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Abstract A regenerable and ultrasensitive voltammetric bio-
sensor is described for the determination of thrombin. It relies
on a combination of (a) enzymatic catalysis, (b) a G-
quadruplex/hemin DNAzyme system, and (c) AuPd nanoparti-
cles for signal amplification. Poly(o-phenylenediamine) was
decorated with AuPd nanoparticles and loaded with horserad-
ish peroxidase (HRP) and thrombin aptamer (TBA), and the
mixture was allowed to interact with hemin to form the G-
quadruplex/hemin/HRP/AuPd/poly(o-phenylenediamine)
bioconjugates. In the presence of thrombin, the bioconjugates
remain immobilized on the surface of the modified glassy
carbon electrode through a sandwich reaction. Poly(o-
phenylenediamine) also acts as a redox mediator, and the elec-
trochemical reaction of poly(o-phenylenediamine) in the pres-
ence of H2O2 is efficiently catalyzed by HRP, AuPd nanopar-
ticles andG-quadruplex/hemin as the peroxidasemimics. Thus,
a remarkably amplified electrochemical signal is obtained by

the triple catalytic amplification. The biosensor has a dynamic
range that spans the 100 f. to 20 nM thrombin concentration
range, and the detection limit is 20 fM. The biosensor can be
regenerated by applying an electrochemical desorption tech-
nique that breaks the gold-thiol bond and releases the
components from the surface. In our perception, the mediator-
free and signal-amplified biosensor demonstrated here has a
large potential with respect to the quantitation of thrombin in
clinical samples.
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Introduction

Thrombin, a type of proteinase, is extremely crucial in life
processes such as haemostasis, thrombosis and the blood co-
agulation cascade [1, 2]. In addition, thrombin has a pro-
nounced proinflammatory characteristic, which may have an
impact on the development of atherosclerosis [3]. An abnor-
mal concentration of thrombin in the blood can lead to throm-
botic diseases or even death. Therefore, it is important in clin-
ical diagnoses to detect thrombin sensitively and specifically.
Many methods, such as fluorescence [4], colorimetry [5],
electrochemiluminescence [6], surface plasmon resonance
[7], and electrochemistry [8], have been exploited for the de-
tection of thrombin. Compared with other detection methods,
electrochemical approaches have become a more promising
method due to their advantages of high sensitivity, simplicity,
portability and low-cost instrumentation.

The detection sensitivity of a biosensor is expected to be
increased through signal amplification [9]. Special attention
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has been paid to signal amplification strategies, such as the use
of nanomaterials [10], the hybridization chain reaction [11],
rolling circle amplification [12], etc. Wang’s group constructed
an electrochemical biosensor for the detection of glutathione
based on signal amplification by the hybridization chain reac-
tion [13]. Wei’s group put forward a non-enzymatic electro-
chemical sensor for carcinoembryonic antigen using
Fe3O4@MnO2@Pt nanocomposites for the signal amplifica-
tion [10]. Yuan’s group designed an electrochemical aptasensor
for mucin1 based on exonuclease-assisted amplification [14].
Among the various amplification strategies, nanomaterials have
received a great deal of attention not only because of their large
surface area for loading reporter molecules, but also because
they have the advantage of distinct electronic and catalytic
properties. It is difficult for various nanomaterials, such as met-
al nanoparticles, magnetic nanoparticles, or graphene, to direct-
ly attach to bio-macromolecules after they are used to load
redox-active species [15]. This difficulty is an issue for biosen-
sor fabrication. Thus, it is necessary to develop a nanomaterial
that can easily load redox-active species and proteins.
Therefore, the redox-active polymer has received a great deal
of attention in the field of electrochemical biosensor fabrication.
O-phenylenediamine is a type of redox-active material,
and it can form conjugated polymers by radical polymerization
for the structure of a planar aromatic [15]. Poly(o-
phenylenediamine) , a conjugated polymer of o-
phenylenediamine, has been demonstrated to be a functional
polymer in many studies [15, 16] due to its homogeneity in
electrochemical deposition, positively charged surface and
strong adherence to the electrode surface. In addition, poly(o-
phenylenediamine) can combine with noble metal nanoparti-
cles due to the presence of amino groups in the polymer.
Bimetallic nanoparticles have also attracted a great deal of at-
tention in the applications of various electrochemical biosen-
sors. The bimetallic nanoparticle is an interesting system be-
cause it shows a high activity towards many electrochemical
reactions and enhances the electrocatalytic oxidation of the
substrates. AuPd, a bimetallic nanoparticle, conjugates the
merits of AuNP and PdNP. AuPd nanoparticles have shown
excellent catalytic performance as mimics of natural peroxi-
dases [17]. G-quadruplex/hemin, a complex of hemin with a
guanine-rich single-stranded nucleic acid, can also function as
an HRP-mimicking DNAzyme [18]. Chen’s group designed a
signal-amplified electrochemical aptasensor via super-
sandwich G-quadruplex DNAzyme for cancer cell detection
[19].

