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ABSTRACT: A field-effect transistor (FET) device-based sensor is
developed to specifically detect Pb2+ ions in an aqueous
environment that is notably toxic. Reduced graphene oxide
(rGO), as the semiconducting channel material, was utilized in
the FET device through a self-assembly method. An L-glutathione
reduced was employed as the capture probe for the label-free
detection. By monitoring the electrical characteristics of the FET
device, the performance of the sensor was measured and
investigated. Compared with conventional detection technologies,
this sensor enabled real-time detection with a response time of 1−2 s. A lower detection limit for Pb2+ ions as low as 10 nM was
achieved, which is much lower than the maximum contaminant level for Pb2+ ions in drinking water recommended by the World
Health Organization. Furthermore, the rGO FET sensor was able to distinguish Pb2+ from other metal ions. Without any sample
pretreatment, the platform is user-friendly.
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■ INTRODUCTION

Lead, to a certain degree, is a poisonous substance to animals
and humans. Lead poisoning has been documented since
ancient Rome, ancient Greece, and ancient China. Recently,
there have been numerous reports on the leaching problem of
lead from water piping systems to drinking water,1,2 which has
become a health threat, especially for young children and
infants. Excessive lead damages the central nervous system and
causes brain and blood disorders in mammals.3 Lead has the
ability to form complex with ligands of biological matters that
contain nitrogen, sulfur, and oxygen. As the covalent interaction
between filled ligand orbitals (e.g., O 2p) and the Pb2+ 6s2 and
empty 6p orbitals could create bonding and antibonding
molecular orbitals (MOs).4 Further, the complex leads to
changes in the molecular structure of proteins, breaking of
hydrogen bonds, and inhibition of enzymes.5 Therefore, it is
important to develop rapid, sensitive and low-cost methods to
in situ detect lead ions in the drinking water efficiently and
effectively to prevent lead poisoning.
Traditional methods to detect heavy metal ions include

graphite furnace atomic absorption spectroscopy (GFAAS),6

cold vapor generation,7 and an ion chromatograph pretreat-
ment system with inductively coupled plasma emission
spectroscopy (ICPES).8 Recently, many methods have been
proposed to detect Pb2+; these methods include atomic
absorption spectrometry,9,10 fluorescent sensors,11,12 colori-
metric sensors,13,14 electrochemical sensors,15 and X-ray
absorption fine structure spectroscopy,16 and ultrasensitive
dynamic light scattering assays.17 Although significant progress
has been made for these methods, there are still some critical
issues to be addressed, for example, lack of portability, the need

for well-trained personnel, highly expensive and complex
instruments, long response time (tens of minutes, hours, or
even longer), and the possibility of introducing additional
contamination. Therefore, it is highly desirable to develop a
real-time, low-cost, portable, user-friendly analytical platform
for rapid inline analysis of lead and other heavy metal ions.
Recently graphene-based sensing platforms have been

reported for the detection of various analytes.18−21 Graphene
is a two-dimensional crystal composed of pure carbon, with sp2-
bonded carbon atoms arranged in a regular hexagonal pattern.22

Graphene shares the outstanding properties of a carbon
nanotube (CNT), including high electron mobility, excellent
thermal conductivity and mechanical strength, and exceptional
surface-to-volume ratio.23,24 In addition, graphene exhibits
many unique properties, such as high capacitance, exceptionally
low-noise electron mobility,25 and tunable ambipolar field-effect
characteristics.26 The high electron mobility18 makes graphene
highly sensitive to the external environment, enables its
potential applications for gas sensors, biosensors, and heavy
metal ion sensors.
Although graphene synthesis has been improved over the

