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Aptamer-linked biosensor for thrombin based on
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A novel protocol of electrochemical thrombin aptasensor based on a gold nanoparticles/thionine-graphene
(AuNPs/Th-G) nanocomposite modified glassy carbon electrode was presented. Graphene was non-
covalently functionalized by thionine via m-stacking interaction, and then AuNPs were electrodeposited

onto the Th-G surface. The morphology and conductivity of the AuNPs/Th-G nanocomposite were

characterized by scanning electron microscopy, cyclic voltammetry and electrochemical impedance

spectroscopy. The ethanethiol-substituted oligonucleotide probe was immobilized onto the surface of

the AuNPs/Th-G nanocomposite to prepare an electrochemical biosensing platform. The aptamer—
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thrombin reaction was monitored by differential pulse voltammetry. Under optimum conditions, the

proposed biosensor exhibits high sensitivity and a low detection limit for thrombin determination.

DOI: 10.1039/c3an01006f

www.rsc.org/analyst 0.093 nM (S/N = 3).

1 Introduction

Aptamers, screened through the systematic evolution of ligands
by exponential enrichment process from random RNA or DNA
libraries, are artificial oligonucleic acids or peptide molecules
that bind to specific target molecules, such as small molecules,
proteins, nucleic acids, and even cells, tissues and organisms.**
As recognition elements, aptamers have potential applications
in basic research and clinical applications.** To date, thrombin
aptamers have been extensively investigated because of the
important role of thrombin in thrombosis and haemostasis.
Various techniques including electrochemistry,®” fluores-
cence,® surface enhanced Raman spectroscopy,’ surface plas-
mon resonance® and quartz crystal microbalance™ have been
developed for thrombin aptasensors. Among them, electro-
chemical techniques have received considerable attention due
to its advantages of low cost, high sensitivity, selectivity and
inherent miniaturization.*

Gold nanoparticles (AuNPs) are a kind of well-known bio-
nanomaterial with unique properties of large specific surface area,
essential nontoxicity, excellent biocompatibility and ease of
functionalization with a variety of ligands.**** Due to these unique
properties, AuNPs have been utilized as intermediators to
immobilize biomolecules onto sensitive biosensing platforms and
have shown wide application prospects in constructing
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The thrombin could be quantified in a wide range of 0.5 to 40 nM and with a low detection limit of

electrochemical sensors covering DNA-AuNPs assemblies,'>*®
enzymes biosensors”** and immunosensors.”>** Tang et al.'®
have proposed a novel electrochemical biosensor based on the
self-assembly of AuNPs onto the mercaptophenyl film for DNA
determination. Cui and Li* have constructed a label-free elec-
trochemiluminescence (ECL) aptasensor for the sensitive and
selective detection of thrombin by target-induced direct ECL
signal change based on luminol functionalized AuNPs platform.
Yu et al.* have developed a label-free electrochemical immuno-
sensor based on the combination of AuNPs and mediated charge
transport through multilayer films for the detection of protein
analytes without redox-active centers.

Graphene, isolated by mechanically peeling off graphite crys-
tals in 2004,** has become one of the most exciting topics of
research in recent years. The two-dimensional single-atom-thick
carbon material has exhibited unique properties such as low
manufacturing cost,* high specific surface area, rapid heteroge-
neous electron transfer*” and great mechanical strength.”
Thanks to its biocompatibility, graphene has been employed as an
excellent substrate in the detection of various target DNA
sequences and proteins.”*" Li et al*® have reported a highly
sensitive and selective sandwich structure DNA electrochemical
sensor based on the ssDNA self-assembling onto a graphene
surface by base-rv stacking interactions. Gan et al.** have devel-
oped a label-free sensitive thrombin aptasensor with nafion-gra-
phene nanocomposite by monitoring the current change of
methylene blue immobilized on the biosensing platform. Yang
et al.*' have constructed a nanocomposite by grafting aptamers on
graphene for a label-free thrombin biosensor with good selec-
tivity, low detection limit and high sensitivity.
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In this work, a novel electrochemical aptasensor based on
AuNPs/thionine-graphene (AuNPs/Th-G) nanocomposite was
fabricated for thrombin determination by differential pulse
voltammetry (DPV). Graphene provided an electronically low-
noise biosensing platform, and the functionalization of gra-
phene by thionine improved its stability and preserved its
intrinsic properties such as high specific surface area, good
electrical conductivity and biocompatibility. Meanwhile, thio-
nine performed as an electrochemical redox probe in DPV
detection of the electrochemical aptasensor. AuNPs were elec-
trodeposited on the Th-G surface for site-specific attachment of
the thiolated thrombin-binding aptamer (TBA) based on gold-
thiol chemistry. Thrombin molecules were caught by TBA and
thus restrained the electron transfer to the electrode surface,
resulting in a decrease of thionine DPV signal. According to the
changes in DPV signal before and after thrombin recognition,
trace detection of thrombin could be achieved.