Herein, an ultrasensitive aptamer-based thrombin bio-
sensor was designed by combining poly(o-phenylenediamine)
with G-quadruplex/hemin and HRP immobilized AuPd
bioconjugates. It is worthwhile to note that poly(o-
phenylenediamine) not only served as a type of electron me-
diator but also as a support for the AuPd particles. The
electroactive polymer poly(o-phenylenediamine) [15, 20]

which acted as the electron mediator was first applied to com-
bine the AuPd particles. Then, the hybrid AuPd/poly(o-
phenylenediamine) nanocomposites were used to immobilize
thiolated TBA and HRP. The conjugated AuPd/poly(o-
phenylenediamine) nanocomposites integrated the advantages
of the excellent redox-activity and electrocatalytic ability.
Then, to form G-quadruplex/hemin structures (which exhibit
excellent peroxidase-mimicking properties [21, 22]), the
AuPd/poly(o-phenylenediamine) nanocomposites labeled
with the HRP and TBA were intercalated with hemin. This
resulted in the formation of G-quadruplex/hemin/HRP/AuPd/
poly(o-phenylenediamine) hybrid nanocomposites with good
electrocatalytic properties and electroactive ability. The peak
current of poly(o-phenylenediamine) in the presence of H2O2

was remarkably amplified based on the triplex-amplified sys-
tem of the biosensor, in which HRP, HRP-mimicking
DNAzyme and AuPd can simultaneously amplify the signal
response. This electrochemical biosensor shows an outstand-
ing analytical performance for the quantitative determination
of thrombin because of the aforementioned amplification fac-
tors. Furthermore, the surface of the AuNP/Glassy carbon
electrode (GCE) can be regenerated at least once by electro-
chemical reductive desorption to re-assemble the sensing layer
and reuse the biosensor. Additionally, the removal of biomol-
ecules, such as enzymes, from the electrode surfaces may be
coupled to a microfluidic device for the automation of the
sample analysis in the future [23, 24].

Experimental

Chemicals and materials

Thrombin was purchased from Sigma-Aldrich Chem. Co.
(St. Louis, MO, USA, http://www.sigmaaldrich.com/china-
mainland.html) . O-phenylenediamine (98 wt%),
tetrachloroauric acid (HAuCl4), hexadecylpyridinium chloride
monohydrate (HDPC), tris-(2-carboxyethyl)-phosphine hydro-
chloride (TCEP), ascorbic acid (AA), hemin, potassium
tetrachloropalladate(II) (K2PdCl4), horseradish peroxidase
(HRP) were purchased from Aladdin Chemistry Co., Ltd.
(Shanghai, China, http://www.aladdin-e.com/). Thiolated
thrombin aptamer (SH-TBA): 5′-SH-(CH2)6-GGTTGGTG
TGGTTGG-3′ was synthesized and purified from Sangon
Biotech. Co., Ltd. (Shanghai, China, http://www.sangon.
com/). TE buffer was also purchased from Sangon Biotech.
Co., Ltd. (Shanghai, China, http://www.sangon.com/). 6-
mercapto-1-hexanol (MCH) was purchased from J&K
Chemical Ltd. (Guangzhou, China, http://www.jkchemical.
com/index.aspx). Acetic acid-buffered saline (ABS) solution
was prepared with HAc, NaAc and KCl. All reagents were
analytical grade, and solutions were prepared using ultrapure
water (18.2 MΩ⋅cm resistivity, Millipore).
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Apparatus

