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A B S T R A C T

In this research, a sensitive and specific electrochemical biosensor for DNA detection was constructed. The
highly sensitivity of this biosensor is due to the exploitation of exonuclease III-assisted double recycling and
toehold-mediated strand displacement recycling to achieve the target triple recycling amplification, thus gen-
erating a large amount of Y-shaped DNA structures. Combination with a terminal deoxynucleotidyl transferase
(TDT)-mediated cascaded signal amplification strategy can catalyze the repetitive incorporation of biotin-dUTP
to the 3'-OH of the Y-shaped DNA. Via biotin-streptavidin interaction, multiple streptavidin-alkaline phospha-
tases were conjugated to the surface of an Au electrode and generated a sharply increasing electrochemical
signal in a 1-naphthyl phosphate (1-NP) solution. In this method, an impressive detection limit of 0.05 fM was
obtained, presenting outstanding selectivity with a dynamic response scope between 0.1 fM and 1 nΜ. Thus, the
designed biosensor opens an avenue for DNA detection in clinical molecular diagnostics, pathogen detection,
gene therapy, food safety and environmental monitoring.

1. Introduction

As modern science and technology develop rapidly, molecular di-
agnosis has become an increasingly popular method because it not only
is highly sensitive and selective but also offers a faster turnaround time
(Chua et al., 2011). As DNA is an important biomarker, trace DNA
detection is of great demand in clinical diagnosis, pathogen detection,
gene therapy, and food safety as well as environmental monitoring
(Huang et al., 2015; Li et al., 2008; Tadmor et al., 2011). During the last
decades, considerable efforts have been channeled toward the con-
struction of sensitive and specific strategies for DNA detection, such as
polymerase chain reaction (PCR) (Woolley et al., 1996), southern
blotting (Southern, 2006), and DNA microarrays (Hashsham et al.,
2004).

However, these approaches suffer from complex detection proce-
dures, cumbersome instrumentation and relatively low sensitivity
(Ferrier et al., 2015); thus, an effective, facile, and economical method
for the detection and analysis of trace DNA is urgently required.

Recently, electrochemical biosensors have found an important place
in the detection of DNA due to their rapidness, simplicity, portability,
low cost, ease of miniaturization and high sensitivity (Ahmed et al.,

2014; Li et al., 2011; Zhang et al., 2014; Zhu et al., 2012). To attain a
sensitive detection of DNA, many signal amplification strategies have
been reportedly used in DNA detection, such as strand displacement
amplification (SDA) (Zeng et al., 2018), hybridization chain reaction
(HCR) (Zeng et al., 2019c; Zhou et al., 2018), catalytic hairpin assembly
(CHA) (Zeng et al., 2018), rolling circle amplification (RCA) (Zhang
et al., 2018), enzyme-assisted target recycling (EATR) (Zeng et al.,
2019a, 2019b), loop-mediated isothermal amplification (LAMP) (Hsieh
et al., 2012) and DNA walker-based amplification (Lv et al., 2018). In
this research, a signal amplification method for sensitive DNA detection
was developed. This strategy consists of three parts: exonuclease III-
assisted target recycling, strand displacement reaction (SDR)-mediated
target recycling and terminal deoxynucleotidyl transferase (TDT)-
mediated cascaded signal amplification.

Enzyme-assisted target recycling (EATR) is a common signal am-
plification method widely used in electrochemical biosensors (Zeng
et al., 2019a, 2019b). Superior to other enzyme-assisted amplification
techniques, this strategy exploits exonuclease-III, which is a sequence-
independent enzyme. The enzyme can catalyze stepwise mononucleo-
tide hydrolysis from the 3’-OH terminus of double-stranded DNA when
the substrates are recessed or blunt, and the 3’-terminus does not
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require any specific recognition site and presents lower activities on
single-stranded DNA or duplex DNAs with a protruding 3’-terminus (Bi
et al., 2012). Therefore, exonuclease III offers a more versatile platform
for the sensitive detection of DNA.