2 Experimental
2.1 Reagents

Thrombin (2000 U) was purchased from Shanghai Source Leaf
Biological Tech Co., Ltd. Graphite oxide (GO) was obtained from
Nanjing XFNANO Materials Tech Co., Ltd. (Nanjing, China).
Hydrazine hydrate (NH,NH,-H,O, 80%) was purchased from
Aladdin Co., Ltd. (Shanghai, China). Thionine was provided by
Sigma Co. (USA). Bovine serum albumin (BSA), HAuCl,-4H,0,
KH,PO,, K,HPO,-3H,0, NaCl, K;Fe(CN); and K,Fe(CN),-3H,0
were provided by Sinopharm Chemical Reagent Beijing Co., Ltd.
The synthetic oligonucleotide ssDNA (TBA, 5'-SH—(CH,)s-GGT
TGG TGT GGT TGG-3')** was provided by Sangon Biotech Co., Ltd.
(Shanghai, China). 2 uM TBA stock solution was prepared in 50 mM
Tris-HCl/0.1 M NaCl/0.2 M KCl/5 mM MgCl, (pH 7.0) buffer.

2.2 Instruments and characterization

Scanning electron microscopy (SEM) images were carried out on
an XL30 ESEM-FEG (Netherlands, FEI Company, at an accelera-
tion voltage of 20.0 kV). DPV and cyclic voltammetry (CV)
measurements were performed on a CHI 660D electrochemical
workstation (Shanghai CH Instrument Co., China). A conven-
tional three-electrode system was used with a saturated calomel
electrode (SCE) as the reference electrode, a platinum sheet as the
counter electrode and a modified glassy carbon electrode (GCE,
& = 3 mm) as the working electrode. DPV scanning potential was
from —0.6 V to +0.2 V with the amplitude of 5 mV s~ *. Electro-
chemical impedance spectroscopy (EIS) measurements were
tested by a Solartron 1255B Frequency Response Analyzer/SI 1287
Electrochemical Interface (Scribner Associates, Inc.) using 10 mM
[Fe(CN)J> "~ as the electrochemical probe. 5 mV amplitude of
sine voltage signal was applied under open circuit potential and
the frequency varied from 0.1 Hz to 100 kHz.

2.3 Preparation of the Th-G nanocomposite

The Th-G nanocomposite was prepared according to the liter-
ature.*® Briefly, 5 mg GO was dispersed in 50 mL water, and the
dispersion was exfoliated by sonicating at room temperature for
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40 min. The GO dispersion was centrifuged at 3000 rpm for 5
min to obtain claybank supernatant. Then, 10 mL of 2 mM
aqueous thionine was added, and the mixture was stirred
vigorously for 12 h. After that, 200 pL NH,NH,-H,0 (80%) was
dropped into the above solution. The obtained mixture was
vigorously shaken for 10 min and heated to 95 °C for 1 h under
reflux. Then, the stable dark dispersion was centrifuged and
washed three times. Finally, the products (Th-G) were dried in a
vacuum oven at 80 °C for 3 h and then collected for further use.

2.4 Fabrication of aptasensor and electrochemical
determination

Prior to surface modification, the GCE was polished carefully
with 1.0, 0.3 and 0.05 pm alumina powder, respectively. The
polished GCE was cleaned sequentially with 1 : 1 HNO;, ethanol
and water with continuously sonicating for 3 min, respectively.
Then, the electrode was allowed to dry at ambient temperature.
5 uL of 1 mg mL ™" Th-G was dropped onto the surface of GCE
and allowed to air dry to form Th-G/GCE. Subsequently, the Th-
G/GCE was immersed in 0.1 M KNOj; solution +0.2 g L™ " HAuCl,
to electro-deposit AuNPs by cyclic sweeping between —0.5 V and
0 V at 100 mV s~ * for 30 cycles.** The obtained Au/Th-G/GCE
was rinsed with deionized water and dried under an N, stream.
After that, 20 pL of 2 uM TBA was dropped on the surface of the
Au/Th-G/GCE and incubated for 12 h at room temperature in
100% humidity. Finally, the TBA/Au/Th-G/GCE was rinsed
carefully with buffer, dried under an N, stream and stored at
4 °C for further use.

