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A label-free and amplified electrochemical impedimetric aptasensor based on functionalized graphene
nanocomposites (rGO–AuNPs) was developed for the detection of thrombin, which played a vital role in
thrombosis and hemostasis. The thiolated aptamer and dithiothreitol (TBA15–DTT) were firstly immo-
bilized on the gold electrode to capture the thrombin molecules, and then aptamer functionalized gra-
phene nanocomposites (rGO–TBA29) were used to fabricate a sandwich sensing platform for amplifying
the impedimetric signals. As numerous negative charges of TBA29 on the electrode repelled to the
[Fe(CN)6]4�/3� anions, resulting in an obvious amplified charge-transfer resistance (Rct) signal. The Rct
increase was linearly proportional to the thrombin concentration from 0.3 to 50 nM and a detection limit
of 0.01 nM thrombin was achieved. In addition, graphene could also be labeled with other probes via
electrostatic or π–π stacking interactions to produce signals, therefore different detection methods
expanding wide application could be used in this model.

& 2015 Published by Elsevier B.V.
1. Introduction

Graphene has been a new star for application in various fields,
such as catalysis [1], energy storage [2] and electrochemical bio-
sensors [3] since its discovery in 2004. The applications of gra-
phene in biosensors are focused on several fields. First, graphene
or functionalized graphene has been used to modify the substrate
such as GCE [4–6], ITO device [7], and quartz chip [8] because of
their excellent conductivity and high chemical stability. Then
graphene or graphene oxide can also act as a quencher to quench
the fluorescence of illuminant for its unique electronic properties
[9–11]. Li and his coworkers have realized real-time target mon-
itoring in living cells by graphene oxide [10]. Last but not the least,
graphene has high surface area; more and more graphene-based
nanocomposites with different kinds of functions as enhanced
sensing material have been reported [7,12,13].

Aptamers, which are singled-stranded oligonucleotides, pos-
sess high recognition ability to specific targets ranging from small
inorganic, organic molecules even to proteins, cells or mycotoxins
[14–16]. Since systematic evolution of ligands by an exponential
enrichment (SELEX) process was firstly reported by Tuerk and
fax: þ86 431 85689711.
sj@ciac.ac.cn (S. Dong).
Gold [17], various advanced methods for obtaining the aptamers
have been developed. Aptamers exhibit multifarious advantages
such as easy production, excellent controllability and versatility
over the traditional recognition elements [18–22]. As a result,
many aptamer-based methods have been used for the detection of
proteins including quartz crystal microbalance (QCM) [23–25],
surface plasmon resonance (SPR) [23,26], fluorescence [27,28],
colorimetry [29], electrochemiluminescence (ECL) [30,31], elec-
trochemistry [32,33], and so on. Among them, electrochemistry
aptasensors have been widely used in medical, biological and
environmental analyses. Especially, label-free electrochemical
aptasensors have been developed rapidly due to their simplicity,
convenience, low cost, etc. [34–36].

Here, we describe a label-free electrochemical impedimetric apta-
sensor for the determination of thrombin based on graphene–gold
nanoparticle hybrids with enhanced sensitivity and selectivity for the
aptasensors. Thrombin (TB), which plays a vital role in thrombosis and
hemostasis [37], was chosen as a model protein in this work. And high
sensitive detection of TB is essential for diagnosis. Because one TB
molecule has two active sites for its aptamers (TBA15 and TBA29) [38],
an electrode-TBA15/TB/TBA29-functionalized graphene nanocompo-
sites sandwich system was fabricated as the sensing platform. With
the aim to offer a significant amplification for the impedimetric
detection of TB, reduced graphene oxide with gold nanoparticles
(rGO–AuNPs) was used as a signal enhancer by covalently binding
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Fig. 1. (A) Illustration of the procedure for preparing rGO–AuNPs and rGO–TBA29
hybrid materials. (B) Schematic illustration of the impedimetric aptasensor with
rGO–AuNPs as a signal amplified platform.
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TBA29. For preparation, TBA15 and dithiothreitol (TBA15–DTT) were
firstly immobilized on the gold electrode, followed by capturing the
target TB, then the TBA29 functionalized reduced graphene oxide
(rGO–TBA29) could further bind to TB to form a sandwich sensing
system on the electrode as shown in Fig. 1. By using an electro-
chemical impedance spectroscopy (EIS) method, an efficient amplified
charge-transfer resistance (Rct) was obtained because hundreds of
negatively assembled TBA29 repelled the [Fe(CN)6]4�/3� anions. This
approach not only presents a simple and general model for signal
amplification of the impedimetric sensor but also offers a promising
signal amplified model for protein detection. Because graphene could
be labeled with other probes via electrostatic or π–π stacking inter-
actions to produce signals, this model could also apply to other dif-
ferent methods such as SPR, ECL and so on. As a result, this aptasensor
provides a very sensitive and promising detection model in the field of
bioassay.
2. Experimental