Thermal Field Emission Environmental Scanning Electron
Microscopy (SEM; Quanta 400F, France, https://www.fei.
com/home/), Transmission Electron Microscopy (TEM; FEI
Tecnai G2 Spirit, Netherlands, https://www.fei.com/home/)
and X-ray photoelectron spectroscopy (XPS, ESCALab250,
Thermo Fisher Scientific, USA, https://www.thermofisher.
com/cn) were applied to characterize the morphologies and
structures of the samples.

Electrochemical measurements

All electrochemical measurements were performed with a
CHI660E electrochemical workstation (Shanghai Chenhua
Instrument Co., Ltd. Shanghai, China, http://www.chinstr.
com/). A conventional three-electrode system was employed
using the following: a platinum wire counter electrode, an
Ag/AgCl reference electrode (the KCl concentration in the ref-
erence electrode is saturated solution) and a bare modified GCE
(3 mm in diameter) as the working electrode (Gaoss Union
Technology Co., Ltd. Wuhan, China, http://gaossunion.cn.
china.cn/). Electrochemical impedance spectroscopy (EIS)
measurements were performed with the frequency range of
0.01 Hz to 100 kHz and an amplitude of a 5 mV in 5 mM
K3Fe(CN)6/K4Fe(CN)6 solution containing 0.5 M KCl.
Cyclic voltammetry (CV) measurements were conducted at a
potential range of −0.2 V to 0.6 V with a scan rate of 100 mV
s−1 in 5 mMK3Fe(CN)6/K4Fe(CN)6 solution containing 0.5 M
KCl. Differential pulse voltammetry (DPV) measurements
were performed in acetic acid-buffered saline solution (a buffer
solution containing 0.1 M HAc, 0.1 M NaAc and 0.1 M KCl,
PH 4.5) containing 3 mM H2O2. The parameters of DPV were
as follows: potential range, −0.6 ~ −0.2 V; pulse amplitude,
0.05 V; pulse width, 0.05 s; and quiet time, 2 s.

Synthesis of poly(o-phenylenediamine) microspheres
and AuPd nanoparticles

The poly(o-phenylenediamine) microspheres were prepared
using a previously reported method [25] with a slight modifica-
tion. First, an o-phenylenediamine (200 μL, 0.1 M) aqueous
solution was diluted to 3 mL with ultrapure water. Then, an
aqueous solution ofK2Cr2O7 (150μL, 0.1M)was rapidly added
to the mixture. Subsequently, the solution was stirred gently
overnight at room temperature. The final productswere collected
by centrifuging and washing with ultrapure water several times,
which were then resuspended in 1.0 mL of ultrapure water.

The AuPd nanoparticles were synthesized according to pre-
vious work [17, 26] with some modifications. Briefly, 0.1 g
HDPC, K2PdCl4 solution (10 mM, 2 mL) and HAuCl4 solution
(10mM, 0.5mL) were added to 25mL ultrapure water to form a
homogeneous solution with the aid of ultrasound. Next, the AA

solution (0.1 M, 1.5 mL) was quickly mixed with the homoge-
neous solution; and, the mixture was kept at 35 °C for 3 h.
Subsequently, the black product was centrifuged and washed
thoroughly three times with ultrapure water and ethanol.
Lastly, the precipitate was re-dispersed in 10 mL water and
stored at 4 °C.

