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Abstract A nanocomposite consisting of polyaniline and
multiwalled carbon nanotubes was tethered with a thiolated
thrombin-specific aptamer and placed on a glassy carbon elec-
trode (GCE) to obtain a biosensor for thrombin that has a limit
of detection of 80 fM. Tethering was accomplished via a thiol-
ene reaction between thiolated thrombin aptamer (TTA) and
oxidized polyaniline (PANI) that was chemically synthesized
in the presence of solution-dispersed multiwalled carbon
nanotubes (MWCNTs). The modified GCE exhibits a pair of
well-defined redox peaks (at 50/−25 mV) of self-doped PANI
in neutral solution, and the tethered TTA-thrombin interaction
gives a decreased electrochemical signal. Cyclic voltammetry,
scanning electron microscopy and ultraviolet visible spectros-
copy were used to characterize the film properties. This am-
perometric aptasensor is sensitive, selective and reproducible.
It was applied to the determination of thrombin in spiked
human serum (0.2 to 4 nM) and gave recoveries that ranged
from 95 to 102%.

Keywords Amperometric thrombin aptasensor . Thiol-ene
chemistry . Thiolated aptamer . Polyaniline-multiwalled
carbon nanotubes

Introduction

Detecting thrombin using aptasensors in a rapid, sensitive and
cost-effective manner is a crucial issue in fundamental re-
search and clinical applications [1]. Because of their fast re-
sponse, high sensitivity, portability, inexpensiveness and sim-
ple instrumentation, the electrochemical methods have
attracted substantial attention in the development of
aptasensors [2–4]. In general, the electrochemical aptasensors
were fabricated by employing label-free impedance strategy
[5] or redox-labeled aptamer [2, 6]. However, it is not easy to
obtain the redox-labeled aptamer, because the existing
methods of covalent labeling of the aptamer require compli-
cated and labor-intensive labeling procedures. Therefore, it is
still an active and important research topic for developing
sensitive, convenient, and cost-effective labeling protocols
for aptasensing. Among various aptasensors that utilize
differernt signal transduction techniques such as atomic force
microscopy [7], optics [8, 9] and electrochemistry [10], elec-
trochemical aptasensors have exhibited great promise in pro-
tein detection with high sensitivity, selectivity, and cost-
effectiveness.

The conducting polymers (CPs), typically including
polyaniline (PANI), polypyrrole (PPy) and polythiophene
(PTH), can provide a suitable interface for immobilization of
oligonucleotides probes and improve the analytical perfor-
mance, various CP-modified electrodes has been widely ap-
plied for detection of oligonucleotides hybridization and dam-
age [11, 12]. Interestingly, the CPs can be functionalized with
thiol via thiol-ene reaction [13–18]. From the above
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description, we believe that the thiol-ene chemistry between
CPs nanocomposite and thiolated aptamers should act as an
aptamer-immobilization protocols for electrochemical
aptasensing, however, to the best of our knowledge, such at-
tempts have not been reported to date.

I n a d d i t i o n , C P s n a n o c om p o s i t e s u c h a s
poly(aminobenzenesulfonic acid)-modified single-walled car-
bon nanotubes (SWCNTs) [19] and PANI/gold nanoparticle
multilayer film [20] exhibit a pair of well-defined redox
peaks of self-doped PANI in neutral solution. In contrast,
very few work have been reported for the incorporation of
electroactive CPs nanocomposite into electrochemical
aptasensors in neutral solution.

In this work, TTA-tethered PANI-MWCNTs are prepared
for amperometric detection of thrombin. The thus-prepared
PANI-MWCNTs exhibits a pair of well-defined redox peaks
of self-doped PANI in neutral solution, and the tethered TTA-
thrombin interaction can sensitively decrease the electrochem-
ical signal. Herein, TTA-PANI-MWCNTs are used as electrode
surface modifier providing thrombin recognition, and thiol-ene
chemistry for the aptamer immobilization acts as an interesting
method for the fabrication of amperometric thrombin biosensor.
The prepared amperometric aptasensor was found to exhibit
good analytical properties (sensitivity, low detection limit, and
good selectivity and reproducibility) for thrombin detection.

