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A B S T R A C T

Herein, an autocatalytic strand displacement amplification (ASDA) strategy was proposed for the first time,
which was further ingeniously coupled with hybridization chain reaction (HCR) event for the isothermal, label-
free and multiple amplification toward nucleic acid detection. During the ASDA module, the target recognition
opens the immobilized hairpin probe (IP) and initiates the annealing of the auxiliary DNA strand (AS) with the
opened IP for the successive polymerization and nicking reaction in the presence of DNA polymerase and nicking
endonuclease. This induces the target recycling and generation of a large amount of intermediate DNA se-
quences, which can be used as target analogy to execute the autocatalytic strand displacement amplification.
Simultaneously, the introduced AS strand can propagate the HCR between two hairpins (H1 and H2) to form a
linear DNA concatamer with cytosine (C)-rich loop region, which can facilitate the in-situ synthesis of silver
nanoclusters (AgNCs) as electrochemical tags for further amplification toward target responses. With current
cascade ASDA and HCR strategy, the detection of target DNA could be achieved with a low detection limit of
about 0.16 fM and a good selectivity. The developed biosensor also exhibits the distinct advantages of flexibility
and simplicity in probe design and biosensor fabrication, and label-free electrochemical detection, thus opens a
promising avenue for the detection of nucleic acid with low abundance in bioanalysis and clinical biomedicine.

1. Introduction

The development of nucleic acid biosensor is of great importance for
clinical diagnosis, food analysis, environmental monitoring, and bio-
terrorism (Jung and Ellington, 2014; Du and Dong, 2017; Liu et al.,
2009; Smith et al., 2017). Over the past decades, different techniques
such as electrochemistry, spectroscopy, surface plasmon resonance,
colorimetry, and so on, have been well explored for DNA biosensor
fabrication (Baaske et al., 2014; Schena et al., 1995; Zhang et al., 2017;
Zhao et al., 2014; Shu et al., 2018; Qiu et al., 2017b). Among them,
electrochemical method shows some prominent features including in-
herent signal stability, low cost, ease of calibration and miniaturization
(Das et al., 2015; Drummond et al., 2003; Xiao et al., 2007; Qiu et al.,
2018). Currently, the polymerase chain reaction should be the most
often employed method for the amplified analysis of nucleic acid
(Hindson et al., 2013; Heid et al., 1996). However it is often limited by
the delicate control of temperature cycling and complex primer design.
Thus the pursuit of isothermal amplification strategy for the profiling of
trace amounts of nucleic acid is in high demand.

Till now, different isothermal amplification methods have been
advocated for nucleic acid biosensor fabrication, which further include
nuclease-based or enzyme-free strategy based on the use or not of
protein enzyme (Zhao et al., 2015; Craw and Balachandran, 2012; Chen
et al., 2017; Zhang et al., 2018; Qiu et al., 2017a). The nuclease-based
signal amplification is usually operated by the individual or combined
role of various nucleases including endonuclease, exonuclease and
polymerase, etc. to contribute the signal amplification via target re-
cycling operation (Wang et al., 2011; Guo et al., 2018; Liu et al., 2015).
Especially, the autonomous replication-scission-displacement strategy
by means of polymerase and nicking endonuclease could afford an
isothermal exponential amplification capability toward nucleic acid
detection (Weizmann et al., 2006; Chen et al., 2015; Zhang and Zhang,
2012; Yin et al., 2013; Nie et al., 2015). However, a linear DNA tem-
plate is commonly used, which is not beneficial for the selective dis-
crimination of target DNA, especially for base mismatch analysis. Also
the generated DNA replicates could hybridize with the free DNA tem-
plate, restricting the detection performance toward target to some ex-
tent. Furthermore, it is more prone to the fluorescence detection. Thus
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upgradation of such isothermal exponential amplification system to
improve its detection sensitivity and selectivity, and adaptability with
electrochemical measurement remains highly desirable. The enzyme-
free amplification strategy could be regarded as another research focus
for nucleic acid biosensor fabrication, which is usually designed on the
basis of dynamic DNA assembly principle (Zhang and Seelig, 2011; Liu
et al., 2017). The typical examples include catalytic hairpin DNA as-
sembly (CHA) and hybridization chain reaction (HCR) strategies. The
CHA is operated with the catalytic assembly of two hairpins into duplex
DNA in the presence of target trigger for signal amplification (Yin et al.,
2008; Li et al., 2011). However, it is often confronted with the rela-
tively rigorous sequence design, which would easily induce a relatively
high background signal owing to the potentially non-specific reaction
between two hairpin substrates. The HCR is operated with the alternate
assembly of two DNA hairpins in the presence of target to form a DNA
concatamer. It can be used as an universal post-amplification strategy
for the fabrication of various biosensors toward the analysis of nucleic
acid, protein and small molecules (Ikbal et al., 2015; Dirks and Pierce,
2004; Ge et al., 2018; Zhou et al., 2018). Although these substantial
advances have been made for the fabrication of amplified nucleic acid
biosensors, the development of simple, isothermal and autonomous
amplification system with further upgraded detection performance is
still highly demanded to satisfy the requirement for the profiling of
trace amounts of biomarkers.