Preparation of G-quadruplex/hemin/HRP/AuPd/
poly(o-phenylenediamine) nanoprobes

Initially, the poly(o-phenylenediamine) colloids were added to
10 mL of AuPd colloids. Subsequently, the mixture was softly
shaken at room temperature overnight. AuPd nanoparticles were
linked onto poly(o-phenylenediamine) microspheres through the
amino groups [25, 27] on the polymer. Finally, the AuPd/poly(o-
phenylenediamine) nanocomposites were collected by centrifu-
gation (Scheme 1a). In total, 50 μL TBA (5 μM) and 50 μL
HRP (1 mg mL−1) were added to the colloidal solution of
AuPd/poly(o-phenylenediamine) nanocomposites. The resulting
mixture was shaken at 4 °C for 22 h. Subsequently, 0.1 mg of
hemin was added, and the mixture was incubated at 4 °C for 2 h
to form the G-quadruplex/hemin configuration. After centrifuga-
tion and washing with water, the G-quadruplex/hemin/HRP/
AuPd/poly(o-phenylenediamine) nanoprobes were stored in ul-
trapure water at 4 °C until further use.

Electrochemical biosensor fabrication

First, the GCE was polished repeatedly with 0.05 μm alumina
powder, followed by successive sonication in ultrapure water
and ethanol for 2 min. Then gold nanoparticles were deposited
on the cleaned GCE by electrodeposition under a potential of
−0.2 V for 60 s. Before being assembled onto the electrode, the
thiolated aptamer was treated with 1 mM TCEP for 1 h to
reduce the disulfide bonds [11, 28]. Then, the cleaned AuNP/
GCEwas soaked in the treated TBA solution (1 μM, 50 μL) for
14 h at room temperature. After thorough rinsing, the aptamer/
AuNP/GCE was incubated with the MCH solution (1 mM,
50 μL) for 40 min to block the remaining active sites. The
modified electrode was incubated with thrombin solution
(20 μL) for 50 min at 4 °C. Finally, the previously prepared
G-quadruplex/hemin/HRP/AuPd/poly(o-phenylenediamine)
solution (20 μL) was dropped on the surface of the electrode
and incubated for 50min to form the sandwich biosensor for the
electrochemical measurement.

Results and discussion

Choice of materials and biosensor design

It is very important for the fabrication of a biosensor to choose
suitable nanomaterials because suitable nanomaterials can
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amplify the signal and improve the performance of a
biosensor. In this work, the aim is to design a media-
tor-free and triple signal-amplified thrombin biosensor.
Poly(o-phenylenediamine), a conjugated polymer of o-
phenylenediamine, is a redox-active material that has received
wide interest in the area of biosensors fabrication [15, 20].
Due to its strong electrochemical properties, poly(o-
phenylenediamine) can be applied as a mediator of electron
transfer. AuPd nanoparticles have excellent catalytic perfor-
mance as peroxidasemimics because they are bimetallic nano-
particles, which have proven to improve catalytic performance
by the electronics effect and a synergistic effect [17]. AuPd
nanoparticles combine the desirable properties of AuNP and
PdNP. To develop nanomaterials that can easily load proteins
and redox-active species, a conjugated polymer and metallic
nanoparticles were combined, and the composites were used
to immobilize the enzyme and aptamer in this work. Thus,
poly(o-phenylenediamine) was used as a support for the
AuPd nanoparticles. To obtain signal amplification, enzyme
was immobilized on the AuPd/poly(o-phenylenediamine)
nanocomposites. To specifically bind with the target throm-
bin, thrombin aptamer was also loaded on the AuPd/poly(o-
phenylenediamine) nanocomposites. It is worthwhile to note
that the thrombin aptamer can react with hemin to form a G-
quadruplex/hemin DNAzyme system [9, 22]. A voltammetric
aptamer-based thrombin biosensor exploiting signal amplifi-
cation via synergetic catalysis by DNAzyme and enzyme dec-
orated AuPd nanoparticles on a poly(o-phenylenediamine)
support is displayed in Scheme 1. First, the G-quadruplex/
hemin/HRP/AuPd/poly(o-phenylenediamine) nanoprobes