Experimental

Chemicals and apparatus

Aniline was purchased from Shantou Xilong Chemical
Engineering Factory (Guangdong, China, www.cn245785.21
goods.net), which was purified via double distillation and
stored in a refrigerator prior to use. Ammonium
peroxydisulfate was purchased from Shanfu Chemical
Engineering Inc., Ltd. (Huangshan, China, www.p-
wholesale.com). Human α-thrombin and BSA were pur-
chased from Sigma (USA, www.sigmaaldrich.com). Human
lgG, glucose oxidase, lysozyme, fibrinogen, rabbit lgG and
39-Base aptamer (5′-SH-(CH2)6- T10AGTCCGTGGTAGGG
CAGGTTGGGGTGACT-3′) were purchased from Sangon
Co., Ltd. (Shanghai, China, www.sangon.com). Human
blood sera were obtained from the Hospital of Hunan
Agricultural University. MWCNTs, with an average
diameter of ~20–40 nm were purchased from Shenzhen
Nanotech Port Co., Ltd. (Shenzhen, China, www.nanotubes.
com.cn). The MWCNTs were functionalized with -COOH
groups by sonication in a 3:1 H2SO4/HNO3 mixture for 8 h
[21]. Subsequently, the pretreated MWCNTs were washed
with copious water to reach neutrality of pH 7.0, filtered,
and dried. 10 mM pH 7.0 phosphate buffer (PB, 10 mM
NaH2PO4–Na2HPO4) containing 100 mM NaCl, 5 mM KCl,

1 mM MgCl2, and 1 mM CaCl2 was used for binding and
rinse, and 0.10 M pH 7.4 PB (0.10 M KH2PO4–
K2HPO4 + 0.10 M K2SO4) with a higher buffer capacity
was used for pH-constant electrochemical experiments.
All other chemicals were of analytical grade or better
quality. Milli–Q ultrapure water (Millipore, >18 MΩ cm)
was used throughout.

All electrochemical experiments were conducted on a
CHI660E electrochemical workstation (CH Instrument Co.,
USA). A conventional three-electrode system consisted of a
glassy carbon disk working electrode (GCE) of 3 mm diame-
ter, a KCl-saturated calomel electrode (SCE) as the reference
electrode and a platinum plate as the counter electrode. All
potentials in this work are referenced to SCE. Scanning elec-
tron microscopy (SEM) pictures were collected on a JEM-
6700F field emission scanning electron microscope. The
PH-3B pH meter (Dazhong, Shanghai, China) was used for
pH measurements. A Schimadzu UV-2450 ultraviolet-visible
(UV-Vis) spectrophotometer was used to record UV-Vis
spectra.

Procedures

To remove possible surface contamination, the GCE was
polished with 1.0 and 0.05 μm alumina slurry sequentially
and then washed ultrasonically in ethanol and water for
10 min, respectively. Then, the GCE was scanned between
−0.2 and 1.0 V versus SCE in 0.2 mol L−1 HClO4 at 50 mV
s−1 for a sufficient number of cycles to obtain reproducible
cyclic voltammograms.

The preparation of the modified electrode is depicted in
Scheme 1. The detailed preparation of the modified electrode,
detection method and preparation of human sera samples are
given in the Supplementary Material.

Results and discussion

Characterization of the amperometric aptasensor

CV tests of PANI-MWCNTs/GCE are shown in Fig. 1a.
When potential cycling of the PANI-MWCNTs/GCE elec-
trode at scan rates of 30, 50, 100, 200, 300, 400 and
500 mV s−1 in 0.1 M PB (pH 7.4), the modified GCE exhibits
a pair of well-defined redox peaks (at −25 and 50 mV, scan
rates: 50 mV s−1) of self-doped PANI in neutral solution [19,
20]. And we found that peak currents increase linearly with
the scan rate, indicating a facile electrochemical and a surface-
controlled [19, 20] redox process of self-doped PANI. These
may imply that the PANI-MWCNTs film is highly conducting
for a fast charge transfer across the film, because of excellent
electronic conductivity of MWCNTs and self-doped PANI.
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The morphologies of MWCNTs, PANI/MWCNTs and
PANIe/MWCNTs were examined, as shown in Fig. S1. After
the polymerization or electro-deposition on MWCNTs, the
PANI layer of ca. 10 nm thickness was clearly seen on the
MWCNTs, and its outer diameter was increased to ca. 50 nm.
The nanocomposite was thus identified as a coaxial core-shell-
shaped agglomerate, mainly as a result of the hydrophobic
interaction between the PANI and MWCNTs.