In addition, for further improving the sensitivity of the biosensor,
we have introduced strand displacement reaction (SDR) technology.
SDR is a well-known methodology within the DNA nanotechnology
field and has been previously demonstrated to be effective for iso-
thermal DNA amplification (Yao et al., 2015). SDR utilizes the exchange
mechanism of a short single-stranded overhanging DNA domain (toe-
hold) for initiating the target-triggered assembly of metastable hairpin
probes into complicated DNA nanostructures (Chen et al., 2015b; Zhang
and Seelig, 2011), for example, dendritic nanostructures (Xuan et al.,
2015), nanowires (Wang et al., 2017a), nanotubes (Zhang et al., 2013),
G-quadruplexes (Mendoza et al., 2016), hydrogels (Fern and Schulman,
2018), and tetrahedra (Feng et al., 2017). The exchange mechanism
occurs only when the toehold of the double-stranded DNA complex is
displaced by an exterior intruding short single-stranded DNA with its
binding to the toehold domain to initiate the DNA self-assembly pro-
cess. This strand migration procedure can occur at ambient temperature
with no requirement of enzymes or a thermal annealing step (Chen
et al., 2016). Through application of the toehold-mediated SDR tech-
nology, the initiator DNA has been used as an actual catalyst to catalyze
repeated cycles of the assembly reaction to generate massive DNA na-
nostructures, providing hundredfold catalytic signal amplification of
the target DNA (Bi et al., 2016). In this work, SDR not only improves
the sensitivity of the biosensor but also forms a Y-shaped branched
structure to further carry out TDT-mediated amplification reactions.

The TDT-mediated cascaded signal amplification strategy is a signal
extension strategy that has been used for target molecule determination
(Chen et al., 2017a; Hu et al., 2015; Shen et al., 2015). Terminal
deoxynucleotidyl transferase is a type of DNA polymerase that is tem-
plate independent and able to catalyze the incorporation of multiple
deoxyribonucleoside triphosphates (dNTPs) to extend the 3′-OH ter-
minus of DNA, producing a tail of deoxyribonucleoside triphosphates
(dNTPs) at the 3′-OH terminus and providing a new application of
signal amplification (Shi et al., 2017). Unlike other DNA polymerases,
TDT is template independent and has been widely employed to elongate
the DNA within solution or to fabricate DNA nanostructures from a
surface, which is referred to as surface-initiated enzymatic poly-
merization (SIEP) (Chen et al., 2017a; Wang et al., 2016). Considering
the signal amplification capability and operation flexibility of TDT, it
was conceived to offer a promising opportunity for tremendous en-
hancement of the analytical signals of targets to achieve highly sensi-
tive detection considering that new nucleic acid 3′-OH termini can be
created after the DNA reaction.

In this work, we designed five hairpin DNA: hairpin 1 (H1), hairpin
2 (H2), hairpin 3 (H3), hairpin 4 (H4), and hairpin 5 (H5). First, the
target DNA opens hairpin 1, made up of a double-stranded DNA with
blunt 3’-terminus, through exonuclease III-assisted target recycling, a
great amount of trigger DNA 1 (T1) and trigger DNA 2 (T2) are pro-
duced, representing as cycle I and cycle II. T2 opens the hairpin DNA 3,
subsequently triggering cycle III, which enables SDR-mediated target
recycling and leaves many Y-shaped DNA nanostructures on the elec-
trode. Then, TDT catalyzes the incorporation of multiple biotin-11-
dUTPs to extend the 3′-OH terminus of Y-shaped DNA to generate two
biotin-11-dUTP tails, via biotin-streptavidin interaction; multiple
streptavidin-alkaline phosphatases are combined on the surface of Au
electrode and produce a large electrochemical signal in a 1-naphthyl
phosphate solution. This strategy might offer a new sensing platform for
highly specific and sensitive DNA detection.

2. Experimental section

2.1. Reagents and chemicals

Reagents and chemicals adopted within this research are demon-
strated in Supplementary Material S1.

2.2. Apparatus

Apparatus used in this research are provided in Supplementary
Material S2.

2.3. Fabrication of biosensor

Prior to use, each solution of hairpin structure DNA was heated to
95 °C for 5min and later slowly cooled to ambient temperature to form
the stem-loop structure. Afterwards, the solution was stored at 4 °C until
use. After the Au electrodes were cleaned thoroughly in the conven-
tional way, the electrodes were rinsed completely with ultrapure water
and dried at room temperature. The thiolated hairpin DNA (H5) was
incubated in 10mM TCEP buffer for an hour at ambient temperature to
decrease the amount of disulfide bonds and then diluted to 0.5 μM
before assembly on the Au electrode. Afterwards, 10 μL of 0.5 μM H5
was dropped on the prepared Au electrode surface and incubated at 4 °C
overnight.