were synthesized (Scheme 1a). The thiolated thrombin
aptamer was attached on the surface of AuNP/GCE through
Au-S interaction. Then the aptamer can recognize and capture
thrombin after being incubated with thrombin. The G-
quadruplex/hemin/HRP/AuPd/poly(o-phenylenediamine)
nanoprobes can be immobilized on the electrode only in the
presence of the captured thrombin through the specific recog-
nition and high binding affinity between the thrombin and
aptamer. Then, the HRP, G-quadruplex/hemin DNAzyme sys-
tem and AuPd particles can catalyze the electrochemical reac-
tion of poly(o-phenylenediamine) in the presence of H2O2.
The peak current was related to the amount of nanoprobes
on the AuNP/GCE surface, so thus, it reflects the amount of
thrombin immobilized on the AuNP/GCE surface. Finally, an
electrochemical desorption technique that causes the break of
the gold-thiol bond and the release of the components from the
surface was applied to the electrode for regenerate of the bare
AuNP/GCE surface (Scheme 1b).

Characterizations of poly(o-phenylenediamine)
and AuPd/poly(o-phenylenediamine) nanocomposites

The morphologies of poly(o-phenylenediamine) and
AuPd/poly(o-phenylenediamine) were characterized by
TEM and SEM. Figure 1a is the SEM image of poly(o-
phenylenediamine). It clearly shows many spherical colloids
with smooth surfaces ranging from 200 to 300 nm. As Fig. 1b
shows, plenty of AuPd particles were attached to the poly(o-
phenylenediamine), which indicates that the AuPd/poly(o-
phenylenediamine) were successfully prepared. The TEM

Scheme 1 a Synthesis procedures G-quadruplex/hemin/HRP/AuPd/poly(o-phenylenediamine) probes. b Schematic illustration of the preparation
process of the biosensor
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micrograph of poly(o-phenylenediamine) and AuPd are shown
in Fig. 1c, d, respectively. These images show that the AuPd
nanoparticles possess porous nanostructures with highly
branched subunits and homogeneous dispersion. The typical
TEM images of AuPd/poly(o-phenylenediamine) conjugates
are shown in Fig. 1e. AuPd particles were scattered on the
poly(o-phenylenediamine), which also suggests that AuPd were
successfully loaded onto poly(o-phenylenediamine).

Additionally, X-ray photoelectron spectroscopy (XPS) was
performed to obtain an elemental analysis of AuPd/poly(o-
phenylenediamine). Fig. S1 shows the fully scanned spectra
of AuPd/poly(o-phenylenediamine). The result suggests the
existence of carbon, nitrogen, chromium, oxygen, gold, and
palladium elements in AuPd/poly(o-phenylenediamine). A de-
tailed discussion is shown in the Electronic Supplementary

Material (Fig. S2). According to the results of the elemental
analysis, the formation of AuPd/poly(o-phenylenediamine)
was further confirmed.

Electrochemical characterization of the biosensor

EIS and CV were applied to confirm the stepwise modification
process of the electrode. The results and detailed discussion of
EIS and CV are shown in the Electronic Supplementary
Material (Fig. S3).

Comparison of different signal amplification strategies

To highlight the advantages of the electrochemical behavior
and the amplification properties of the biosensor, a comparative

Fig. 2 DPV responses of different strategies in the absence a and in the
presence with b 10 nM thrombin in 5 mL ABS (0.1 M, pH 4.5) containing
3 mM H2O2 using: (a) G-quadruplex/hemin/AuPd/poly(o-

phenylenediamine) probe. (b) TBA/HRP/AuPd/poly(o-phenylenediamine)
probe, (c) G-quadruplex/hemin/HRP/AuPd/poly (o-phenylenediamine)
probe