Herein, an autocatalytic strand displacement amplification (ASDA)
was firstly proposed via the combined role of nicking endonuclease
(Nt.BbvCI) and Bst DNA polymerase, which was then ingeniously
grafted with hybridization chain reaction (HCR)-based post-amplifica-
tion strategy for the fabrication of an isothermal, ultrasensitive and
label-free electrochemical nucleic acid biosensor. The developed sen-
sing strategy includes two tandem and autonomous modules: ASDA and
HCR. During the ASDA module, the target recognition with the im-
mobilized hairpin probe (IP) on the electrode initiates the annealing of
the auxiliary DNA strand (AS) with the opened IP. Then the poly-
merization and nicking reaction proceeds for the target recycling and
generation of a large amount of intermediate DNA sequences, which
could be used as target analogy to contribute the autocatalytic ampli-
fication toward target recognition events. Simultaneously, the in-
troduced AS strand can propagate the HCR between two hairpins (H1
and H2) to form a linear DNA concatamer with cytosine (C)-rich loop
region, which can facilitate the in-situ synthesis of silver nanoclusters
(AgNCs) as electrochemical tags for further amplified detection. The
AgNCs synthesized by C-rich loop DNA template have been reported for
the fluorescent and electrochemical detection of various biomolecules
(Enkin et al., 2014; Liu et al., 2013; Dong et al., 2012; Zhang et al.,
2013; Yang et al., 2015; Orbach et al., 2013). With current cascade
ASDA and HCR amplification strategy, the amount of in-situ synthe-
sized AgNCs is dramatically enhanced, inducing substantially amplified
current response for label-free and ultrasensitive detection of nucleic
acid down to 0.16 fM.

2. Experimental section

2.1. Chemicals and materials

The nicking enzyme Nt.BbvCI (It can recognize the specific nu-
cleotide sequence of 5′-CC↓TCAGC-3′ in a dsDNA and cut the nucleotide
sequence in the arrow), Bst DNA polymerase (Large Fragment) and
10×NEB buffer (50mM NaCl, 10mM Tris-HCl, 10mM MgCl2, 1 mM
dithiothreitol, pH 7.9) were purchased from New England Biolabs Inc.
(Ipswich, MA, USA). The deoxyribonucleoside 5′-triphosphate (dNTPs)
mixture, tris(2-carboxyethyl) phosphine hydrochloride (TCEP) and fetal
calf serum were obtained from Sangon Biotech Co., Ltd. (Shanghai,
China). 6-Mercapto-1-hexanol (MCH) was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Silver nitrate (AgNO3) was purchased
from Aladdin Reagents Inc. (Shanghai, China). Acrylamide/