After a thorough rinsing with Tris buffer, the electrode was dipped
in 1mMMCH for 1 h at room temperature to obtain a well-aligned DNA
monolayer and occupy the remaining bare region. After rinsing thor-
oughly with Tris buffer to remove the unbound capture probe, 10 μL 1%
BSA (w/v) was dropped on the electrode surface at 37 °C for 30min to
block the nonspecific site, preventing DNA and enzyme nonspecific
adsorption on the electrode surface. Simultaneously, 10 μL of different
concentrations of target DNA, 3 μl of 1 μM H1, 3 μl of 4 μM H2, 2 μl of
20 U/μl exonuclease-III and 2 μL of 10× exonuclease-III buffer were
mixed together (the final volume was 20 μL) and reacted for 40min at
37 °C. Then, 5 μL of 5 μM H3 and 5 μL of 5 μM H4 were added to the
solution. After rinsing with the Tris-T buffer and Tris buffer, the Au
electrode was immersed in the mixture solution and incubated for
80min at 37 °C. Following a thorough sequential washing with Tris-T
buffer and Tris buffer, 10 μL of extension solution containing 1 μL of
100 μM dUTP-biotin, 1 μL of 2.5 IU/μL TDT, 2 μL of 5×TDT buffer,
and 6 μL of ultrapure water was dropped onto the surface of the Au
electrode and allowed to remain on the electrode for 80min at 37 °C.
After washing thoroughly with Tris-T buffer and Tris buffer, 10 μL of
DEA buffer including 2.5 μg/mL ST-ALP solution was dropped onto the
surface of the electrode and remained there for 30min at 37 °C. After
the electrode was washed thoroughly by DEA-T buffer and DEA buffer,
the electrochemical signal was measured in DEA buffer with 1mg/mL
1-NP substrate by DPV.

2.4. Electrochemical measurement

The EIS measurements were executed with parameters that included
a frequency sweep range from 10−1–105 Hz and a 10mV amplitude.
The CV measurements were performed with a potential window be-
tween −0.2 and 0.6 V and a scan rate of 100mV s−1. The DPV mea-
surements were carried out with the voltage within the range of
−0.05–0.55 V, modulation amplitude of 0.07 V, modulation time of
0.05 s and interval time of 0.2 s. All measurements were obtained under
ambient conditions at room temperature (25 ± 1 °C).

3. Results and discussion

3.1. Working mechanism of the biosensor

The principle of the cascade signal amplification strategy and the
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working mechanism of the proposed electrochemical biosensor for DNA
determination are illustrated in Scheme 1. We designed five hairpin
DNA: hairpin 1 (H1), hairpin 2 (H2), hairpin 3 (H3), hairpin 4 (H4), and
hairpin 5 (H5). For the purpose of avoiding the nucleic acid secondary
structure and ensuring the desired hybridization events, the entire de-
signed hairpin DNA was examined by Oligo Analyzer 3.1 (http://sg.
idtdna.com/calc/analyzer) before use. All the hairpin DNA are duplex
DNA with a 3'-overhang end over four bases long. Exonuclease III is not
active on 3'-overhang ends of DNA that are more than four bases long
(Wang et al., 2017b), so these hairpin DNA cannot be digested by
exonuclease III. H1 includes two parts: one part is complementary to
the target DNA from the 3’-terminus, and the other is complementary to
part of H2. When target DNA exists, it hybridizes with H1 and unfolds
H1 to form a DNA duplex with a blunt 3’ -terminus. Therefore, Exo III is
able to bind to the duplex region and stepwise hydrolyze the mono-
nucleotides from the blunt 3’-terminus in the direction of 3’ to 5’, re-
leasing the target DNA and the trigger DNA 1 (T1). The released target
DNA continuously hybridizes with H1 and triggers the cleavage process
(recycle I). The free trigger DNA 1 (T1) unfolds H2 through hy-
bridization to form a DNA duplex that contains a blunt 3’-terminus.
Therefore, Exo III is able to catalyze the stepwise hydrolysis of the
mononucleotides from the blunt 3’-terminus, releasing both trigger
DNA 2 (T2) and trigger DNA 1 (T1). Free trigger DNA 1 (T1) can take
part in the following cycles of hybridization and cleavage procedures
(recycle II) just as in cycle I. After many cycles, the enormous amount of
trigger DNA 2 (T2) unfolds H3 through hybridization with H3 to form a
DNA duplex with a 3'-overhang end over four bases long. Exo III cannot
catalyze the stepwise hydrolysis of the mononucleotides from the
overhang terminus to form an intermediate T2-H3. The opened region
of H3 is complementary to H4 at the 3’-terminus, so the opened region
of H3 opens H4 through hybridization with H4 to form the T2-H3-H4
complex and further hybridizes with the assembled H5 to form inter-
mediate T2-H3-H4-H5 on the Au electrode surface. The intermediate
T2-H3-H4-H5 is not stable and is likely to generate the Y-shaped DNA
nanostructure (H3–H4–H5) by releasing initiator T2 (Chen et al.,
2015a, 2016). The free T2 successively triggers the assembly of H3, H4
and H5 and thus generates numerous Y-shaped DNA nanostructures on
the Au electrode surface, which dramatically amplify the signal of
target DNA sequences (recycle III). Through triple recycling, countless
Y-shaped DNA nanostructures assemble on the Au electrode surface.
Afterwards, with the help of TDT, multiple biotin-11-dUTPs are in-
corporated to extend the 3′-OH terminus of Y-shaped DNA,

