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a b s t r a c t

Early detection is proven to be the best chance for successful cancer treatment. MiRNAs, as ideal bio-
markers, can identify cancer in the early stage. Therefore, development of highly sensitive and selective
detection methods for miRNA is still anticipated. Here we report on a gold nanoparticles (AuNPs)-de-
corated graphene field-effect transistor (FET) biosensor for highly sensitive, selective and label-free de-
tection of miRNA. The AuNPs-decorated graphene FET biosensor was fabricated by drop-casting the
reduced graphene oxide (R-GO) suspension onto the sensor surface, and subsequently decorating AuNPs
onto the surface of R-GO. After peptide nucleic acid (PNA) probe was immobilized on the AuNPs surface,
miRNA detection was carried out via PNA–miRNA hybridization. It was found that the developed FET
biosensor was able to achieve a detection limit as low as 10 fM. In addition, the biosensor enabled an
accurate distinction of complementary miRNA from one-base mismatched miRNA and non-
complementary miRNA. What's more, this highly sensitive and selective assay was also applied to the
detection of miRNA in serum samples, making it a potential method for diagnosis of gene-related dis-
eases.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

MicroRNAs (miRNAs) are a family of short endogenous non-
coding RNA molecules that have emerged as major regulators in
the expression and function of eukaryotic genomes. Their regula-
tion can have an effect on chromatin structure, chromosome
segregation, transcription, RNA processing, RNA stability, and
translation and so on (Carthew and Sontheimer, 2009; He and
Hannon, 2004). Therefore, miRNAs play a key role in gene reg-
ulation, and miRNA dysregulation, resulting in a large number of
diseases and disorders, such as pathogenesis of most human ma-
lignancies (Croce, 2009), virus-induced disorders (Nair and Zavo-
lan, 2006), and neurodegenerative disease (Kim et al., 2007).
MiRNAs have been evaluated as promising biomarkers because of
their expression levels correlated with various diseases (Boeri
et al., 2011; Iorio and Croce, 2009, 2012). It is thus of great im-
portance to develop a sensitive, selective, simple and low cost
,

miRNA detection method for biological research and clinical
diagnosis.

Conventionally, miRNAs have been detected by northern blot-
ting (Lagos-Quintana et al., 2001; Ramkissoon et al., 2006), mo-
lecular cloning (Takada et al., 2006), microarrays (Castoldi et al.,
2008; Lee and Jung, 2011), real-time quantitative polymerase
chain reaction (qRT-PCR) (Raymond et al., 2005; Li et al., 2009),
etc. However, these methods suffer from some limitations, such as
low throughput analysis, poor sensitivity, time and labor con-
suming. Therefore, it is highly desirable to develop an efficient,
sensitive, rapid and low-cost platform for miRNAs detection.

Electrical detection is emerging as an attractive platform to
detect biomolecules because of its compatibility, sensitivity and
miniaturization (Zhang et al., 2009). There have been two main
electrical detection methods, field-effect transistor (FET) and
electrochemical biosensors, respectively, to detect nucleic acids.
Gao and co-workers developed a highly sensitive and selective
electrochemical biosensor for direct detection of miRNAs in serum
by isothermal amplification cycle (Ren et al., 2013). Du et al. (2014)
detected DNA by robust, reproducible and ratiometric electro-
chemical DNA sensors. Recently, the label-free FET biosensors have
attracted much attention because they do not require
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electrochemical tags, but attain high sensitivity and selectivity (Cai
et al., 2014; Dong et al., 2010; Star et al., 2006). Gao et al. (2013)
reported a novel approach for DNA detection by applying rolling
circle amplification based on silicon nanowire biosensor. Zhang
et al. (2009) also utilized silicon nanowire biosensors for detecting
miRNA. Star et al. (2006) used carbon nanotube network field-
effect transistors for DNA detection. Graphene, a one-atom-thick
two-dimensional (2D) sheet of sp2-bonded carbon atoms, has
drawn significant attention to scientific research owing to its un-
ique and excellent properties, such as high carrier mobility, large
active detection area, ease of functionalization and low intrinsic
electrical noises and so on, making graphene more attractive than
silicon nanowire or carbon nanotube. As a result, graphene-based
FET biosensors have been developed in detecting nucleic acid (Cai
et al., 2014; Dong et al., 2010; Xu et al., 2014; Zhang et al., 2013;
Chen et al., 2013; Yin et al., 2012; Stine et al., 2010). For example,
Xu et al. (2014) developed graphene FET biosensors for DNA de-
tection with site-specific probe DNA immobilization. We have also
reported the graphene FET biosensor for ultrasensitive DNA de-
tection via PNA–DNA hybridization (Cai et al., 2014).