bisacrylamide 39:1 40% gel stock solution, N,N,N′,N′-tetra-
methylethylenediamine (TEMED), and ammonium persulfate (APS)
were purchased from Yantai Science and Biotechnology Co., Ltd.
(Yantai, China). T safeTM dye was purchased from Shanghai Tianneng
Science and Technology Co., Ltd. (Shanghai, China). The HPLC-purified
DNA sequences were synthesized by Sangon Biotech. Co., Ltd.
(Shanghai, China) and listed below. The immobilized hairpin probe
(IP): 5′-SH-(CH2)6-TTTCCACTCTCGCAGAGACCGGCGCACAGAGGCTG
AGGCGAGAGTGGTTT-3′; Target DNA (TD): 5′-TTCCTCTGTGCGCCGG
TCTCTCCT-3′; One-base mismatched DNA (1MT): 5′-TTCCTCTGTGCG
CCAGTCTCTCCT-3′; Three-base mismatched DNA (3MT): 5′-TTCCTCT
GTGCGAGAGTCTCTCCT-3′; Non-complementary DNA (NC): 5′-CAAG
AAATTTTTTCTCCGGGTCAC-3′; Auxiliary DNA strand (AS): 5′-TCAGC
TGATCAGCCCACTCTCGC-3′; Target DNA2 (TD2) (It was designed to
directly hybridize with IP and trigger the hybridization chain reaction
event): 5′-TCA GCT GAT CAG CCC ACT CTC GCC TCA GCCTCTGTGC
GCCGGTCTCT-3′; Hairpin DNA1 (H1): 5′- GCTGATCAGCCCCCCCCCC
CCCTGATCTGCATCTAGAT-3′; Hairpin DNA2 (H2): 5′-TCAGCTGATCA
GCATCTCCCCCCCCCCCCAGATGCAGA-3′; H1 without the C-rich re-
gion: 5′- GCTGATCAGTTAGATTAGATTCTGATCTGCATCTAGAT-3′; H2
without the C-rich region: 5′-TCAGCTGATCAGCATCTTTAGATT AGAT
TAGATGCAGA-3′. All other reagents were of analytical grade without
further purification. The used target DNA and mutated sequence is re-
lated with a tumor suppressor gene, P53 exon8 DNA. The P53 gene is a
crucial biomarker in early cancer diagnosis and treatment, and known
as “the guardian of gene” (Ko and Prives, 1996; Batchelor et al., 2008).
All solutions were prepared with deionized water obtained from a Milli-
Q water purification system (Millipore Corp., Bedford, MA, USA) with a
resistivity of 18.2 MΩ cm.

2.2. DNA immobilization on the electrode surface

The gold electrode (2mm diameter) was sequentially polished with
0.3 and 0.05 µm alumina slurries to obtain a mirror surface, followed by
sonication in ethanol and deionized water for 5min, respectively, to
remove the residual alumina powder. Then, the electrode was electro-
chemically scanned in 0.5M H2SO4 solution within a potential window
between − 0.2 and +1.5 V at a scan rate of 100mV/s till a stable
cyclic voltammogram was obtained. All the DNA sequences were he-
ated to 90 °C for 5min and then allowed to cool to room temperature
for at least 2 h before use. The treated electrode was incubated in 50 μL
immobilization buffer (20mM Tris-HCl, 0.1 M NaCl, 10mM TCEP, pH
7.4) containing 1 μM IP at room temperature for 4 h (Other con-
centrations of IP including 0.1, 0.5, 2.0 and 5.0 μMwere also studied for
the immobilization optimization). Then the resulting IP modified
electrode was blocked with 1mM MCH solution for 30min to remove
the nonspecific adsorbed DNA.

