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Herein, a new electrochemical aptamer-based biosensor for
highly sensitive assay of thrombin has been developed based on
the dual-signaling electrochemical ratiometric method and the
DNA walker strategy, and shows a low detection limit of about 56
fMm.

As is well-known, electrochemical aptamer-based biosensors
have received much attention because of their advantages of
simplicity, high sensitivity, good selectivity and low cost for
target assay.1 They have been widely applied in the detection
of various analytes, such as cocaine,2 Iysozyme,3 thrombin,4
adenosine triphosphate,z‘”5 and platelet-derived growth
factor.’ In order to enhance the sensitivity of the
electrochemical aptamer-based biosensors, many signal
amplification  strategies, including nanomaterials-based
strategies7 (such as gold nanoparticles,8 graphene,9 quantum
dots,10 etc.) and DNA-based methods (such as strand
displacement amplification,11 rolling circle amplification,12
polymerase chain reaction, 13 etc.), have been developed.
Recently, an interesting signal amplification strategy based on
DNA-based machines (typically, DNA walkers) has been
received more and more attention.’* DNA walkers are a type
of molecular machine based on a burnt-bridge mechanism in
which sequential oligonucleotide hybridization is followed by
toehold-mediated strand displacement.15 Yang et al. reported
a DNA nanomachine based on a DNA-functionalized gold
nanoparticle (DNA-AuNP) for DNA assay.16 Qu et al. developed
an exonuclease Il (Exo Ill)-powered stochastic DNA walker and
explored its application in highly sensitive detection of
bacteria.'” Ji et al. proposed a binding-induced DNA walker
aptasensor for TB assays.18 However, most of these DNA-based
machines have only one response signal, either the type of
“signal-on” or “signal-off”. To avoid the limitation of the
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“signal-off” strategy and to make use of the superiority of the
“signal-on” strategy, the ratiometric electrochemical assay,
combining “signal-on” and “signal-off” probes, has been
developed recently due to its good analytical performances
(such as low detection limit, wide linear range, good reliability
and reproducibility, and low background noise) % and simple
equipments originated from electrochemical methods
(superior to other methods, such as surface-enhanced Raman
scattering),20 which inspired researchers to construct
electrochemical aptamer-based biosensors by combining the
advantages of the dual-signaling electrochemical ratiometric
method and the DNA walker strategy. However, till now, only
one work focused on this topic based on DOX encapsulated
mesoporous Pt nanospheres as a "signal-on" probe and MB-
labeled DNA as a "signal-off" probe 21, which suffered from
that the synthesis of such nanospheres was time-consuming,
complex and not easy to control. The new ratiometric
electrochemical aptamer-based biosensor with DNA walker
strategy is still desirable.

Herein, taking thrombin (TB) as a model due to its crucial
role in cardiovascular diseases, regulation of inflammation
processes and anti-clotting therapeutics,22 a new
electrochemical aptamer-based biosensor has been developed
for sensitive assay of protein based on DNA-based dual-
signaling electrochemical ratiometric method and DNA walker
strategy. As shown in Scheme 1, a double-stranded DNA was
prepared by hybridizing the DNA walkers (DWs) and the
thrombin aptamer (TBA), and then the DWs/TBA double-
stranded DNA and methylene blue-labeled DNA (MB-DNA)
were immobilized on the surface of the gold nanoparticles (Au
NPs) modified glassy carbon electrode (GCE). When the
ferrocene-labeled (Fc-DNA) was added, the MB-DNA
hybridized with the Fc-DNA to form a MB-DNA/Fc-DNA duplex.
In the presence of TB, DWs could be released due to the
specific interaction between TB and its aptamer (TBA). The
released DWs hybridized with part of Fc-DNA in MB-DNA/Fc-
DNA duplex and a duplex with a blunt end at the 3’-termini of
Fc-DNA was formed, which triggered the Exo Il cleavage
process accompanied by throwing away of Fc from the
electrode and releasing of DWs. And the DWSs continued to
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Scheme 1 The schematic illustration of the electrochemical
aptamer-based biosensor for TB assay.

hybridize the another Fc-DNA to perform the DNA walker
recycling process. The remaining single-stranded MB-DNA
could form a hairpin structure in the presence of magnesium
ions (Mg2+) due to its tailor-made complementary bases at
both ends.” This resulted in an enhancement of MB signal (/ysg)
and a suppression of Fc signal (/¢.). Based on the value of /yg//¢.,
the proposed electrochemical aptamer-based biosensor
showed superior analytical performance for sensitive assay of
TB with a linear range from 0.1 pM to 10 pM and a low
detection limit of 56 fM.

The SEM images of the GCE and Au NPs/GCE are shown in
Fig. S1 (ESIt). It can be seen that Au NPs have a uniform
distribution on the GCE surface (Fig. S1B) and the particle size
of the Au NPs is about 30 - 120nm. It is clear that Au NPs on
the GCE provide a large surface area for the immobilization of
DWSs/TBA double-stranded DNA and MB-DNA, and the
electron transfer ability of the GCE should also be improved
due to the excellent electrochemical properties of Au NPs.