Fig. S2 shows the UV–Vis spectra of PANI/MWCNTs and
TTA-PANI/MWCNTs, collected successively in 10 mM PB
(pH 7.0) aqueous solution. The absorption peak at 347 nm is
assigned to the π → π* transition of benzenoid rings in PANI
[22]. The absorption peak at 721 nm indicates the presence of
bipolaronic species in PANI [23], which tends to disappear after
the reaction with TTA. It is known that 100% leucoemeraldine

exhibits only a π → π* transition at 347 nm [24]. The notable
absorbance decrease at 721 nm should indicate that the thiol’s
nucleophiles attack the more active diiminoquinoid rings and
convert them into the more stable diaminobenzenoid rings [25].
A conversion of the less stable quinoid ring to the more stable
benzenoid. Thus, the UV-Vis spectra should indicate the occur-
rence of the TTA–PANI interaction by ring–nucleophilic sub-
stitution of PANI with TTA.

Fig. 1b shows CV responses at PANI-MWCNTs/GCE,
TTA-PANI-MWCNTs/GCE, BSA-TTA-PANI-MWCNTs/
GCE and thrombin-BSA-TTA-PANI-MWCNTs/GCE in
0.1 M PB (pH 7.4). As is seen, the PANI-MWCNTs/GCE
shows a pair of well-defined redox peaks in neutral solution.
After the interaction between TTA and PANI-MWCNTs/
GCE, the peak currents of PANI-MWCNTs/GCE decrease,
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Fig. 1 (a) CV responses of PANI-MWCNTs/GCE at scan rates of 30,
50, 100, 200, 300, 400 and 500 mV s−1 in 0.1 M PB (pH 7.4). Inset:
anodic and cathodic peak currents as functions of scan rate. CV (b, scan
rates: 50 mV s−1) and DPV responses (c) of PANI-MWCNTs/GCE

(Dotted line), TTA-PANI/MWCNTs/GCE (Polyline), BSA-TTA-PANI-
MWCNTs/GCE (Solid line) and thrombin-BSA-TTA-PANI-MWCNTs/
GCE (Broken line, after addition of 2 nM thrombin onto BSA-TTA-
PANI-MWCNTs/GCE and incubation for 2 h) in 0.1 M PB (pH 7.4)
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Scheme 1 Illustration of the
construction of the aptasensor
(not to scale)
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indicating the occurrence of the TTA-PANI-MWCNTs inter-
action by thiol-ene chemistry of PANI and TTA. The treat-
ment with BSA on the TTA-PANI-MWCNTs/GCE electrode
leads to subdued peak currents. Then the TTA-PANI-
MWCNTs/GCE electrode was incubated in 2 nM thrombin
for 2 h, there was a large decrease in peak currents, the peak
decrease of the TTA-PANI-MWCNTs/GCE electrode may
originate from the bulky thrombin molecules blocking the
electrode surface. The above findings also have been support-
ed by DPVexperiments, as shown in Fig. 1c.

Electrochemical probing of specific aptamer-thrombin
interactions

The construction and assay principle of the amperometric
aptasensor is schematically depicted in Scheme 1. The desired
amount of PANI-MWCNTs nanocomposite were cast-coated

on GCE, exhibiting a pair of well-defined redox peaks (at 50/
−25mV) of self-doped PANI in neutral solution, then the PANI-
MWCNTs/GCE was activated for 60 s under 0.3 V in 0.1 M
PBS (pH 7.4). TTA was tethered onto the activated PANI-
MWCNTs/GCE via the thiol-ene chemistry to yield the TTA-
PANI-MWCNTs/GCE. After BSA blocking, the tethered TTA-
thrombin interaction gives a decreased electrochemical signal.
Herein, TTA-tethered PANI-MWCNTs was used as electrode
surface modifier providing thrombin recognition. And thiol-ene
chemistry for the aptamer immobilization acts as a new method
for the fabrication of amperometric thrombin biosensor.

Analytical properties of the amperometric aptasensor
for thrombin detection

Fig. 2 shows the calibration curves corresponding to the DPV
detection of thrombin based on changes of the DPV peak
currents at thrombin-TTA-PANI-MWCNTs/GCE. The ΔI
(ΔI = I0-Is, where I0 and Is are the DPV peak currents before
and after thrombin addition) values of all electrodes increase
with the increase of thrombin concentration. The amperomet-
ric aptasensor has a wide detection range from 0.1 pM to
4 nM, thrombin can be detected down to a concentration of
0.08 pM. In addition, we also used the electropolymerized
PANI (PANIe) to prepare a TTA-PANIe/MWCNTs/GCE com-
parison, which are better than or comparable with those re-
ported previously in most thrombin electrochemical
aptasensor literatures, as listed in Table 1. This demonstrates
that we have successfully developed a sensitive amperometric
aptasensor for thrombin detection. And herein the thiol-ene
chemistry serves as a convenient and effective aptamer-
immobilization protocols for thrombin biosensing.