2.3. Autocatalytic strand displacement amplification and hybridization
chain reaction

The IP modified electrode was incubated with 50 μL 1×NEB buffer
containing 1 μM auxiliary strand (AS), 10 U nicking endonuclease, 8 U
Bst polymerase, 200 μM dNTPs and various concentrations of target
DNA for 80min at 37 °C. Followed by washing with 10mM Tris-HCl
(500mM NaCl, 1 mM MgCl2, pH 7.4), the electrode was incubated into
the mixture of H1 (0.5 μM) and H2 (0.5 μM) in 10mM Tris-HCl
(500mM NaCl, 1 mM MgCl2, pH 7.4) for 2.5 h at room temperature.
The sensors were then washed with Tris-HCl buffer and dried.
Afterward, 10 μL of AgNO3 solution (100 μM) in citrate buffer (20mM
sodium citrate, pH 7.0) was dropped on the electrode surface for 20min
in dark. Subsequently, 2 μL of fresh NaBH4 solution (500 μM) in citrate
buffer was added on the electrode surface at room temperature for 1 h
in dark to reduce AgNO3 to AgNCs.
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2.4. Electrochemical measurements

All electrochemical experiments were performed with a CHI 660D
electrochemical workstation (CH Instruments, Shanghai, China) at
room temperature by using a three-electrode system consisting of the
modified gold electrode, a platinum wire auxiliary electrode, and a Ag/
AgCl reference electrode. The DPV measurements were carried out in
PBS buffer (0.15M, pH 5.5) by scanning the potential from 0.0 to 0.4 V
with the pulse amplitude of 50mV, pulse width of 25ms and sampling
width of 16.7ms. The electrochemical impedance spectra (EIS) ex-
periments were measured in 5mM Fe(CN)63−/4− solution containing
1M KCl with the frequency range from 0.1 Hz to 10 kHz.

2.5. Polyacrylamide gel electrophoresis

A 17.5% polyacrylamide gel was obtained by mixing 3.5mL 40%
gel solution (39:1), 160 μL 50×TAE Buffer, 80 μL 10% APS, 4 μL
TEMED and 4256 μL deionized water. Then, the polyacrylamide gel
electrophoresis (PAGE) experiment was carried out in 1×TAE buffer at
180 V for 3min and 135 V for 90min. Afterward, the gels were scanned
using a FR-980A gel image analysis system (Shanghai, China).

3. Results and discussion

3.1. Design principle of the nucleic acid biosensing strategy

Herein, an autocatalytic strand displacement amplification strategy
(ASDA) was proposed for the first time and effectively coupled with the
successive hybridization chain reaction (HCR) to construct an ultra-
sensitive and label-free electrochemical nucleic acid biosensor, which
was schematically illustrated in Fig. 1. The whole sensing strategy could
be divided into two tandem modules of ASDA and HCR. Firstly, a thiol
group-functionalized hairpin DNA (denoted as IP) was designed and
immobilized onto the gold electrode surface by a Au-S interaction. The
IP includes the target-binding sequence in the loop region (blue color)
and the recognition domain for the nicking endonuclease Nt.BbvCI
(cyan color). The target DNA could hybridize with the loop region of IP
and made the IP stem open. Then the auxiliary DNA strand (AS) as an
engaging primer annealed with the exposed IP stem and allowed
polymerization from 3′-end of AS induced by Bst polymerase, which
displaced the target DNA to participate into the next cycle of hy-
bridization process. Simultaneously, a new duplex DNA with an