However, to date, all reported graphene FET biosensors have
been used to detect DNA, but not miRNA. Here we propose a gold
nanoparticles (AuNPs)-decorated graphene FET biosensor for
highly sensitive and label-free detection of miRNA. In order to
enhance the sensitivity of miRNA detection, we employ peptide
nucleic acid (PNA) instead of DNA as a probe to capture the target
miRNA because PNA has higher hybridization efficiency and lower
background due to its neutral character and sequence-specific af-
finity and stability (Zhang et al., 2008; Hyrup et al., 1994). Besides
employing the neutral PNA as the probe to enhance the detection
sensitivity, decoration of nanoparticles is an additional method to
enhance DNA detection sensitivity (Zhang et al., 2007; Chen et al.,
2012). As known, since one nanoparticle can be modified with
many PNA probes, the immobilized PNA probes are able to bind
more target miRNA, thus increasing the hybridization efficiency.
There are many kinds of nanoparticles to be chosen for the en-
hancement, while AuNPs are the commonly used one. AuNPs have
been widely used for biosensors because of the well-known easy
AuNP functionalization chemistry (Chen et al., 2012; Chang et al.,
2013a, b). Ultimately, AuNPs are chosen to amplify the sensitivity
in this work.

In this paper, a graphene FET biosensor chip is fabricated by
micro manufacture processes. Reduced graphene oxide (R-GO) as
the conducting material connects the adjacent electrodes. Then
AuNPs are decorated on the R-GO surface and PNA probe is sub-
sequently functionalized on the AuNP surface. Target miRNA is
then introduced onto the biosensor surface to hybridize with PNA
probe. The PNA–miRNA hybridization event is monitored by the
electrical measurement. Moreover, the high selectivity of PNA–
miRNA hybridization is demonstrated by using the com-
plementary, one-base mismatched, and noncomplementary miR-
NA sequences, respectively. Finally, miRNA detection in serum
samples is also realized by the fabricated FET biosensor.
2. Materials and methods

2.1. Materials

The HPLC-purified PNA probe and miRNAs were synthesized by
Bio-Synthesis, Inc. (Lewisville, Texas) and Takara Biotechnology Co.
Ltd. (Dalian, China), respectively. All PNAs and miRNAs were 22-
mer in length. The sequence of the PNA probe is N-AACCACA-
CAACCTACTACCTCA-C. The sequences of the miRNAs employed for
hybridization are 5′-UGAGGUAGUAGGUUGUGUGGUU-3′ (let-7b,
complementary), 5′-UGAGGUAGUAGGUUGUAUGGUU-3′ (let-7c,
one-base mismatched), 5′-UAGCUUAUCAGACUGAUGUUGA-3′
(miR-21, noncomplementary), respectively. Graphite powder
(99.99995%, 325 mesh) was purchased from Alfa Aesar Co., Ltd.
(Tianjin, China). HAuCl4, cysteamine hydrochloride, glutar-
aldehyde (GA), diethyl pyrocarbonate (DEPC), ethanolamine and
RNaseZap were purchased from Sigma-Aldrich. All other reagents
were ordered from Generay Biotech Co. Ltd. (Shanghai, China).
Ultrapure water was obtained from a Millipore water purification
system (Milli-Q Direct 8).