The desired concentration of thrombin solution (20 uL) was
deposited on the surface of TBA/Au/Th-G/GCE and kept for 40
min at 35 °C. Then, the above electrode was rinsed with 0.1 M
PBS + 0.01 M NaCl (pH 7.0) to remove the non-binding
thrombin. A schematic representation of the aptasensor is
displayed in Fig. 1.

3 Results and discussion

3.1 Characterization of the Th-G and Au/Th-G
nanocomposite

The morphologies of the as-prepared Th-G and Au/Th-G
nanocomposite were characterized by SEM. Fig. 2A reveals that
Th-G is single flake. The well-exfoliated Th-G provided an ideal
matrix for the distribution of AuNPs. As shown in Fig. 2B, a layer

GCE  ThG Au NPs Aptamer
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.

Fig. 1 Schematic diagram of the thrombin aptasensor.
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of uniform AuNPs with the size of around 100 nm in diameter
were dispersed on Th-G surface after electro-deposition. The
AuNP layer not only increases the electrochemically activated
surface area of the electrode but also provides a specific surface
for TBA immobilization.™

3.2 Characterization of different electrodes

Fig. 3 shows the CVs and the Nyquist diagrams of 10 mM
[Fe(CN)e]> /%~ (1 : 1) at different electrodes. As shown in Fig. 34,
the peak current of [Fe(CN)s]*~"*~ at Th-G/GCE (curve b) was
larger than that at bare GCE, and the electrochemical redox
reversibility of [Fe(CN)e]> /*~ at Th-G/GCE was better than that
at bare GCE. The experimental result shows that Th-G nano-
composite has been successfully fixed on the surface of the
GCE. When AuNPs were deposited on Th-G/GCE, the electrical
conductivity of Au/Th-G/GCE (curve c) was enhanced further.
After TBA was assembled to Au/Th-G/GCE, the peak current of
[Fe(CN)s]>*~ at TBA/Au/Th-G/GCE (curve d) became much
smaller than that at Au/Th-G/GCE, proving that TBA has been
fixed successfully on Au/Th-G/GCE. This was due to that the
negative charge of phosphoric acid groups on the aptamer
interfering with the diffusion of [Fe(CN)e]*~/*~ to the electrode
surface.*®*¢ After incubation with thrombin, the formation of
the aptamer-thrombin complex on the modified electrode
surface resulted in a further decrease of current value (curve €)
because the insulating layer of protein molecules significantly
hindered the interfacial electron transfer to the modified elec-
trode surface.?”**

EIS has been proved to be a powerful tool for investigating
the interfacial properties of biorecognition events coupled with
a graphene platform.*® In EIS, the semicircle portion observed at
high frequencies corresponds to the electron transfer limiting
process, while the linear part at lower frequencies relates to
diffusion processes. Fig. 3B is the Nyquist diagram of different
modified electrodes. As shown in Fig. 3B, the interfacial elec-
tron transfer resistance (R) value of Th-G/GCE decreased from
135.6 Q (curve b) to 47.9 Q (curve a), indicating that Th-G had
good electrical conductivity. This was because the electron
transfer interaction to the electrode surface was promoted by
electrostatic interaction between the positively charged NH;* on
Th-G and the negatively charged [Fe(CN)s]>~/*~. After AuNPs
were deposited, the observed R, value of Au/Th-G/GCE was
much smaller (24 Q, curve ¢). When TBA was immobilized on
Au/Th-G/GCE, the R, value of TBA/Au/Th-G/GCE increased to

Fig. 2 SEM images of Th-G (A) and Au/Th-G (B).
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Fig. 3 CVs (A) and EISs (B) of bare GCE (a), Th-G/GCE (b), Au/Th-G/GCE (c),
TBA/AU/Th-G/GCE (d) and 20 nM thrombin/TBA/Au/Th-G/GCE (e) in 0.1 M PBS
(pH 7.0) containing 10 mM [Fe(CN)e]> /4~ (1 : 1). The scan rate is 100 mV s~ in
the CV graph. The frequency varied from 0.1 Hz to 100 kHz and 5 mV amplitude
of sine voltage signal was used in the EIS graph.