In order to test the specificity of the aptasensor, the effect of
other possible interferences were investigated. As demonstrat-
ed in Fig. 3, upon addition of each non-target molecules, such
as glucose oxidase, human IgG, fabrinogen, lysozyme, and
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Fig. 2 DPV curves (a) and the calibration curve (b) of the aptasensor for
thrombin at various concentrations in 0.1 M PB (pH 7.4). Inset: an
enlarged plot for the calibration curve. I0 is the current with no added
thrombin, and Is is the current with added thrombin. The optimal
conditions were as follows: amplitude of 0.05 V; pulse width of 0.05 s;
sampling width of 0.0167 s; pulse period of 0.2 s

Table 1 Comparison of
analytical properties of TTA-
PANI-MWCNTs-based thrombin
detection scheme with other
thrombin detection methods
existed

Detection method Material Linear ranges LOD Ref.

Fluorescent bioassay CuInS2 quantum dots 0.034-102 nM 12pM [26]

Fluorescent aptamer-based assay Peroxidase mimetics 0.05-10 nM 15fM [27]

Fluorescence correlation
spectroscopy

Gold nanoparticles 0.5-110 nM 0.5 nM [28]

electrochemical aptasensor Graphene-porphyrin 5-1500 nM 0.2 nM [29]

Photoelectrochemical aptasensor Graphene-CdS nanomaterial 2.0-600pM 1.0 PM [30]

Colorimetric assay AuNPs 0.1pM-0.1 μM 0.02pM [31]

Magnetoresistive aptasensor Magnetic beads 86pM-8.6 μM 86pM [32]

Paper electrochemical device Paper - 16 nM [33]

Fluorescence polarization Silica nanopaticles 0.6-100 nM 0.2 nM [8]

Fluorescence polarization AuNPs 0.1-75 nM 0.1 nM [9]

electrochemical aptasensor TTA-PANI-MWCNTs 0.0001-4 nM 0.08pM This work

electrochemical aptasensor TTA-PANIe/MWCNTs 0.001-10 nM 0.5pM This work
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rabbit IgG, each of their DPV intensity near that of blank and
addition of each.

The reproducibility of the amperometric aptasensor was
investigated at the thrombin concentration of 2 nM, and the
relative standard deviation for five times is 4.3%. In addition,
five freshly prepared modified electrodes were used for the
detection of 2 nM thrombin. All the five electrodes exhibit
similar amperometric response behavior, and the relative stan-
dard deviation is 3.5%. These results demonstrate that the
aptasensor for thrombin detection is highly reproducible.

The analytical application of the amperometric aptasensor
was evaluated by the standard addition method. Samples were
prepared by adding thrombin of different concentrations to
human serum (from Hunan Agricultural University Hospital).
Since no thrombin was found from the human sera [34], addi-
tion and recovery experiment was performed to estimate the
application of the assay in complex sample [10, 34]. The ana-
lytical results for thrombin are listed in Table 2. The recovery
ranges from 95% to 102%, and the relative standard deviation
values were in the ranges of 6.7–8.2%. The acceptable recov-
ery and RSD imply that the amperometric aptasensor has ap-
plication potential in complex biological samples.

Conclusions

In summary, an amperometric thrombin aptasensor has been
developed. The preparation of TTA-PANI-MWCNTs/GCE is
simple, immobilization of thiolated aptamer onto PANI-
MWCNTs/GCE via thiol-ene chemistry, and blocking with

BSA. Importantly, the PANI-MWCNTs/GCE electrode ex-
hibits a pair of well-defined redox peaks of self-doped PANI
in neutral solution, and the tethered TTA-thrombin interaction
can sensitively decrease the electrochemical signal. Under the
optimum conditions, the peak current is linear with the throm-
bin concentration from 0.0001 to 4 nM, with a limit of detec-
tion of 0.08 pM. We also used the electropolymerized PANI
(PANIe) to prepare a TTA-PANIe/MWCNTs/GCE for throm-
bin detection, the peak current is linear with the thrombin
concentration from 0.001 to 10 nM, with a limit of detection
of 0.5 pM. The method is simple and exhibits excellent selec-
tivity for thrombin detection in the presence of other proteins.
We successfully detected thrombin with the aptasensor in
spiked human serum samples with acceptable recovery. The
amperometric aptasensor based on thiolated aptamer, poly-
meric nanocomposite and thiol-ene chemistry may find wide
application in the routine detection of proteins with high sen-
sitivity and low detection limit.
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