In order to minimize the effect of RNase on the stability of
miRNAs, all the experiments involving miRNA were conducted in
an RNase-free environment. All buffer solutions and water were
treated with 0.1% DEPC and autoclaved. The chip surfaces were
decontaminated with RNaseZap before introducing miRNAs.

2.2. Fabrication of graphene FET biosensors

The R-GO suspensions were produced using a foregoing
method (Cai et al., 2014; Tung et al., 2009). The fabrication of the
FET chip was completed by using the standard semiconductor
technology. The diluted R-GO suspension was drop-casted onto
the electrodes and thermally annealed at 150 °C for a few seconds
in order to remove all hydrazine. After that, the R-GO biosensor
chip was immersed in the Pirahna solution (7:3v/v conc. H2SO4/
35% H2O2), and sonicated for 30 s to obtain few-layer R-GO, fol-
lowed by thorough washing with DI water and drying with
nitrogen.

2.3. AuNPs decoration on the R-GO films

HAuCl4 solution was prepared at 10 mM concentration in DI
water and an equal volume of ethanol, intended for better wetting
of the R-GO surfaces. The graphene FET biosensor was immersed
in HAuCl4 solutions for 30 min followed by DI water rinsing and
drying in a N2 stream (Dong et al., 2010; Choi et al., 2002).

2.4. Immobilization of PNA on the AuNPs-decorated graphene
surface

In order to immobilize PNA on the AuNPs surfaces, the AuNPs-
decorated graphene FET was treated with a 10 mM cysteamine
hydrochloride in DI water overnight at room temperature and
washed with DI water, which could connect cysteamine with
AuNPs through Au–S bonds and leave amino group on the term-
inal of the AuNPs surface. The cysteamine-modified FET was
treated with 2.5% GA solution in water for 1 h, and thoroughly
washed with water. 10 μM PNA was then introduced to the FET
chip for 2 h at room temperature followed by being rinsed in se-
quence with 1�PBS containing 0.2% SDS, 1�PBS and DI water to
remove the unreacted probe. By doing so, one aldehyde end of GA
was covalently bound to the amino group of cysteamine, and the
other aldehyde end of GA was bound to the amino group of PNA.
Thus PNA was immobilized on the AuNPs surface. The device was
then incubated with 100 mM ethanolamine solution (pH 9.0) for
1 h to prevent possible nonspecific binding events and then rinsed
by DI water.

2.5. Hybridization

After the chip surface was treated with RNaseZap, PNA–miRNA
hybridization was carried out by introducing appropriate con-
centration of complementary target miRNA solution onto the de-
vice and incubated for 30 min. Then the chip was rinsed in se-
quence with 1� PBS containing 0.2% SDS, 1�PBS, and DI water to
remove the un-hybridized miRNA sequence and dried with N2, in
which the buffer solutions and DI water were treated with 0.1%
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DEPC and autoclaved. The same procedure was repeated by using
the one-base mismatched and noncomplementary miRNA se-
quences instead of the complementary target miRNA sequence to
perform the hybridization with PNA probe.

2.6. Electrical measurements

The liquid-gated graphene FET devices were measured in a
semiconductor parameter analyzer (Keithley 4200-SCS) coupled
with a probe station (EverBeing BD-6). For Ids–Vg (Ids is the drain-
source current, Vg is the gate voltage) curves measurements of the
graphene devices, a silver wire was used as a gate electrode and a
constant bias Vds¼0.1 V (the drain-source voltage) was applied.