The step-by-step modification of GCE was characterized by
cyclic voltammetry (CV). As shown in Fig. 1A, compared with
the bare GCE (curve a, Fig. 1A), the peak currents of the
AuNPs/GCE (curve b, Fig. 1A) increase and the corresponding
peak potential difference decreases. This implies that the
AuNPs/GCE possesses excellent electron transfer properties
due to the good electrochemical properties of AUNPs. When
the DWs/TBA double-stranded DNA and MB-DNA are
immobilized on the AuNPs/GCE, the peak currents decrease
obviously (curve c, Fig. 1A). Afterward, when the surface of the
electrode is further blocked by 6-mercaptohexanol (MCH), the
CV peak currents further decrease and the corresponding peak
potential difference increases (curve d, Fig. 1A), indicating that
the electron transport of [Fe(CN)6]3'/4" ions at the electrode
surface is inhibited due to the nonconductive property of MCH.
As expected, the hybridization between Fc-DNA and MB-DNA
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Fig. 1. (A) cyclic voltammograms and (B) EIS results of the different
modified GCE in [Fe(CN)G]S'/"' (5 mM) + KCI (0.1 M) aqueous solution. The
impedance spectra were recorded in the range of 0.1 Hz-100 kHz with AC
amplitude of 5 mV and cyclic voltammetry experiments were performed at
a scan rate of 100 mV s (a) bare GCE, (b) AuNPs/GCE, (c) MB-
DNA/DWS/TBA/AuUNPs/GCE, (d) MCH/MB-DNA/DWS/TBA/AuNPs/GCE, (e)
Fc-DNA/MCH/MB-DNA/DWS/TBA/AuNPs/GCE, (f)Fc-DNA/MCH/MB-
DNA/DWS/TBA /AuNPs/GCE after incubated with Exo Il and TB.

to form a MB-DNA/Fc-DNA duplex decreases further the peak
currents (curve e, Fig. 1A). However, after incubated with TB
and Exo lll, the peak currents (peak potential difference) of the
Fc-DNA/MCH/MB-DNA/DWS/TBA/AuNPs/GCE increase
(decreases) obviously (curve f, Fig. 1A). This indicates the
successful Exo Il cleavage and DNA walking processes, which
are also confirmed by gel electrophoresis data (Fig. S2, ESIT).
On the other hand, electrochemical impedance
spectroscopy (EIS) method was further employed to
characterize the stepwise modification of the electrode. In a
typical Nyquist plots of EIS results, the semicircle section at
high frequency range corresponds to the charge transfer
limited process, and the value of the diameter of the
semicircle reflects the interfacial charge-transfer resistance
(Rct).24 As shown in Fig. 1B, the bare GCE shows a small
semicircle domain (R = 333.3 Q, curve a, Fig. 1B), implying a
good electron-transfer process. For the AuNPs modified GCE,
the R value (curve b, Fig. 1B) decreases to 112.3 Q, suggesting
that the electron transfer ability of the GCE is enhanced due to
the excellent electrochemical properties of AuNPs. The
successive modification processes on the AuNPs/GCE
(immobilizations of DWs/TBA double-stranded DNA and MB-
DNA, self-assembly of MCH and the hybridization between Fc-
DNA and MB-DNA) lead to the successively increase of the R
value due to their blocking effect on the electron transfer

process of redox probe at the electrode (from curves c to e, Fig.

1B). When the electrode is further incubated with TB and Exo
Ill, the R value decreases to 461.7 Q (curve f, Fig. 1B). These
results are in accordance with that observed in CV
investigation (Fig. 1A), implying that the electrochemical
aptamer-based biosensor has been fabricated successfully
according to Scheme 1.

The feasibility of the proposed biosensor for TB assay were
evaluated by square wave voltammetry (SWV) and the
corresponding results are shown in Fig. S3 (ESIt). In the
absence of both TB and Exo IIl (curve a, Fig. S3), the oxidation
peak currents of both MB and Fc are observed. With the
addition of Exo Ill (curve b, Fig. S3), no obvious changes of
SWYV peak currents are observed. However, in the presence of
both TB and Exo lll, it can be observed obviously that the
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Fig. 2. (A) SWV responses of the developed method to different
concentration of TB (from a to h): 0.1 pM, 0.5 pM, 1 pM, 2 pM, 4 pM, 5 pM,
8 pM, 10 pM in 0.1 M PBS (pH 7.0) containing 0.1 M KCl. (B) Dependence of
Ivs on TB concentration. (C) Dependence of /. on TB concentration. (D)
Dependence of (/ug/lrc ) on TB concentration.

oxidation peak current of MB increases and that of Fc
decreases (curve c, Fig. S3). This clearly indicates that the
developed electrochemical aptamer-based biosensor can be
adopted for TB detection.