1252 Q (curve d). After the reaction between thrombin and TBA,
the R, value of thrombin/TBA/Au/Th-G/GCE increased to
1707 Q (curve e). The EIS results are consistent with those of the
CVs in Fig. 3A.

Thionine is a small planar molecule and contains one
heterocyclic nitrogen atom and two amine groups symmetri-
cally distributed on each side. Due to its good electroactivity,
thionine has been widely utilized as a functional unit in elec-
trochemical biosensors.***! Here, thionine was used to non-
covalently functionalize graphene because its planar aromatic
structure could strongly interact with the graphene surface
through m-stacking force.*” CV was employed to investigate the
redox peak signals of thionine at different modified electrodes.
As shown in Fig. 4, a couple of well-defined redox peaks of
thionine were observed (curve a) at Th-G/GCE, indicating that
thionine on graphene retained its redox properties.** In addi-
tion, the peak currents of thionine at different electrodes
decreased in the following order: Au/Th-G/GCE (curve b) > TBA/
Au/Th-G/GCE (curve c¢) > thrombin/TBA/Au/Th-G/GCE (curve
d). The CV results demonstrated that thionine could perform as
an electrochemical redox probe for detecting thrombin using
our electrochemical aptasensor.

Fig. 5 shows CVs of TBA/Au/Th-G/GCE in 0.1 M PBS at
different scanning rates. In the scan rate range of 10 to 300 mV
s ', both anodic peak current and cathodic peak current of
TBA/Au/Th-G/GCE increased linearly, indicating that electron
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Fig. 4 CVs of the Th-G/GCE (a), Au/Th-G/GCE (b), TBA/Au/Th-G/GCE (c) and
20 nM thrombin/TBA/Au/Th-G/GCE (d) in 0.1 M PBS (pH 7.0).
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transfer on the modified electrode was a surface-controlled
electrochemical process.

3.3 Optimization of the sensing conditions

As mentioned above, due to the good electrochemical redox
properties, thionine can serve as an electrochemical redox
probe in the electrochemical aptasensor. After aptamer—
thrombin reaction on TBA/Au/Th-G/GCE, an insulation layer of
protein formed, obstructing electron transfer to the electrode
surface. Therefore, the electrochemical oxidation peak current
of thionine decreased with the increasing concentration of
thrombin. The difference between the DPV current intensity
(AI) of TBA/Au/Th-G/GCE and that of thrombin/TBA/Au/Th-G/
GCE was adopted to quantitatively detect thrombin, ie.,
(AI = Irps — Ithrombin)-

Factors (e.g., pH value, reaction temperature and reaction
time) affecting the aptasensor sensing performance were
studied systematically. Fig. 6A shows the effect of pH values
on the value of AI. Al increased with the increasing pH value
from 6.6 to 7.0, and then decreased when pH was higher than
7.0. So, pH 7.0 was chosen as the optimal pH value. Because
the highest Al value was obtained at 35 °C, the aptamer-
thrombin reaction was performed at 35 °C in the study
(as shown in Fig. 6B). In addition, the AI was also affected by
the aptamer-thrombin reaction time, the peak value of Al was
obtained at 40 min (as shown in Fig. 6C). Therefore, 40 min
was selected as the optimized reaction time in further
experiments.

3.4 Determination of thrombin

Under optimized conditions, the measurement signal (AI)
increased linearly with concentration of thrombin from 0.5 to
40 nM (AI (nA) = 1.0096 + 0.8097C (nM) with a correlation
coefficient of 0.9953, as shown in Fig. 7). A detection limit of
0.093 nM was achieved (S/N = 3). The experimental result
indicates that our proposed aptasensor has excellent sensi-
tivity and a relatively wide dynamic range, as shown in
Table 1.
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Fig.5 CVsof TBA/Au/Th-G/GCEin 0.1 M PBS (pH 7.0) at scan rates of 10, 25, 50,
75, 100, 125, 150, 175, 200, 250 and 300 mV s~ . Inset shows the plots of redox
peak current vs. scan rate.
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Fig.6 Optimization of TBA/Au/Th-G/GCE sensing conditions. pH value (A): 6.6,

6.8,7.0,7.2,7.4 and 7.6; aptamer-thrombin reaction temperature (B): 30, 33, 35,

37 and 40 °C; aptamer—thrombin reaction time (C): 10, 20, 30, 40, 50, 60 and 70
min, respectively.

