, the concentration of As(IIl) in the spiked rice
sample was computed to be 93.55 + 10.69 nM (i.e, 7.02 ug/
kg) and the recovery was thus determined to be 93.55%.
Through modification of the gate electrode with other target-
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Figure S. Real-time channel current responses of the DNA-SGGT-
based As(III) sensor to three continuous additions of 10 uL rice
samples spiked with 100 nM (i, 7.5 ug/kg) As(Ill). The recovery
rate of the sensor for real rice samples is calculated based on the triple
measurements. Inset: transfer curve of the sensor measured in PBS
solution.

specific DNA probes (such as aptamers and DNAzymes), the
DNA-SGGT-based sensor provides a promising electro-
chemical biosensing platform for fast on-site detection of
heavy metal ions in many types of food samples with high
sensitivity, selectivity, and accuracy.
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