consequently generating two biotin-11-dUTPs tails. Then, via biotin-
streptavidin interaction, multiple streptavidin-alkaline phosphatases
(ST-AP) are assembled on the surface of the Au electrode. Then, in the
1-naphthyl phosphate (1-NP) solution, ST-AP catalyzed the irreversible
conversion of electrochemically inactive 1-NP to an electroactive
phenol for producing an amplified electrochemical signal, which was
quantified by DPV.

3.2. Characterization of electrode assembly process

To investigate the stepwise fabrication of the biosensor, EIS and CV
measurements were employed to characterize each stage of sensor
preparation. The EIS curves obtained by various modified electrodes are
exhibited in Fig. 1A, the Randle modified equivalent circuit (inset in
Fig. 1A) was used to fit the impedance spectroscopy and to determine
electrical parameter values by using the ZSimpWin software. As ex-
hibited in Fig. S1, the fitting curve showed good agreement with the
measured data, indicating that this equivalent circuit was suitable for
this electrochemical biosensor. The values of the equivalent circuit
elements including the charge transfer resistance (Rct), the Warburg
impedance (Zw), the Ohmic resistance of the electrolyte (Rs) and the
constant phase element (CPE) are shown in Table S4. Rct reflects the
electron transfer kinetics of the redox probe at the electrode surface; Rs
dominates the electrolyte resistance between reference electrode and
working electrode; Zw comes from the diffusion of ions from the bulk of
the electrolyte to the interface; CPE represents a "leaking" and thus not
ideal capacitor, which has a non-zero real component corresponding to
energy dissipation. Very small changes were observed for the Rs values.
CPE was a slight decreased, due to the immobilization of the oligonu-
cleotides induced the sensor/electrolyte interface area smaller. Zw,
which is related to the charge storage in the electrode, was also slightly
decreased. This was due to the charge transfer process becomes more
hindered by the DNA sequences immobilization on the electrode, and
the load of intercalated charge within the oligonucleotides platform
decreases consequently. The semicircle diameter of each EIS curve re-
presents the charge transfer resistance (Rct) (Chen et al., 2017b). As
exhibited in Fig. 1A, The bare Au electrode had a very small Rct value
of about 330.6Ω (curve a) in 10mM [Fe(CN)6]3-/4- solution, indicating
a good charge transfer ability at the Au electrode surface. After H5
assembly on the bare electrode through Au–S interaction, the semicircle
diameter increased (curve b) and the Rct value was about 986.3Ω. This
result was because the negatively charged phosphate backbone of the

Scheme 1. Principle of the cascade signal amplification method and the working mechanism of the developed electrochemical biosensor for DNA determination.
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oligonucleotides facilitated the electrostatic repulsion of [Fe(CN)6]3-/4-,
which indicated that H5 had been immobilized successfully on the
surface of Au electrode. The semicircle diameter was further increased
with an Rct value of about 1627Ω (curve c) when MCH was im-
mobilized on the electrode, which could be combined with the blocking
effect of MCH to preclude electron permeation to the electrode surface.
Afterwards, as the 1% BSA was added on the electrode, the semicircle
diameter increased (curve d), the Rct value was about 2215Ω. This
effect was due to the biomacromolecules blocking the flow of electrons
and increasing the resistance. When the assembled H5 reacted with
amplification products of the exonuclease III-assisted cascaded re-
cycling amplification (Exo III-CRA) without addition of the target DNA,
the semicircle diameter was only slightly increased with a Rct value of
about 2588Ω (curve e). In contrast, after adding the target DNA, the
semicircle diameter significantly increased (curve f) and the Rct value
was rise to about 4443Ω, indicating that only a trace amount of Y-
shaped DNA nanostructures could be formed without target DNA par-
ticipation; when target DNA existed, a large amount of Y-shaped DNA
nanostructures were generated. After TDT-mediated cascaded signal
amplification (TDT-CSA), the Rct obviously increased and the Rct value
is about 6719Ω (curve g), which proved that multiple biotin-11-dUTPs
were successfully incorporated to extend the 3′-OH terminus of Y-
shaped DNA. Then, via biotin-streptavidin interaction, multiple strep-
tavidin-alkaline phosphatases were assembled on the surface of Au
electrode, producing a large Rct of about 7969Ω (curve h). As seen in
Fig. 1B, the results obtained from CV measurements were consistent
with the outcomes of EIS, where the peak currents varied with the
stepwise assembly process. These results indicated that the biosensor
indeed functioned as depicted in the working mechanism.