2.7. Characterizations

A field emission-scanning electron microscope (FE-SEM) was
used for SEM characterization of the device at a 15 kV acceleration
voltage. AFM was conducted with a DI multimode scanning probe
microscopy with IV controller.
3. Results and discussion

3.1. Detection principle

Fig. 1 illustrates the working principle of the AuNPs-decorated
graphene FET biosensor for miRNA detection. As described in the
previous report (Cai et al., 2014), the FET biosensor is fabricated on
a SiO2/Si substrate by the conventional macro-nano processing
technologies, and the R-GO suspensions are prepared by a che-
mical reduction method (Cai et al., 2014; Tung et al., 2009). After
the prepared R-GO is drop-casted onto the sensing channel as the
conducting material, AuNPs are decorated on the R-GO surface
through spontaneous AuNPs formation on graphene upon im-
mersion of the graphene-modified FET biosensor chip in HAuCl4
solution (Dong et al., 2010; Choi et al., 2002). Then, PNA probe is
immobilized through the covalent binding between the amino
group of PNA and an aldehyde group of GA, and the other aldehyde
group of GA covalently binds to the amino group of cysteamine
hydrochloride which connects AuNPs through Au–S bonding. After
that, ethanolamine solution is used to prevent possible nonspecific
binding events. Finally, the target miRNAs are introduced for hy-
bridization with probe PNA, and then a silver wire is used as the
reference electrode to realize a liquid-gated FET for electrical
measurements. In principle, the complementary miRNA molecules
cause n-doping to the devices due to the interaction between
graphene and electro-rich nucleobases in miRNA (Cai et al., 2014;
Fig. 1. Schematic illustration of the AuNPs-decorate
Dong et al., 2010; Xu et al., 2014; Chen et al., 2013; Lin et al., 2013;
Manohar et al., 2008). The miRNAs detection can be measured
through PNA–miRNA hybridization via monitoring the left-shift of
Ids–Vg curves of the devices.

3.2. Characterization

Fig. 2 shows the scanning electron microscopy (SEM) image of
the graphene FET biosensor in the presence and absence of AuNPs.
Bare R-GO sheet without AuNPs is illustrated in Fig. 2a. A few-layer
R-GO sheet spanned across the drain and source electrodes, and
the wrinkles of R-GO could be clearly seen. The bright dots on the
R-GO surface were observed to be AuNPs in Fig. 2b, which were
more visible in the inset image. From the inset, we could see many
AuNPs decorated on the R-GO surface, indicating that AuNPs have
been conjugated on the R-GO surface successfully. In addition, the
optical images of the FET biosensor and the atomic force micro-
scopy (AFM) image of the R-GO sheet were also provided in the
supporting information (Figs. S1 and S2). As seen from Fig. S1, a
single device containing six pairs of electrodes were presented and
the sensing channels in the dashed rectangle were clearly seen. In
Fig. S2, the R-GO sheet on SiO2/Si substrate was seen to be smooth,
while some wrinkles and folds which were brighter were also
found. Two height profiles were made to demonstrate the thick-
ness of the prepared R-GO sheet. Based on the height profiles, the
thickness of the R-GO sheet was approximately 1.6 nm, suggesting
the R-GO is few layers as expected.

3.3. Electrical properties

In order for a FET biosensor to detect a molecular event, the
buffer solution must be used as the gate electrode. Fig. S3 shows
Ids–Vg curve of the bare R-GO on a SiO2/Si substrate in the buffer
solution (Ids¼0.1 V). As observed in Fig. S3, the difference between
the drain and gate current suggested that the leakage current was
negligible, meaning that the fabricated FET biosensor can work
normally. To further investigate the electrical properties of the
AuNPs-decorated graphene FET device, the typical Ids–Vds curves
were obtained. As shown in Fig. S4, the drain-source current de-
creased with a slight reduction of the gate voltage, indicating that
the response of the AuNPs-decorated graphene FET device is
sensitive to the gate voltage (Chang et al., 2013b).

Next, to further demonstrate the successful decoration of
AuNPs and immobilization of PNA on the device surface, the
transfer curves of the graphene FET were obtained before and after
the AuNPs decoration and PNA immobilization. In Fig. 3, the am-
bipolar characteristics of graphene could be clearly observed un-
der ambient conditions. The p-type graphene was observed from
d graphene FET biosensor for miRNA detection.