years,27,28 its production cost is still relatively high. A less
expensive alternative to graphene is reduced graphene oxide
(rGO), which is a derivative of graphene and can be produced
by chemically or thermally reducing GO. Various methods have
been reported to synthesize GO.21 Generally these methods
involve the oxidation of graphite to graphite oxide using the
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modified Hummers method,29 which is followed by exfoliation
of graphite oxide to form GO. GO differs from graphene in its
rich oxygen-containing surface functional groups. Because of its
inherent oxygen-containing functional groups (e.g., epoxy,
hydroxyl, and carboxyl), rGO can be easily functionalized with
various probes.20,30 For example, Sudibya et al.31 designed a
field-effect transistor (FET) sensor using protein-functionalized
rGO films. The electrical conductivity of the rGO changed
promptly upon the metal ion binding due to the interaction
between the protein probe and the rGO film. By taking
advantage of excellent electrical properties of rGO, the device
exhibited a high sensitivity toward metal ions at concentrations
as low as 1 nM.
In this report, we introduce an rGO/L-glutathione reduced

(GSH)−Au nanoparticle (NP) hybrid structure for water
sensor applications. The fundamental mechanism is to use rGO
as the conducting channel to transport charge carriers
(electrons or holes). Upon the capture of target analytes, the
charge carrier concentration and/or the electronic mobility
change correspondingly with a signal of current change within
the channel. The FET characteristic changes upon the
introduction of the Pb2+ solution, varies with different Pb2+

concentrations ranging from 10 nM to 10 mM, and only takes a
few seconds to respond. Ag+, As5+, Cd2+,Cu2+, Hg2+, Zn2+, and
their mixed ions were used to verify the selectivity of the rGO/
GSH-Au NP hybrid sensor to Pb2+. The rapid, selective,
sensitive, and stable detection performance indicates the
promise of rGO/GSH-Au NP hybrid sensors for Pb2+ detection
in an aqueous solution.

■ EXPERIMENTAL METHODS
Material. Purified natural graphite was purchased from SP-1. Bay

Carbon, MI. KMnO4, NaNO3, H2SO4, GSH, α-ethyl-tryptamine
(AET), and the blocking buffer (0.1% Tween 20) were all purchased
from Sigma-Aldrich. Au NPs were sputtered with an RF (60 Hz)
Emitech K550x sputter coater apparatus using an Au target. Ag+, As5+,
Cd2+,Cu2+, Hg2+, Zn2+, and Pb2+ solutions were prepared by adding
chloride salts in deionized (DI) water (Cellgro). The assays of Pb2+ in
our experiments were characterized using the inductively coupled
plasma (ICP) method. The ICP analysis result was 20% higher than
the calculated experimental sample concentration.

GO was synthesized using the modified Hummer’s method.30 First,
the purified natural graphite was oxidized through treatment with
KMnO4 and NaNO3 in concentrated H2SO4 (Sigma-Aldrich).29

Because of the presence of its inherent oxygen-containing functional
groups, graphite oxide has excellent water solubility, strong hydro-
philicity, and a facile surface-functionalization feature; thus, it can be
fully exfoliated in water to form graphene oxide (GO). Then, the GO
dispersion was centrifuged to remove possible agglomeration
materials. Finally, with the assistance of ultrasonication, individual
GO sheets were obtained from the stable suspension.32

Device Fabrication. To guarantee the electronic stability of the
device, we used an electrostatic self-assembly method to control the
uniformity of the GO film. In this method, an amino-terminated Au
electrode was employed to anchor the GO. Figure 1a,b illustrates the
chemical anchoring procedure of a monolayer AET film. The electrode
was immersed in an AET (1 mg/mL) solution for 10 min to adsorb a
monolayer of AET onto the electrodes, as shown in Figure 1a. When
immersing the electrode in the GO solution, GO sheets self-assembled
onto the electrode, as illustrated in Figure 1b. One droplet of the GO
suspension was pipetted onto the electrode and dried at room
temperature (∼25 °C). Single GO layer was attached onto the
electrode, and excessive GO was removed with the assistance of
sonication. Thermal reduction was conducted in a tube furnace
(Lindberg Blue, TF55035A-1) by heating the device for 1 h at 400 °C.
After the thermal heating, samples were spontaneously cooled to room
temperature. Several cycles of washing and drying were carried out.
Figure 1c,d shows the deposition of Au NPs onto the rGO surface and
the functionalization of Au NPs with GSH probes.4 Here we deposited
Au NPs for 2 s using an RF (60 Hz) Emitech K550x sputter coater
apparatus using an Au target (99.999% purity), at an Ar pressure of
0.03 mbar and a working current of 10 mA. A uniform Au NP film of 2
nm thickness resulted, as shown in Figure 1c. The Au NPs were
functionalized with GSH groups by immersing the device in a 10 mM
GSH solution at 25 °C for 12 h. Then the sensor was rinsed with DI
water for several times to remove extra GSH and dried with a stream
of nitrogen gas. A self-assembled monolayer of GSH was formed on
the gold surface, as shown in Figure 1d. Finally, the device was
incubated with a blocking buffer for 2 h at room temperature and
washed with the DI water. A three-terminal FET device was employed
to measure the device transport characteristics. The drain current (Ids)
was measured as a function of the gate voltage (Vgs) and a function of
the drain voltage (Vds), with the gate bias varying from −40 to +40 V.