Fig. 1 SEM images of poly(o-phenylenediamine) a, AuPd/poly(o-phenylenediamine) b; and TEM images of poly(o-phenylenediamine) c, AuPd d,
AuPd/poly(o-phenylenediamine) e
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study of the changes of the electrochemical signal was carried
out using different labeled probes. G-quadruplex/hemin/AuPd/
poly(o-phenylenediamine) bioconjugates and TBA/HRP/
AuPd/poly(o-phenylenediamine) bioconjugates were used.
From Fig. 2, the biosensor with G-quadruplex/hemin/HRP/
AuPd/poly(o-phenylenediamine) bioconjugates (Fig. 2c)
shows much greater electrochemical signal variation in contrast
with the other two bioconjugates (Fig. 2a, b). The results dem-
onstrate that the presence of the G-quadruplex/hemin, HRP and
AuPd provides significant signal amplification. The amplified
performance of the biosensor may be ascribed to the synergetic
catalysis of HRP, AuPd, and G-quadruplex/hemin. The biosen-
sor remarkably amplified the peak current of poly(o-
phenylenediamine) in the presence of H2O2 based on the
triplex-amplified system.

Analytical performance of the biosensor

To investigate the analytical performance of the electrochemi-
cal biosensor, the biosensor was used to detect different

concentrations of thrombin under optimum experimental con-
ditions. The pH of the working buffer was 4.5, the incubation
time of thrombin and probe was 50 min. A detailed discussion
of conditions optimization is supplied in the Electronic
Supplementary Material (Fig. S4). As seen in Fig. 3a, the
DPV signal increases with an increase of thrombin concentra-
tion from 0 to 50 nM. The DPV peak current response without
thrombin is relatively low, indicating inappreciable unspecific
binding. Figure 3b shows the relationship between peak cur-
rents and thrombin concentration. As shows in the inset, the
DPV peak current is proportional to the logarithm of thrombin
concentration in the range from 100 f. to 20 nM. The linear
regression equation was I = 6.5478 + 0.8054 log C (the unit of I
isμA)with a correlation coefficient of R2 = 0.9913. A detection
limit of 20 f. for thrombin was obtained according to the 3σ
method. The linear range and detection limit of the biosensor
can be compared with other techniques for thrombin, such as
colorimetry, photoelectrochemical, electrochemical impedance
spectroscopy, metal enhanced fluorescence, and fluorescence
resonance energy transfer, etc. (Table 1). Compared with

Table 1 Performance
comparison of thrombin
biosensor based on
different methods

Analytical methods Linear range/nM Detection limit/pM Ref.

Photoelectrochemical 0.0005–5 0.12 [30]

EIS a 0.0001–0.1 0.30 [31]

MEF/FRET b 0.1–4 50 [32]

DPV c 0.0001–30 0.037 [22]

Electrochemiluminescent 0.00001–0.1 0.0068 [33]

DPV 0.0002–20 0.06 [18]

Chemiluminescence 0.001–1 0.92 [34]

Colorimetry 0.0001–0.01 0.04 [35]

DPV 0.0001–20 0.02 This work

a Electrochemical impedance spectra
bMetal enhanced fluorescence/Fluorescence resonance energy transfer
c Differential pulse voltammograms

Fig. 3 a DPV response of the biosensor for the detection of different
concentrations of thrombin (from a to l: 0 fM, 100 fM, 500 fM, 1 pM,
10 pM, 100 pM, 500 pM, 1 nM, 5 nM, 20 nM, 40 nM, 50 nM). b
Variation of the current to the concentrations of thrombin. Inset:

Calibration curve of currents to different concentrations of thrombin in
the range from 100 f. to 20 nM. Error bars show the standard deviation of
three experiments
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previous work on thrombin sensors, the biosensor in this work
showed a wider response range and lower limit of detection.
The results are attributed to the triple amplification system
based on the synergetic catalysis of DNAzyme, HRP and
AuPd nanoparticles.