Fig. 2. SEM image of a single R-GO sheet in the absence (a) and presence (b) of AuNPs spanning across gold electrodes.

Fig. 3. The transfer curves of the graphene FET decorated with AuNPs, treated with
GA and immobilized with PNA probe. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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the slight right shift of VCNP (the gate voltage corresponding to the
minimum conductance) in black curve due to adsorbates doping in
the environment (Jung et al., 2008; Wang et al., 2009; Mao et al.,
2010). The red curve obtained after AuNPs decoration shifted to
right because of the p-doping of AuNPs, which is consistent with
the result of other work (Dong et al., 2010; Choi et al., 2002; Kim
et al., 2015). Again, the blue curve obtained after GA treatment
shifted to right. However, compared to the blue curve, the green
Fig. 4. (a) Transfer curves and (b) The shift of VCNP of the PNA-immobilized AuNPs-dec
miRNA, 1 nM one-base mismatched miRNA and 1 nM complementary miRNA, respectiv
three independent samples.
curve got after the immobilization of the PNA probe shifted to left.
This is ascribed to the reason that PNA induces the same interac-
tion between graphene and electro-rich nucleobases as miRNA
does, resulting in the n-doping of the device. Thus the results
suggest that the decoration of AuNPs and immobilization of PNA
probe on the device surface are successful, as expected.

3.4. Selectivity

Previous work on DNA detection has shown that the PNA-
functionalized graphene FET biosensor could be used for SNPs
(single nucleotide polymorphisms) detection (Cai et al., 2014). The
selectivity of the AuNPs-decorated graphene FET biosensor for
miRNA detection was investigated by applying noncomplementary
miRNA, one-base mismatched miRNA and complementary miRNA
to the PNA-functionalized AuNPs-decorated graphene FET devices,
respectively. The 1�PBS, instead of the target miRNA, was con-
ducted as the control test. Fig. 4a shows transfer curves of the
PNA-immobilized AuNPs-decorated graphene FET biosensors in-
cubated with 1�PBS, 1 nM noncomplementary miRNA, 1 nM one-
base mismatched miRNA and 1 nM complementary miRNA, re-
spectively. As shown in Fig. 4a, the shift of VCNP for complementary
miRNA was much larger than that for 1� PBS, noncomplementary
miRNA and one-base mismatched miRNA, respectively. Fig. 4b
summarizes the shift of VCNP of the biosensors incubated with
1�PBS and various miRNAs in Fig. 4a. TheΔVCNP (namely the shift
orated graphene FET biosensors incubated with 1�PBS, 1 nM non-complementary
ely. Error bars show the standard deviations of measurements taken from at least



Fig. 5. (a) Transfer curves and (b) The shift of VCNP of the PNA-immobilized AuNPs-decorated graphene FET biosensors hybridized with the complementary miRNA at a series
of concentrations (1 fM, 10 fM, 100 fM, 1 pM, 10 pM and 100 pM). Dashed line represents the signal/noise ratio of 3 from the blank control test.

Fig. 6. The shift of VCNP of the PNA-immobilized AuNPs-decorated graphene FET
biosensors for detecting target complementary miRNA in serum samples.
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of VCNP after incubated with 1� PBS or miRNAs relative to VCNP of
PNA) of 1� PBS, 1 nM noncomplementary miRNA, 1 nM one-base
mismatched miRNA and 1 nM complementary miRNA was about
�19.3, �29.3, �45.3 and �140.7 mV, respectively. The ΔVCNP of
1� PBS was defined as the noise level and the ΔVCNP of non-
complementary miRNA might be caused by a small amount of
non-specific adsorption. The ΔVCNP of one-base mismatched
miRNA was much smaller than that of the target miRNA, mainly
because of the unstable hybrid that would be unzipped and wa-
shed away (Tian et al., 2013). The data confirm that the hy-
bridization is specific between PNA and target complementary
miRNA and the biosensors can distinguish the complementary
miRNA from one-base mismatched miRNA and non-
complementary miRNA with good selectivity.