integrated recognition site of Nt.BbvCI was produced according to the
IP template, which can be nicked by Nt.BbvCI. The further poly-
merization from the nicks by Bst polymerase could proceed for an au-
tonomous cleavage-replication-displacement reaction process, accom-
panied with the generation of a large amount of intermediate DNA
fragments (Weizmann et al., 2006; Chen et al., 2015; Zhang and Zhang,
2012; Yin et al., 2013; Nie et al., 2015). These intermediate DNA
fragments possess the partially identical base sequences with target
DNA and could be used as target analogy to further propagate the hy-
bridization recognition and amplification process. It should be noted
that these intermediate DNA fragments would be not automatically
produced in the absence of target DNA. Also these intermediate DNA
fragments synthesized according to the template of IP should be not
present in the real sample. Thus they would not interfere with the target
DNA detection but could evidently amplify the detection toward target
DNA. The proposed ASDA strategy can be subdivided into the target
recycling module, and the cascade autocatalytic isothermal exponential
amplification module. During ASDA process, the introduced AS strand
is not only used as a primer, but also possesses an emerging DNA
fragment at 5′-terminus, which can autonomously trigger the successive
HCR reaction between two hairpins (H1 and H2) with cytosine (C)-rich
loop to form a linear DNA concatamer on the electrode. The multiple C-
rich loops on the DNA concatamers facilitated the formation of silver
nanoclusters (AgNCs) upon incubation with AgNO3 and NaBH4. These
in-situ synthesized AgNCs could be electrochemically oxidized for the
signal readout and further amplification toward target detection.

3.2. Electrochemical characterization of fabricated DNA biosensor

The feasibility of the developed electrochemical DNA biosensor for
target DNA detection was examined and shown in Fig. 2A. In the ab-
sence of target DNA, the autocatalytic strand displacement amplifica-
tion would be inhibited and the subsequent hybridization chain reac-
tion on the electrode surface could not occur for the generation of in-
situ synthesized AgNCs. It could be seen that only a small background
current response at about 0.22 V was observed (curve a in Fig. 2A),
which could be attributed to the direct adsorption of Ag+ on the self-
assembled monolayer of IP by electrostatic interaction and reduction by
NaBH4. In the presence of target DNA, a distinctly amplified DPV cur-
rent response was obtained (curve d in Fig. 2A), which was due to the
electro-oxidation of the in-situ synthesized numerous AgNCs on the
DNA concatamers after cascade ASDA and HCR process. The further

Fig. 1. Schematic illustration of the cascade ASDA and HCR strategy for nucleic acid biosensing. (For interpretation of the references to color in this figure, the reader
is referred to the web version of this article.)
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control experiment in the presence of target DNA but no H1 and H2
showed only a slightly increased current response compared with that
of IP immobilized electrode (curve b in Fig. 2A). In this case, no HCR
occurred for the DNA concatamer formation on the electrode, and only
the duplex DNA could be obtained by ASDA process, which could ad-
sorb more amounts of Ag+ for the increased current response. We also
conducted the target detection in the presence of only polymerase but

no nicking endonuclease. The electrochemical response was evidently
lower than that in the coexistence of nicking endonuclease and poly-
merase (curve c in Fig. 2A). The detailed control experiments conducted
under different conditions were also shown in Fig. 2E. This fully evi-
denced the signal amplification ability of the cascade ASDA and HCR
strategy for target detection. Also, we employed H1 and H2 without the
C-rich loop region for HCR assembly as a comparison. The current

Fig. 2. (A) The DPV responses of the fabricated electrochemical nucleic acid biosensor toward blank (a) and 10 pM target DNA (d). The curves (b) and (c) are for the
control experiments conducted in the absence of both H1 and H2, in the absence of nicking endonuclease (Nt.BbvCI), respectively. Inset shows the corresponding
DPV peak currents. (B) Current change of the nucleic acid biosensor by using H1 and H2 with or without C-rich region (ΔI= I - I0; the I and I0 represents the DPV
peak current in the presence of or no 10 pM target DNA). The error bars were obtained based on three repetitive experiments. (C) EIS of the different modified
electrodes. The curves were obtained for bare gold electrode (a), the IP and MCH modified electrode (b), the recognition toward 10 pM target DNA in the presence of
nicking endonuclease and Bst polymerase (c), the further HCR between H1 and H2 (d). (D) Non-denaturing PAGE analysis: DNA marker (lane 1), IP (lane 2), target
DNA (lane 3), AS strand (lane 4), H1 (lane 5), H2 (lane 6), target DNA+ IP+H1+H2 (lane 7), AS+H1+H2 (lane 8). (E) The detailed histogram of electro-
chemical responses obtained under different experimental conditions. The used concentrations for target DNA (TD), assistant DNA strand (AS), Nt.BbvCI, Bst
polymerase, H1 and H2 are 10 pM, 1 μM, 10 U, 8 U, 0.5 μM and 0.5 μM, respectively. Error bars show standard deviations of three repetitive measurements.
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response was dramatically lower than that by using H1 and H2 with C-
rich loop region (Fig. 2B). This could be explained that the formed DNA
concatamer without C-rich loop region only increased the adsorption of
Ag+ instead of the formation of AgNCs.