Specificity and reproducibility of the electrochemical
biosensor

The selectivity of the biosensor toward thrombin was
evaluated by measuring the DPV current responses of
systems to other non-target molecules, including bovine se-
rum albumin (BSA), alpha fetal protein (AFP), and arginine
(Arg) under the same experimental conditions. The results are
shown in Fig. 4. The detection response of BSA (100 nM),
Arg (100 nM), and AFP (100 nM) exhibits no major signal
change in comparison with the blank group. After incubation
with thrombin (10 nM) and its mixture with the above three
interferences (100 nM), the value of current response in-
creases distinctly revealing that the biosensor has a high spe-
cific affinity for thrombin detection.

The reproducibility of the biosensor was examined
via analysis with the same concentration of thrombin
(10 nM) using six biosensors under the same experimental

conditions, and the relative standard deviation (RSD) of the
observed electrochemical current response is 4.5%. The
result demonstrates that the reproducibility of our proto-
col is acceptable.

Detection of thrombin in human blood serum sample

The potential applicability of the electrochemical biosen-
sor was investigated by determining the recoveries of dif-
ferent concentrations of thrombin in healthy human blood
serum by the standard addition method. In the experiment,
serum samples were obtained from The Third Affiliated
Hospital of Sun Yat-sen University. All the experiments
were performed according to the institutional guidelines
and the relevant laws, and the Ethics Committee of
Hospital has approved the experimentation with human
subjects) were diluted 10-fold. The results show that the
recoveries and relative standard deviation from 95.0% to
101.0% and 3.7% to 7.7%, respectively (Electronic
Supplementary Material Table S1). The results demon-
strate that the biosensor has a promising potential applica-
tion in real biological samples.

Regeneration of the biosensor system

To regenerate the surface of the AuNP/GCE, an electro-
chemical desorption method that breaks the Au-S bond
was used, allowing for reconstruction of the biosensor surface.
The regeneration assessment of biosensor was investigated by
CV and EIS. The results are shown in Fig. 5. In comparison
with the original bare AuNP/GCE, there is no obvious peak
current, and the impedance spectra changes are observed for
the regenerated AuNP/GCE, demonstrating the successful re-
moval of the components on the electrode surface. This result
is consistent with the literature [26, 29]. The regenerated
AuNP/GCE surfaces still retained 86% of their initial DPV
current value for a tested concentration of 10 nM thrombin
after one time desorption and self-assembly. This result indi-
cates that the regenerated AuNP/GCE surface is sufficient for
reuse in electrochemical applications.

Fig. 5 a CVof (a) original bare
AuNP/GCE and (b) the regener-
ated bare AuNP/GCE b EIS of (a)
original AuNP/GCE and (b)
the regenerated AuNP/GCE in
0.5 M KCl solution containing
5 mM [Fe(CN)6]

4−/3-

Fig. 4 The selectivity of the biosensor: a blank, b BSA (100 nM), cAFP
(100 nM), d Arg (100 nM), e thrombin (10 nM) and f a mixture
containing BSA, AFP, Arg and thrombin. The error bars represent the
standard deviation of three measurements
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Conclusions

In conclusion, an electrochemical biosensor that amplified the
detection signal of thrombin by the synergistic catalysis of
HRP and porous AuPd nanostructures and HRP-mimicking
DNAzyme was successfully constructed. The combination of
poly(o-phenylenediamine) spheres and AuPd nanoparticles
exhibited excellent electroactivity and electrocatalytic activity.
AuPd nanoparticles with excellent catalytic performance as
peroxidase mimics were used to immobilize a large amount
of TBA and HRP, thus, greatly enhancing the sensitivity of the
biosensor. The biosensor performed well in the detection of
thrombin with wide linear range, good selectivity and a low
detection limit. In addition, regeneration of the surface of the
AuNP/GCE was performed successfully via electrochemical
desorption. In the future, it is an attractive concept to integrate
the electrochemical detection with electrochemical desorption
for further biosensor research. Because removing biomole-
cules from the surfaces of electrode may be integrated with a
microfluidic device for the upstream sample analysis and au-
tomation. However, the fabrication procedure of the biosensor
is somewhat complicated and time-consuming. And there is
still much effort needed to use the biosensor for clinical sam-
ple analysis.
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