Measurement. Electrical and transport measurements were
performed on rGO/GSH-Au NP hybrid structure sensors using a
Keithley 4200 semiconductor characterization system, with a back-gate
applied to the FET device at room temperature. By measuring the

Figure 1. Schematic diagram of the rGO/GSH-Au NP hybrid sensor fabrication process. (a) A layer of AET coating on the bare interdigitated
electrode surface. (b) Self-assembly of GO monolayer sheets on the AET-modified electrodes, which is followed by the thermal reduction of GO to
rGO. (c) The assembly of Au NPs onto the rGO film. (d) GSH-modification of Au NPs on the rGO sheet surface to form specific recognition
groups to detect Pb2+.
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change in the electrical characteristics of the device, we achieved the
electrical detection of the target agent that was bound to the probes.
The electrical conductance of the device was recorded by monitoring
the change in the drain current (Ids) for a fixed source−drain voltage
(Vds) when the device was exposed to different concentrations of
target solutions. To further confirm the sensor repeatability, the
detection process was repeated using 3−4 sensors, which showed
similar sensing responses.
Characterization. The morphology of the rGO sheets was

characterized by a Hitachi S4800 field-emission scanning electron
microscope (SEM) at a 2 kV acceleration voltage. Figure 2a shows the
SEM image of a transparent rGO sheet spanning across a pair of Au
interdigitated electrodes. The Au interdigitated electrodes are about 2
mm long and 50 nm thick, with both finger-width and interfinger
spacing that separates the source and drain terminals around 2 μm.
The electrodes were fabricated using a photolithographic process on a
highly doped Si wafer with an upper layer of dry-formed SiO2

(thickness of 200 nm). Normally, GO is electrically insulating with a
resistance on the order of tens of gigaohms. The high resistance results
from the abundant saturated sp3 bonds and high density of
electronegative oxygen atoms bonded to carbon atoms. SEM imaging
was periodically conducted, which suggested the reliable immobiliza-
tion of rGO sheets on the electrodes. Lateral dimensions of rGO
typically ranged from several hundred nanometers to several
micrometers, as shown in Figure 2b. When the Au NPs were
sputtered, isolated Au NPs uniformly distributed on the surface of the
rGO sheet without any aggregation, as shown in Figure 2c. It was the
physical adsorption between Au NPs and rGO that retained the Au
NPs on the rGO surface even after several cycles of rinsing in
deionized water and drying. Figure 2d,e shows an AFM image and a
height profile of rGO, by scanning from bare silicon substrate surface
to rGO. The film thickness was estimated as ∼1 nm, corresponding
with the typical thickness of a single-layer graphene oxide sheet (∼0.8
nm),33 which suggested that the GO film in our sample was
monolayer. Raman spectrum for the rGO in Figure 2f shows that the
D band is higher than the G band, indicating the abundance of defects
in the rGO.34