EIS is an effective method to characterize the conductivity of the
electrode surface with the use of [Fe(CN)6]3-/4- in the solution as a
classical redox probe. The diffusion and charge transfer ability of this
redox probe toward electrode surface for impedance information could
well reflect the stepwise biosensor fabrication process. The semicircle
diameter in EIS diagram at higher frequencies corresponds to the
charge-transfer resistance (Rct), and the linear part at lower frequencies
is related to the diffusion process. The EIS characterization was shown
in Fig. 2C. An almost straight line could be obtained for the bare
electrode, indicating a diffusion-controlled electron transfer process on
the bare gold electrode surface (curve a in Fig. 2C). After the self-as-
sembly of IP and MCH monolayer on the electrode, the Rct was ob-
tained as about 1562Ω, which could be attributed to the diffusion re-
pulsion of [Fe(CN)6]3−/4− from the electrode surface by the DNA and
MCH monolayer (curve b in Fig. 2C). After ASDA operation on the
electrode in the presence of target DNA and AS, the Rct was increased
to be about 3620Ω (curve c in Fig. 2C). The generated DNA duplex on
the electrode by ASDA process increased the negative charge and en-
hanced the electrostatic repellence of [Fe(CN)6]3−/4− from the elec-
trode. Also the protruding ssDNA fragment after ASDA process might
offer an additional restraint for the diffusion of [Fe(CN)6]3−/4− toward
the electrode surface. After further HCR on the electrode surface, an
evidently increased Rct value of about 6907Ω could be observed (curve
d in Fig. 2C), indicating the formation of DNA concatamers on the
electrode for the distinct diffusion suppression of [Fe(CN)6]3−/4−

toward the electrode surface. The EIS experiments provided further
beneficial supports for the nucleic acid biosensor fabrication process by
the proposed cascade ASDA and HCR strategy. The HCR between H1
and H2 triggered by AS strand was also monitored by non-denaturing
polyacrylamide gel electrophoresis experiment (PAGE) (Fig. 2D). A
series of DNA bands with molecular weight over 500 bp could be ob-
tained (lane 8), suggesting the AS-triggered HCR events.

3.3. Optimization of experimental conditions

To reveal the best sensing performance, the experimental conditions
including the immobilization concentration of IP, ASDA reaction time,
HCR time and AgNO3 concentration were optimized (Fig. 3). The im-
mobilization concentration of IP was firstly optimized based on the
electrochemical response toward target DNA (Fig. 3A). An im-
mobilization concentration of 1 μM IP could achieve the better elec-
trochemical response than that at other immobilization concentration.
A higher immobilization concentration might increase the assembly
density of IP on the electrode surface. But it would be not beneficial for
the cascade ASDA operation owing to the steric hindrance effect. The
time dependence of the ASDA and HCR process for target response were
shown in Fig. 3B and C, respectively. The optimized ASDA reaction time
and HCR time was determined as 80min and 2.5 h, respectively. The
used AgNO3 concentration was also optimized on the basis of the signal-
to-noise ratio (Fig. 3D). A maximum I/I0 (I and I0 represented the DPV
peak current in the presence of or no 10 pM target DNA, respectively)
could be obtained at a 100 μM AgNO3. This indicated that the synthesis
of AgNCs could reach the saturation at the AgNO3 concentration higher
than 100 μM. A further increased concentration of AgNO3 would cause