3.5. Sensitivity

In order to identify the sensitivity of the AuNPs-decorated
graphene FET biosensor, various concentrations of complementary
miRNAs were introduced to hybridize with PNA immobilized on
the FET devices. From the Fig. 5a, we could see that the VCNP of the
devices shifted toward left with increased concentrations of the
complementary miRNA from 1 fM to 100 pM. Fig. 5b shows the
ΔVCNP (namely the shift of VCNP after hybridizing with different
concentration of complementary miRNA relative to VCNP of PNA) as
a function of the concentrations of the complementary miRNA,
which summarizes the left shift value of VCNP at the corresponding
concentrations of the complementary miRNA. Dashed line in
Fig. 5b represents the signal/noise ratio of 3, which was obtained
from the blank control test. Then, the detection limit of 10 fM ra-
ther than 1 fM was achieved based on the signal/noise ratio Z3,
which is 1 order magnitude lower than that of our previous work
about PNA–DNA hybridization (Cai et al., 2014).

The sensitivity is affected by many factors, such as the quality
of graphene, number of the immobilized probe, hybridization ef-
ficiency, concentration of buffer solution, materials of gate and so
on. In the paper, both PNA as probe and AuNPs to amplify the
signal were used. On one hand, PNA is a DNA mimic, which can
enhance the detection sensitivity. Due to its neutral property, PNA
has higher hybridization efficiency and lower background than
DNA probe, because repulsion in PNA–DNA hybridization can be
minimized. On the other hand, AuNPs can also amplify the de-
tection signal. In this work, the method for depositing AuNPs on
the RGO FET device involved dispersion of AuNPs in a mixture of
ethanol and water. Such a methodology allowed formation of a
very small AuNPs size, down to ca. 10 nm. If AuNPs are smaller, the
surface areas are larger. Then more PNA probe can be immobilized
on the AuNPs surface, thus enhancing the sensitivity.

To further verify that the high sensitivity was caused by AuNps
decoration, different performance on the devices with and without
gold decoration was compared. Fig. S5 shows the sensitivity of the
graphene FET biosensor without gold decoration. It was found that
the achieved limit of detection was 100 fM based on the signal/
noise ratio Z3, which is 1 order magnitude higher than that of the
AuNPs-decorated graphene biosensor. The results demonstrate
that the higher sensitivity can also owe to the enhancement of
sensitivity by AuNPs.

3.6. Serum sample analysis

We made attempts to apply the AuNPs-decorated graphene FET
biosensor for detecting target complementary miRNA in serum
samples. The complementary miRNAwas spiked to healthy human
serum and diluted to different concentrations, as mentioned by
the method of the reported work (Lu et al., 2014). Two different
concentrations of miRNA in serum (1 fM and 10 fM) for miRNA
detection were chosen, while serum without target miRNA was
used as the control test. As illustrated in Fig. 6, the signal response
of 10 fM miRNA in serum was higher than that of 1 fM miRNA in
serum. Furthermore, it was observed that the signal response of
serum with miRNA was larger than that of serum without miRNA.
Thus, the AuNPs-decorated graphene FET biosensor show poten-
tial application in detecting miRNA in real samples.
4. Conclusions

In summary, we have developed the AuNPs-decorated gra-
phene FET biosensor capable of achieving label-free, ultrasensitive
and highly selective detection of miRNA. It was proven that AuNPs
were successfully decorated on the graphene surface and the
fabricated biosensor obtained a high sensitivity as well as a high
selectivity based on PNA-miRNA hybridization. What's more, the
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developed biosensor was also able to detect target miRNA in ser-
um sample. All of these advantages make the AuNPs-decorated
graphene FET biosensor suitable for detecting targets in real
samples, indicating its potential applications in disease diagnostics
as a point-of-care tool.
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