■ RESULTS AND DISCUSSION

AET adsorbed onto the Au electrode surface through the
strong affinity of sulfur in the thiol functional groups.35 On one
hand, the electrostatic adsorption between functional groups
(e.g., carboxylic acid) on the GO surface and amino groups of
the AET36 enabled the first GO layer to strongly adhere to
AET. On the other hand, because of the weak binding between
additional layers and the first layer next to the electrode,
excessive GO layers were removed through sonication.
Thermal annealing was conducted to remove residue

solvents, reduce the GO sheets, improve the contact, and
reduce the junction barrier between the Au electrode and GO
sheets. Argon at a flow rate of 0.6 L per minute is necessary to
create an anaerobic atmosphere and to reduce oxygen-
containing groups. Hence the Au electrode and rGO sheets
work as the conducting channel for the sensor device. The
conductance of the rGO was dependent on annealing
temperature, annealing time, and annealing gaseous environ-
ment.37 After the self-assembly of rGO, we need to create
anchoring sites for immobilizing probes. Here Au NPs were
chosen because their excellent functionalization can be used to
improve the sensor performance.38 The pre-existing abundance
of thiolated groups on Au NPs allowed the incorporation of a
wide range of molecules onto the surface of the GO sensor.39

In the present study, GSH links with Au NPs through −SH
linkage.40 The TEM imaging and UV−visible spectroscopy17of
GSH-modified Au NPs have been reported. GSH has two free
−COOH groups and one −NH2 group, which provide a
hydrophilic interface and a handle for functionalization with
metal ions.13 The complexation between GSH and Pb2+ in an
aqueous solution has previously been studied by 13C and 1H
NMR methods within a pH range 5.4−12.0.41 A blocking buffer
(BB) was employed to shield the interaction between the rGO
and Pb2+, as anions of rGO would have electrostatic
interactions with Pb2+, affecting the specific interaction between
Pb2+ and GSH.

Figure 2. (a, b) SEM images of rGO sheets spanning across the interdigitated electrodes, showing transparency to the electron beam. (c) SEM image
of the rGO sheet decorated with Au NPs of 2 nm thick. (d, e) Atomic force microscopy (AFM, tapping mode) height image and profile of rGO with
the dashed line indicating the scanning trace. (f) Raman spectrum of the rGO.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am505275a | ACS Appl. Mater. Interfaces 2014, 6, 19235−1924119237



The sensor was exposed to DI water with 10 μM Pb2+, and
Pb2+ affected the conductivity of the rGO/GSH-Au NP hybrid
sensor. The channel conductance changed sensitively due to
the electron donating and withdrawing effect of target ions. In
this FET device, a positive gate voltage leads to a depletion
layer by repelling the positively charged holes away from the
gate-insulator/semiconductor interface, thus producing a
carrier-free region of immobile and negatively charged acceptor
ions. Here, Au NPs work as the gate in the FET device.42

Because of the effective electronic transfer between the rGO
and Au NPs, the adsorption of target ions onto probes may lead
to a carrier concentration change in rGO. As shown in Figure
3a, the Dirac point of the sensor shifted by approximately −10
V because of the immobilization of Pb2+ ions. The negative shift
of the Dirac point can be attributed to the field effect of positive
Pb2+ on the graphene channel. In the p-channel depletion-
mode FET device, once the metal ions bond to the hybrid
sensor, the positive electrical field of the Pb2+ will force the
holes away from the gate-insulator/semiconductor interface,
leading to a difference in the charge carrier concentration
within rGO sheets, a decrease of the hole concentration in the

rGO sheet, and the formation of a depletion layer,43 which
consequently causes the reduction of the electrical conductivity
of the rGO channel in the rGO-FET device. Therefore,
compared with water, the exposure to Pb2+ reduced the
electrical conductance through the hole-transport branch of the
graphene device.
Figure 3c shows the dynamic response of the rGO/GSH-Au