To achieve the optimal analytical results, the experimental
conditions, including the number of thymine (T) in DWs, the
reaction time between TB and TBA, and
the reaction time of Exo Ill cleavage, were optimized. Fig. S4A
(ESIT) indicates that the ratio (/ys/lt.) between the oxidation
peak currents of MB (/yg) and Fc (/) increases with the
increase of the number of T in DWs and reaches to a plateau
when the number of T is 40. Therefore, 40-nt T is chosen as
the space sequence in swing arm for the optimal signal
readout. From Fig. S4B (ESIT), it is noted that the /yg/l¢. value
increases with the increase of the TB reaction time. After the
TB reaction time is more than 60 min, the /yg/l. value has
almost no increase. Thus, the optimal TB reaction time is 60
min. Similarly, for Exo Ill cleavage process, the lyg/lg. value
increases with the increase of the Exo Il cleavage time and
reaches a plateau with a slight increase at about 60 min (Fig.
S4C, ESIT). In order to ensure the enough cleavage time of Exo
111, 80 min is selected as the optimal reaction time for Exo Ill in
the following experiments.

Under the optimal experimental conditions, the analytical
performance of the developed electrochemical aptamer-based
biosensor for different concentrations of TB was investigated.
From Fig. 2A, it is noted that the oxidation peak current of MB
increases and the oxidation peak of Fc decreases with the
increase of TB concentration. The calibration plots of the
developed electrochemical aptamer-based biosensor using
individual MB or Fc signal for TB assay are shown in Figs. 2B
and 2C. Both of them exhibit good linear relationship between
the oxidation peak current and the concentration of TB in the
range of 1 pM to 10 pM with detection limits of 0.67 pM
( based on MB signal) and 2.54 pM (based on Fc signal ) (30).
Fig. 2D shows the calibration plot of the electrochemical
ratiometric assay of TB using /yg/lec as signal. The lyg/lec value

This journal is © The Royal Society of Chemistry 20xx

Fig. 3. Selectivity of the developed biosensor to lysome (10nM), L-cys
(10nM), IgG (10nM), BSA (10nM) and TB (8 pM).

linearly depends on the TB concentration in the range of 0.1
pM to 10 pM with a detection limit of 0.056 pM (30), and the
corresponding linear regression equation is (lye/lec) =
3.34923Crg (pM)+1.26552 (R2 = 0.9998). It is clear that the
value of limit of detection (LOD) obtained by using “I\s/Ic.” as
the response signal is much lower than that obtained by using
Ivg or I as the response signal. To our best knowledge, the
value of LOD obtained by this method is also much lower than
that by most of other electrochemical methods reported
previously (Table S2, ESITt).

To investigate the specific response of the proposed
electrochemical aptamer-based biosensor to TB,
experiments were performed by replacing TB with some

control

typical interfering substances, including lysozyme, L-cys, 1gG
and BSA. As illustrated in Figure 3, there are no obvious
changes when the biosensor is
interferents.

incubated with these
However, the TB sample gives a significant
change of the /yg/lc value, implying that the developed
electrochemical aptamer-based biosensor has high specificity
for TB assay due to the specific inaction between TB and TBA.
Besides, five different electrodes were used to detect TB (0.1
pM) and the relative standard deviation is 3.04 %. Furthermore,
when the electrochemical aptamer-based biosensor was
stored at 4 °C for 15 day, the Iyg/lr. value has no significant
change. These results that the proposed
electrochemical aptamer-based biosensor exhibits satisfactory
reproducibility and stability.

For the evaluation of the practical application of the

indicate

developed electrochemical aptamer-based biosensor, it is very
significant and essential to detect TB in complex systems.
Healthy human blood serum samples were employed in this
paper as the model of complex systems. TB with different
concentrations was added in 20-fold diluted human serum
sample solutions diluted with 20 mM PBS. From Table S3 (ESIt),
it is noted that the recoveries for the added TB with 0.1 pM, 1
pM, 2 pM are 90%, 96%, 105%, respectively. On the other
hand, the /yg/lc values for TB spiked in normal human serum
samples are almost same with that in PBS (Fig. S5, ESIT). The
results shown in Fig. S5 and Table S3 reveal that the developed
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method has satisfactory recoveries and may have great
practical applications in TB assay.

In summary, we develop a novel electrochemical aptamer-
based biosensor for sensitive and selective assay of TB. In
comparison with traditional electrochemical aptamer-based
biosensors, the developed electrochemical aptamer-based
biosensor exhibits a lower LOD (56 fM) for TB detection due to

the combination of two efficient signal amplification strategies.

Importantly, the electrochemical aptamer-based biosensor can
be easily modified for the detection of arbitrary targets by
simply altering its aptamer sequence. This generality provides
a great potential in bioanalysis, biomedical research, and early
clinical diagnosis.
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