2.1. Materials and chemicals

Graphene oxide (GO) was synthesized from natural graphite
powder by a modified Hummers method [39]. Dithiothreitol (DTT)
was obtained from Sigma-Aldrich. Tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) was bought from Bio Basic Inc. (Markham
Ontario, Canada). Rhodamine6G (R6G) was obtained from Fluka
(Buchs, Switzerland). Chloroauric acid (HAuCl4 �4H2O) and Tris
(hydroxymethyl)aminomethane (Tris) were purchased from Shang-
hai Chemical Reagent Company (Shanghai, China). All other chemi-
cals were of analytical grade. Ultrapure water was used throughout
the study.

Thiolated thrombin aptamers TBA15 (5′-HS-SH-(CH2)6-TTT TTT
TTG GTT GGT GTG GTT GG-3′) and TBA29 (5′-HS-(CH2)6-TTT TTT
TTA GTC CGT GGT AGG GCA GGT TGG GGT GAC T) were synthe-
sized by Sangon Biotech Co. Ltd. (Shanghai, China). Thrombin,
bovine serum albumin (BSA), Trypsin, immunoglobulin G (IgG)
were obtained from Sigma-Aldrich. The proteins and DNA were
prepared in 34 mM Tris–HCl buffer (pH 7.4, 233 mM NaCl, 8.5 mM
KCl and 3.4 mM MgCl2) and stored at 4 °C before use.

2.2. Apparatus

EIS measurement was performed on a Zahner Zennium elec-
trochemical workstation (ZAHNER-Elektrik GmbH & Co.KG, Ger-
many) and CV measurement was performed with a model CH
Instrument 832B electrochemical workstation (Shanghai Chenhua
Equipments, China). A conventional three electrode electro-
chemical cell was used here with a Ag–AgCl reference electrode, a
bare gold electrode (1.2 mm in diameter) as a working electrode
and a platinum wire as a counter electrode. Both EIS and CV
measurements were carried out at room temperature in the
solution of 5 mM K4[Fe(CN)6]/K3[Fe(CN)6] in Tris–HCl buffer, and
EIS was performed under an oscillation potential of 5 mV over the
frequency range of 1 MHz to 0.1 Hz. High-resolution transmission
electron microscopy (HRTEM) measurements were performed on
a JEM-2100F high-resolution transmission electron microscope
operating at 200 kV. Transmission electron microscopy (TEM) was
performed on a HITACHI H-600 Analytical TEM with an accel-
erating voltage of 100 kV. X-ray photoelectron spectroscopy (XPS)
measurement was performed on an ESCALAB-MKII spectrometer
(VG Co., United Kingdom) with Al Kα X-ray radiation as the X-ray
source for excitation.

2.3. Synthesis of rGO–AuNPs

The rGO–AuNPs material was synthesized in a one-pot reaction
according to the reported literature [40]. Briefly, 60 mg of sodium
citrate was added to homogeneous GO dispersion (50 mL,
0.1 mg mL�1) under refluxing and stirring. The mixture was fur-
ther refluxed and stirred for 2.5 h, whereupon 100 μL HAuCl4
(2 wt% in water) was quickly added to the above solution and
reflux was continued for another 30 min. Finally, the resulting
homogeneous black rGO–AuNPs dispersion was centrifuged at
12,000 rpm and washed with water. Subsequently, the material
was redispersed into 6 mL water by sonication for further use.

2.4. Preparation of rGO–TBA29

The TBA29 functionalized reduced graphene oxide was pre-
pared according to the procedure of literature [41] with a little
modification. Detailedly, 20 μL of TCEP (1 mM in water) and excess
of TBA29 was added to 100 μL of as-prepared rGO–AuNPs sus-
pension and incubated for 24 h before diluting to 0.5 mL with
water. After centrifugation at 12,000 rpm for 10 min twice to
remove the free DNA, 100 μL of 0.1 mM R6G used to block the
remained space of rGO–AuNPs surface was added to the above
mixture overnight. Then rinsed with water again and stored the
mixture at 4 °C before use.

2.5. Fabrication of the aptasensor

Prior to aptamer immobilization, the gold electrode (1.2 mm in
diameter) was polished with 1.0 and 0.3 μm alumina slurry respec-
tively, and ultrasonically washed with water, ethanol and water. Then
the electrode was electrochemically cleaned in 0.1 M H2SO4 by
potential scanning between �0.2 and 1.6 V until a reproducible cyclic
voltammetry was obtained. Finally, the electrode was rinsed thor-
oughly with water and dried under nitrogen gas.