NP hybrid sensor as a function of Pb2+ concentration ranging
from 10 nM to 10 μM. During the cumulative addition of Pb2+

to the sensor, the drain current versus time was monitored. The
sensor responded within a few seconds to the Pb2+ due to the
diffusion of ions from the liquid drop on the top of the device
to the contact area. This is much faster than conventional
fluorescence sensors, which take minutes or even
hour.34,44,45With the cumulative addition of the Pb2+ solution,
the conductance of the device decreased gradually, and the rate
of the decrease, or percentage change, was in direct proportion
to the concentration of Pb2+. The lower detection limit is 10
nM, defined as the concentration corresponding with a signal-
to-noise ratio of approximately 3,11 and it is 5 times lower than

Figure 3. (a) Ids−Vgs (Vds = 5 V, Vgs = −40 to 40 V, step = 0.2 V). (b) Ids−Vds (Vds = −2.1 to 2.1 V, step = 0.1 V) characteristics of an rGO/GSH-Au
NP hybrid sensor exposed to water (black) and 10 μM Pb2+ solution (red). (c) Real-time detection (Vds = 0.1 V) of Pb2+ in water with the rGO/
GSH-Au NP hybrid sensor. Lower detection limit: 10 nM (0.002 mg/L).

Figure 4. (a) Ids−Vgs (Vds = 5 V, Vgs = −40 to 40 V, step = 0.2 V). (b) Ids−Vds (Vds = −2.1 to 2.1 V, step = 0.1 V) characteristics of various devices.
(c) Ids vs time (Vds = 0.1 V) (dynamic responses) of rGO-based sensing platforms: rGO (black), rGO/Au (red), rGO/GSH-Au NP (blue). (d) The
sensitivity trendline of the rGO/GSH-Au NP hybrid sensor to Pb ions ranging from 10 nM to 10 μM: y = 1.5534 × ln(x) − 1.8727, R2 = 0.9985.
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the MCL for Pb2+ ions in drinking water defined by the
WHO.46

We designed a control experiment to investigate the function
of Au NPs and GSH probes in the hybrid-sensing platform. As
shown in Figure 4, three types of sensors were fabricated. The
first was the bare rGO device without decorating any Au NPs
or GSH-functionalized Au NPs. Figure 4c shows that the device
did not respond to Pb2+ ions, implying that there was no
significant binding between rGO and Pb2+. The second sensor
was fabricated with rGO and Au NPs without the
functionalization of GSH probes. As Figure 4c shows, the
rGO Au-NPs hybrid device was insensitive to the presence of
Pb2+. In the third device, rGO film was modified with GSH-
functionalized Au NPs, which was highly sensitive to the
addition of Pb2+.
In Figure 4a,b, the typical electrical characteristics, namely,

the Ids−Vgs and Ids−Vds curves, of these three types of sensors
are presented. The deposition of Au NPs enhanced the drain
current of the rGO film, which could be attributed to two
competing factors. On one hand, comparing the work function
of Au NPs (5.1−5.47 eV) and rGO (4.4−4.65 eV),47 electrons
would transfer from the rGO to the Au NPs, increasing the
density of holes in the rGO film and thereby increasing the
drain current. The other factor is that when Au NPs are
sputtered onto the rGO film, they enlarged the scattering
center across the film and hence reduced the mobility of the
holes of the film and leading to a decrease in the drain current.
According to the increased drain current, it can be inferred that
the electron transfer mechanism dominated in this case.
However, the assembly of negatively charged GSH molecules
onto Au NPs weakened the drain current enhancement that
was introduced by the deposition of Au NPs, possibly because
GSH was negatively charged, and negative charges would
transfer from GSH to rGO. Overall, the drain current of the
rGO/GSH-Au NP hybrid sensor increased compared with the
GO device. Compared with the pure rGO film sensing platform
and the sensor fabricated with an rGO film and Au NPs, the
assembly of a stable GSH-functionalized Au NP structure onto
an rGO-based platform could achieve excellent Pb2+ detection,
according to the electrical characteristics and the dynamic
response (Figure 4c).
To explore the specificity of the GSH probe to Pb2+, we

monitored the dynamic response of the hybrid sensor to several
mineral elements that are necessary for human health.48 As
Figure 5 shows, the sensor response to Na+ and Ca2+ is rather
weak. However, when exposed to Fe3+, the sensor conductivity
showed some changes, which may result from the strong
affinity of Fe3+ to carboxylic groups on rGO.49 However, the