3.5 Interference study

Fig. 8 shows DPV graphs of TBA/Au/Th-G/GCE in the presence
of 10 nM thrombin (curve a), 1 mM BSA + 1 mM lysozyme
sample (curve b), 10 nM thrombin + 1 mM BSA + 1 mM lysozyme
sample (curve ¢) and 0 nM thrombin (curve d), respectively. The
foreign substances caused an approximately £6.5% relative
error in the determination. The results show that the foreign
substances did not interfere significantly with thrombin deter-
mination. Namely, the as-prepared TBA/Au/Th-G/GCE has
excellent selectivity, which could be used to detect thrombin in
practical samples.

3.6 Reproducibility and stability

To evaluate the reproducibility, four trials were run using TBA/
Au/Th-G/GCE from several batches, which were prepared on
different days. A satisfying relative standard deviation (R.S.D.)
of 3.86% (n = 4) was estimated, showing that the electro-
chemical aptasensor has good reproducibility. After the apta-
sensor was stored in the refrigerator for two weeks, the peak
current intensity of TBA/Au/Th-G/GCE retained 85.3% of the
original value, revealing that the aptasensor has excellent
stability.
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Fig.7 (A): DPVs of TBA/Au/Th-G/GCE reacting with different concentrations of
thrombin: 0,0.1,0.5, 1, 2,5, 10, 20, 30, 40, 50 and 60 nM (a — 1) in 0.1 M PBS (pH
7.0). (B): Plot of A/ vs. Cinrombin-
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Table 1 Performance comparison of different sensors
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Linear range Detection limit

Detection technology Modifier Redox probe (nM) (nM) Ref.

DPV Nafion@graphene Methylene blue 0.01-50 0.006 30

DPV Nanogold-chitosan composite Methylene blue 1-60 0.5 45

DPV DNA/DNA duplex Methylene blue 6-60 3 46

DPV Aptamer self-assembly Ferrocene 0-10 0 47

DPV Aptamer self-assembly Ferrocene 5-35 0.5 48

EIS AuNPs [Fe(CN)o >4~ 0.1-30 0.013 49

EIS GNPs [Fe(CN)e >4~ 0.12-30 0.03 50

DPV AuNP/Th-G Thionine 0.5-40 0.093 This work
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Fig.8 DPVsof TBA/Au/Th-G/GCE reacting with 10 nM thrombin (a), 1 mM BSA
+ 1 mM lysoenyme (b), 10 nM thrombin + 1 mM BSA + 1 mM lysoenyme (c), 0 nM
thrombin (d) in 0.1 M PBS (pH 7.0).

3.7 Determination of thrombin in human blood serum
samples

In order to prove the application feasibility of the aptasensor in
practical samples, the sensor was applied to determine
thrombin in human blood serum samples under optimal
experimental conditions. Serum is what remains from whole
blood after coagulation and healthy people's serum doesn't
contain thrombin.** In this case, the serum sample of healthy
man was diluted 10 times with 0.1 M PBS (pH 7.0). As shown in
Fig. 9, in the presence of 10 nM thrombin, the peak current
intensity of TBA/Au/Th-G/GCE in human serum is as high as
that of TBA/Au/Th-G/GCE in 0.1 M PBS. The aforementioned

120+
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20 I I 1 1
-06 -04 -02 0.0 0.2
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Fig. 9 DPVs of TBA/Au/Th-G/GCE reacting with 0 nM thrombin (a), 10 nM
thrombin (b), 0 NM thrombin + serum (c) and 10 nM thrombin + serum (d) in
0.1 M PBS (pH 7.0).

This journal is © The Royal Society of Chemistry 2013

results show that the as-prepared aptasensor has potential
application in complex biological samples.

4 Conclusion

An electrochemical aptasensor based on AuNPs/Th-G nano-
composite has been developed for quantitative determination
of thrombin with high sensitivity and selectivity. In our
approach, AuNPs/Th-G nanocomposite provides abundant
binding sites for the immobilization of TBA on the GCE surface
due to the large surface area of the AuNPs/Th-G nano-
composite. The detection of thrombin is achieved by moni-
toring the change of AI, which is caused by the aptamer-
thrombin reaction. The aptasensor has a wide detection range
and a low detection limit under optimal conditions. Further-
more, the proposed aptasensor shows potential for detecting
specific protein species in practical samples.
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