For immobilization of the aptamer, 10 μL of TBA15 solution
(5 μM with 200 μM DTT in Tris–HCl buffer) was placed on the
cleaned gold electrode with a plastic cap overnight (about 10 h) at
room temperature. Then, Au/TBA15–DTT interface was immobi-
lized with 10 μL concentration of TB respectively, or 1 μM non-
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specific protein (trypsin, IgG and BSA) for 90 min in control
experiment. Subsequently, 10 μL of rGO–TBA29 was coated on the
Au/TBA15–DTT/TB electrode for another 5 h to obtain a sandwich
sensing system. After each step, the electrode was washed with
water for several times and dried in a nitrogen stream.
3. Results and discussion

3.1. Preparation and characterization of rGO–AuNPs nanocomposites

For synthesis of rGO–AuNPs, we chose a simple method using
sodium citrate as a reducing reagent. Here, sodium citrate stabi-
lized rGO through strong hydrogen bonding interactions, also
acted as a protecting agent giving uniform AuNPs. With refluxing
and stirring for only three hours in all, the mixture of GO and
HAuCl4 was reduced by sodium citrate at the same time forming a
stable dark dispersion in water. The dispersion was homogeneous
and no visible precipitate was observed over a period of months.

TEM images of GO (Fig. 2A) and rGO–AuNPs (Fig. 2B and C)
were direct evidence for the successful immobilization of AuNPs
onto the rGO surface. As shown in Fig. 2, the as-prepared rGO–
AuNPs had a rougher surface than the GO, which indicated that a
large number of AuNPs had been successfully absorbed on the
surface of rGO. And the diameter of AuNPs was about 7.5 nm. It
could also be seen that small AuNPs were uniformly and densely
dispersed on the rGO surface, which would provide tremendous
binding sites for TBA29. In addition, free AuNPs could hardly be
observed outside the rGO surface, indicating that all AuNPs were
well absorbed on the surface of rGO.

XPS was performed to further confirm the reduction of GO and
AuNPs formation. Fig. 3 displayed the high-resolution of C 1s XPS
spectrum of GO samples. There were three types of carbon peaks
centered at 284.6, 286.7 and 288.5 eV, corresponding to C–C, C–O
Fig. 2. HRTEM image of GO (A) and TEM images of rG

Fig. 3. C 1s XPS spectra of GO (A) and rGO–AuN
and C¼O groups, respectively. The peak intensity of C–O was high
in GO (Fig. 3A), which obviously decreased in rGO–AuNPs (Fig. 3B)
after the reducing process, indicating that GO was reduced suc-
cessfully. Furthermore, a pair of doublet peaks of Au 4f at 84.0 and
87.7 eV were both observed in Fig. 3C, which confirmed that Au
existed in rGO–AuNPs and the rGO–AuNPs nanocomposites were
synthesized successfully.

3.2. Design of the aptasensor

As illustrated in Fig. 1, a typical sandwich aptasensor based on
the signal amplification was designed for TB. TBA15 with DTT was
first immobilized on the gold electrode surface via the self-
assembly and then the as-prepared functional sensing interface
was incubated with a series of TB solutions respectively for
detection. The rGO–TBA29 was subsequently bound to the
resulting electrode forming a sandwich system. The properties of
bare electrode, Au/TBA15–DTT, Au/TBA15–DTT/TB, and Au/TBA15-
DTT/TB/rGO–TBA29 were investigated by both CV and EIS mea-
surements exploiting the solution based on redox probe
[Fe(CN)6]3�/4� . As shown in Fig. 4A, the semicircle portion
obtained at high frequencies corresponded to the electron transfer
limiting process. And the semicircle diameter can be directly
regarded as the Rct value. The Rct value increased obviously when
TBA15 was modified on the electrode surface due to electrostatic
repulsion between negatively charged TBA15 and [Fe(CN)6]3� /4�

in solution [42]. Rct decreased to 1286Ω for TBA15–DTT binary
layer because DTT could be used to displace nonspecific interac-
tions between TBA15 and electrode surface and benefits for TBA15
standing up from the surface [43], which displayed low back-
ground for TB detection. Owing to the bulky TB molecules blocking
the electrode surface, Rct increased obviously when TB was cap-
tured. Followed by the conjugation of rGO–TBA29 (Fig. 4B) to form
a sandwich system, a further enhancement of Rct value was
O–AuNPs at low (B) and high (C) magnification.

Ps (B), Au 4f XPS spectra of rGO–AuNPs (C).
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reached (from 9938Ω to 14,920Ω). As a large number of AuNPs
were absorbed on the surface of rGO, hundreds of TBA29 could
bind to the AuNPs surface covalently through the Au–S linkage,
which contributed to the dramatic enhancement of Rct value. As a
result, an amplified impedimetric aptasensor with rGO–TBA29 for
the detection of TB was obtained. And the CV responses in Fig. 4B
were in agreement with the EIS.