interference of Fe3+ is obvious only when its concentration
exceeds 1 μM, suggesting that rGO/GSH-Au NP hybrid sensor
is still selective to Pb2+, with the Fe3+ at a concentration lower
than 1 μM.
To further confirm the specificity, we also investigated the

behavior of the hybrid sensor when it was exposed to a variety
of common heavy metal ions: Ag+, As5+, Cd2+,Cu2+, Hg2+, Pb2+,
Zn2+, and mixed solution of these six kind of ions (10 μM). The
Ids characteristics and relative current changes are presented in
Figure 6a,b. Compared with the significant responses of Pb2+

and the ion mixture, the responses of the hybrid sensor to Ag+,
As5+, Cd2+,Cu2+, Hg2+, and Zn2+ ions were much weaker, due to
the fact that amidogen, thiol, and carbonyl groups of GSH favor
binding with Pb2+. The increasing relative change can be
attributed to the decreasing hole concentration in the rGO
sheet.43 As suggested by the previous work, the positively
charged holes are forced away from the gate-insulator/
semiconductor interface by the positive electrical field of the
Pb2+, and the hole concentration in the rGO sheet decreases. As
a result, a depletion layer is created, leading to the conductance
change in the rGO-FET device.
With the development of advanced biochemical, electro-

chemical, physical detection technologies, various methods
have been created for the detection of Pb2+, with significant
progress being made in the lower detection limit. For example,
the colorimetric sensor of GSH-functionalized Au NPs had a
lower detection limit of 100 nM,13 and catalytic beacon-based
fluorescent sensor with functional DNAzyme had a lower
detection limit of 10 nM.50 In the fluorescent method, the
lower detection limit of the GO/aptamer quantum dot (QD)
sensor was 0.09 nM.11 An electrochemical SnO2/rGO sensor
based on FET had a lower detection limit of 0.184 nM,51 the
lower detection limit of an electrochemical sensor with nafion-
graphene reached 0.003 nM.52 An rGO-FET sensor got the
detection limit of 0.02 nM.53 These achievements are listed in
Table 1. However, besides the lower detection limit, response
time and portability need to be addressed. Compared with
other sensors, our graphene-based FET sensor can provide the
detection result in a few seconds instead of tens of minutes or
even longer, which makes the real-time detection feasible. At
present, we are aiming at the sensitive detection of target ions,
and the sensor is for one-time use only. The sensing device can
be reused for three times with the rinse of acidic buffer (pH =
2.8), and no significant degradation in the sensitivity was
observed. As reported previously, this type of hybrid sensors
has great potential for reuse if a proper method can be
identified to detach target ions from the probes.18,31 For real
applications of the rGO/GSH-Au NP hybrid sensor, it is
necessary to further investigate the reusability and the stability.

■ CONCLUSION
In summary, a real-time, sensitive, specific, user-friendly,
portable, and low-cost sensor, using an rGO/GSH-Au NP
hybrid structure, has been developed for the detection of Pb2+.
The detection is enabled by recording the electrical
conductance of the device through monitoring the change in
the drain current of the rGO sheets decorated with GSH-
functionalized Au-NPs. The monolayer GO sheets were
selectively deposited onto the electrodes by a self-assembly
method and were thermally annealed to enhance their contact
with the Au electrode. The experimental results show that Pb2+

can be detected quickly (1−2 s) and sensitively with a lower
detection limit of 10 nM. The sensor is also selective against

Figure 5. Dynamic responses (Vds = 0.36 mV) of the rGO/GSH-Au
NP hybrid sensor to common metal ions: Na+, Ca2+, Fe3+.
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other metal ions. The platform offers a promising route for real-
time, high-performance, and low-cost detection of various
chemicals and bacteria in an aqueous environment.
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Table 1. Lower Detection Limit Achieved by Different
Methods Measuring Lead Ions in Water

methods
structure and
materials

lower detection
limit (nM)
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