Fig. 3. (A) Optimization of IP immobilization concentration. The used IP concentrations were 0.1, 0.5, 1.0, 2.0 and 5.0 μM, respectively. (B) Time optimization for
ASDA process. The studied reaction time was 20, 40, 60, 80, 100, and 120min, respectively. (C) Time optimization for HCR process. The reaction time for HCR was
30, 60, 90, 120, 150 and 180min, respectively. (D) The effect of AgNO3 concentration on electrochemical response toward target DNA. The used AgNO3 con-
centrations were 10, 50, 100, 150, and 200 μM, respectively. The target concentration in Fig. A–D was 10 pM Error bars show standard deviations of three repetitive
measurements.
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an increased background signal, deteriorating the electrochemical re-
sponse toward target.

3.4. Detection performance of the developed electrochemical DNA biosensor

To investigate the analysis capability of the fabricated electro-
chemical nucleic acid biosensor, the detection toward a series of dif-
ferent concentrations of target DNA ranged from 0 to 10 pM was

conducted. As shown in Fig. 4A, the DPV peak current dynamically
increased with the concentration increase of target DNA from 0.2 fM to
10 pM, indicating that the cascade ASDA and HCR process was highly
dependent upon the target DNA concentration. Fig. 4B shows the cali-
bration curve between the DPV peak current and the target DNA con-
centration. A linear relationship between the current intensity and the
logarithm value of target DNA concentration ranged from 0.2 fM to
1 pM could be plotted according to a regression equation of Y=−7.58

Fig. 4. (A) DPV responses toward different concentrations of target DNA by using cascade ASDA and HCR strategy. The target DNA concentration: a, 0 M; b, 0.2 fM; c,
0.5 fM; d, 2 fM; e, 10 fM; f, 50 fM; g, 0.2 pM; h, 1 pM; i, 10 pM, respectively. (B) The linear relationship between the DPV peak current and the logarithm value of
target DNA concentration. (C) DPV responses toward different concentrations of target DNA by using polymerase-guided target recycling and HCR strategy. The
target DNA concentration: a, 0M; b, 0.1 pM; c, 0.5 pM; d, 1 pM; e, 5 pM; f, 20 pM; g, 0.1 nM; h, 1 nM, respectively. (D) The linear relationship between the DPV peak
current and the logarithm value of target DNA concentration. Error bars represent standard deviations of three repetitive measurements.

Fig. 5. (A) The current responses (ΔI= I - I0; the I and I0 represents DPV peak current for target and blank solution, respectively) toward 1 pM complementary target
DNA (TD), single-base mismatched DNA (1MT), three-base mismatched DNA (3MT) and non-complementary DNA (NC). Inset shows the corresponding DPV re-
sponses obtained at different DNAs. (B) Bar chart of DPV peak currents obtained at different concentrations of target DNA spiked in the 10% diluted fetal calf serum
and buffer. Error bars represent standard deviations of three repetitive measurements.
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to 0.45 log X (Y and X indicated the DPV peak current and target DNA
concentration, respectively. The unit of X is M) with a correlation
coefficient of about 0.9957. The low detection limit was defined as
about 0.16 fM on the basis of 3 times the standard deviation of the
background response, which was lower than most of reported nucleic
acid biosensors (Table S1). Also, the relative standard deviations (RSDs)
obtained toward 0.5 fM, 10 fM and 1 pM target DNA were about 7.6%,
7.2% and 6.3%, respectively, based on five repetitive measurements,
suggesting a relatively good reproducibility of our proposed strategy for
target DNA detection. To further prove the signal amplification effect of
current cascade ASDA and HCR strategy, the target detection was also
conducted in the case of no nicking endonuclease Nt.BbvCI. In this case,
only polymerase-guided target recycling and successive HCR-based
post-amplification contributed for target detection. The electrochemical
responses at different concentrations of target DNA were shown in
Fig. 4C. The current intensity also increased with the concentration
increase of target DNA from 0 to 1 nM. The linear plot between the DPV
peak current and the logarithm value of target DNA concentration from
0.1 pM to 1 nM could be obtained with a correlation coefficient of
0.9941 (Fig. 4D). The detection limit by this polymerase-guided target
recycling and HCR was achieved as about 0.065 pM, which was evi-
dently higher than that by the cascade ASDA and HCR strategy. Also,
the HCR only amplification strategy was explored for DNA detection.
Herein, a model target DNA2 (TD2) was designed, which could hy-
bridize with and open the IP, and directly initiate the successive HCR
between H1 and H2. The detection performance toward TD2 was shown
in Fig. S1. A linear relationship between the DPV peak current and the
logarithm value of TD2 concentration from 5 pM to 100 nM could be
obtained. The detection limit toward TD2 by HCR only amplification
strategy was about 2.88 pM Compared with the HCR only or poly-
merase-guided target recycling and HCR strategy, the proposed cascade
ASDA and HCR strategy thus exhibited a prominent signal amplification
ability toward target detection. The stability of the IP modified elec-
trode for target detection had been also studied. After its storage in the
refrigerator at 4 °C for 10 days, the electrochemical response could
remain about 89.3% of its initial response toward 10 pM target DNA
based on six independent experiments, demonstrating a relatively good
stability of the IP modified electrode for target DNA detection.