3.3. EIS detection in the presence of TB

For TB detection, the as-prepared sensing interface was
immobilized with a series of TB solutions for 90 min. Then the
functional material rGO–TBA29 was coated on the electrode sur-
face for several hours. The binding time of rGO–TBA29 was
investigated as shown in Fig. 5A, the Rct value of Au/TBA15–DTT/
Fig. 4. (A) Comparison of TBA15 and TBA15–DTT modified the bare Au electrode. (B) EIS a

Fig. 5. (A) Rct of rGO–TBA29/TB with different binding time. (B) EIS responses for the det
the Rct responses depending on the TB concentrations from 0 to 1 nM. (C) EIS response
50 nM. Inset: the equivalent circuit. (D) The calibration curve of the TB detection. The e
TB/rGO–TBA29 obviously increased with increasing time and it
reached a plateau at about 5 h, and thus we chose 5 h as the
incubation time in the following experiments.

Fig. 5B and C showed the Nyquist plots of faradic impedance
spectra of the aptasensor for different concentrations of TB in
buffer. The inset in Fig. 5C showed the circuit that includes the
common existing electrolyte resistance (Rs), Warburg impedance
(Zw), double-layer capacitance (Cd) and the charge-transfer resis-
tance (Rct) [44]. Among them, Rct is the most directive parameter
for the changes on the electrode interface [45]. As can be seen,
with increasing concentration of TB, the EIS signals were increased
obviously indicating that the aptasensor possessed high sensitivity
to TB. And Rct had a fine linear relationship with the concentration
of TB from 0.3 nM to 50 nM (Fig. 5D). The regression equation was
Rct (Ω)¼587.9CTB (nM)þ2079, and the detection limit was as low
nd CV responses of different sensing interfaces. The concentration of TB was 20 nM.

ection of different concentrations of TB, from a to e: 0, 0.01, 0.3, 0.5 and 1 nM. Inset:
s for the detection of different concentrations of TB, from a to e: 1, 10, 20, 35 and
rror bars represent the average standard deviation of three measurements.



Fig. 6. (A) EIS response of the sensing interface to TB at different concentrations in the 1% fetal calf serum, from a to g: 0, 0.3, 1.0, 10, 20, 35 and 50 nM. Inset: the calibration
curve of the TB detection in the diluted serum. (B) Specificity of aptasensor for TB. The Rct values for proteins (trypsin, IgG and BSA) were measured at the same concentration
of 1 μM. The concentration of TB was 20 nM.
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as 0.01 nM. By using graphene nanocomposites, the EIS signals
increased obviously, improving the sensitivity of the biosensor.
Without a signal amplified sandwich system, only slight Rct
increase could be seen as shown in Fig. 4B. It was significant for
the aptasensor to receive an enhanced signal by forming such a
sandwich system. All data implied that the as-prepared aptasensor
based on the signal amplified sandwich system was not only very
simple but also effective for TB detection.

The analytical performance of the aptasensor was evaluated in the
diluted serum. In the 1% fetal calf serum, different concentrations of TB
were detected by the EIS measurement. The results were shown in
Fig. 6A; the impendence was increased with increase of concentration
of extrinsic TB. From the inset of Fig. 6A, it was apparent that Rct had a
fine linear relationship with the concentration of TB from 0.3 nM to
35 nM. The regression equation was Rct (Ω)¼650.2CTB (nM)þ2505.
The results definitely illustrated the potential application of this
aptasensor in real samples.

A set of control experiments was also carried out to investigate
the specificity of this system. Three kinds of proteins (BSA, IgG and
trypsin) were chosen as controls to explore the selectivity of the
sensor. As presented in Fig. 6B, compared with blank, TB obtained
an amplified signal after incubating with rGO–TBA29. However,
the response signals of controls hardly changed, which were much
lower than that of TB. This meant that three kinds of proteins
could not interact with the TBA15 and interfere the detection of
TB. Therefore, all results implied that label-free aptasensor offered
high selectivity toward TB.
4. Conclusions

A novel functionalized graphene nanocomposite (rGO–AuNPs)
was prepared as an excellent signal amplified platform for TB
detection. Hundreds of TBA29 could covalently bind to the AuNPs
which were largely absorbed on the surface of rGO, resulting in a
high sensitivity to TB. Accordingly, a label-free electrochemical
impedimetric aptasensor based on a signal amplified sandwich
system was fabricated, which showed an increased response of Rct
with the increase of TB concentration from 0.01 nM to 50 nM and
the linear range is from 0.3 nM to 50 nM. In addition, AuNPs and
graphene could also be labeled with other probes via electrostatic
or π–π stacking interactions to produce signals, the model
designed here provides a promising application for the detection
of other molecules.
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