3.5. Selectivity of fabricated electrochemical DNA biosensor

The selectivity of the developed electrochemical DNA biosensor was
also studied by using different DNA sequences including com-
plementary target DNA (TD), single-base mismatched target (1MT),
three-base mismatched target (3MT) and non-complementary DNA
(NC). As shown in Fig. 5A, the NC showed almost the same response
with that of the blank solution. The current responses toward 1MT and
3MT were about 43.8% and 13% of that for complementary target DNA
at the same concentration of 1 pM, respectively. These results indicated
a good detection selectivity of the nucleic acid biosensor toward target
DNA and the potential for base mutation analysis. To further explore its
practical utility of the nucleic acid biosensor, the target DNA detection
was also conducted in the 10% diluted serum (Fig. 5B). It could be seen
that the electrochemical responses toward target DNA spiked in the
diluted serum were basically comparable with that in the buffer, and
also the current intensity increased with the concentration increase of
spiked target DNA in the diluted serum. The relative standard devia-
tions were further obtained as 9.2% and 8.7% for 10 fM and 1 pM target
DNA spiked in the diluted serum, respectively, based on five repetitive
measurements, demonstrating an acceptable reproducibility of the
fabricated biosensor for target detection in the serum matrix. Con-
sidered with the increasing attention on the circulating nucleic acids
present in the blood of patients (Das et al., 2015), the currently fabri-
cated biosensor may hold a promising potential for the direct nucleic
acid analysis in the relatively complex biological sample to serve dis-
ease diagnosis.

4. Conclusions

Herein, an isothermal, label-free and ultrasensitive electrochemical
biosensor was developed by using a cascade autocatalytic strand dis-
placement amplification (ASDA) and hybridization chain reaction
(HCR) strategy. The ASDA was autonomously operated by nicking en-
donuclease and polymerase, accompanied with the target recycling and
the generation of a large amount of analogous target sequences to
execute autocatalytic strand displacement amplification. The successive
HCR induced the formation of linear DNA concatamers on the elec-
trode, which possessed a large amount of C-rich loops to facilitate the
in-situ synthesis of silver nanoclusters (AgNCs) as electrochemical tags
for further amplification toward target responses. The current modular
and cascade operation including ASDA and successive HCR process
concertedly endows the target detection with a high sensitivity and
confidence. A low detection limit of about 0.16 fM with an excellent
selectivity toward target DNA could be realized. The developed bio-
sensor also demonstrates the distinct advantages of the flexibility in
sequence design, simplicity in biosensor fabrication and label-free de-
tection. It thus opens a promising avenue for the fabrication of ultra-
sensitive electrochemical DNA biosensor and holds a huge potential in
bioanalysis and clinical diagnostics.
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