Additionally, we confirmed the proposed recycling process by using
agarose gel electrophoresis. Agarose gel electrophoresis of Marker (lane
1), H1+H2 (lane 2), target + H1+H2 (line 3), target + H1+H2+Exo
III (lane 4), H1+H2+Exo III (line 5), H3+H4+H5 (lane 6), and
target + H1+H2+Exo III + H3+H4+H5 (lane 7) is presented in
Fig. 1C. As exhibited in that figure, there is only one band in lane 2 at
approximately 27 bps, suggesting that H1 and H2 cannot react with
each other and that they can sufficiently maintain the stable stem-loop
structure in solution. After adding target DNA, a new band with much
lower mobility appeared, indicating that target DNA opened H1 and
hybridized with H1, then the opened H1 can further open H2 to form a
stable DNA duplex of T-H1-H2 (lane 3), and that this DNA duplex can
be digested by Exo III (lane 4). Without target DNA, H1 and H2 cannot
react with each other, and the Exo III cannot digest H1 and H2 (lane 5).
With only H3, H4 and H5 present in the reaction mixture, there is only
one band in lane 6 at approximately 29 bps, suggesting that H3, H4 and

H5 cannot react with each other. After adding the amplification pro-
ducts of Exo III-CRA, a new band with much lower mobility appeared,
suggesting that the amplification products of Exo III-CRA can open H5
and further form a Y-shaped DNA nanostructure (H3–H4–H5) just as
recycle III described (lane 7). Thus, the agarose gel electrophoresis
results demonstrated that each step of the recycling process was suc-
cessful.

3.3. Feasibility of the proposed biosensor

The feasibility of the proposed biosensor for sensitive detection of
target DNA was explored by performing DPV measurements. As ex-
hibited in Fig. 3C, when the biosensors were utilized without target
DNA (blank, curve a), there was only a small response signal. In the
presence of target DNA (curve b), without the TDT-mediated cascaded
signal amplification (TDT-CSA), nearly the same results as that ob-
tained from blank (curve a) were observed because the ST-AP could not
combine on the electrode surface. However, with TDT-mediated cas-
caded signal amplification for 30min, the current intensity was ob-
viously increased (curve c), demonstrating that biotin-11-dUTPs were
successful added to the 3′-OH terminus of Y-shaped DNA. Curve d re-
vealed that a more remarkable signal amplification had been achieved
after 80min, showing that the current was increased gradually with the
extension of reaction time. This finding was clearly due to the elonga-
tion of multiple biotin-11-dUTPs to the 3′-OH terminus of Y-shaped
DNA with time to produce two long biotin-11-dUTP tails, demon-
strating that TDTase-CSA was successful.

3.4. Optimization of the experimental conditions

Experimental conditions play fundamental roles in the analytical
performance. For obtaining the best analytical performance of the
biosensor, some critical experimental conditions were chosen for in-
vestigation. In this work, the initial H5 amount strongly influenced the
sensor performance. Therefore, the concentration of H5 was first eval-
uated. As presented in Fig. 2A, the current intensity increased as the H5
concentration increased until 0.5 μM. Later, the current intensity was
reduced slightly with further increase in the H5 concentration, re-
vealing that a high surface density of H5 could restrict SDR effective-
ness because of the effects of steric hindrance. Thus, the best assembly
concentration of H5 was 0.5 μM. The concentrations of H1 and H2 play
important roles in the Exo III-CRA process. As shown in Fig. 2B, the
current intensity increased with elevated H1 concentration until the H1
concentration reached 1.0 μM, at which point the current intensity
reached saturation. Therefore, 1.0 μM was the optimized concentration

Fig. 1. Stepwise working electrode fabrication shown by the measurements of (A) EIS and (B) CV at a bare electrode (a), H5-modified electrode (b), MCH-modified
electrode (c), BSA-modified electrode (d), after Exo III-CRA without (e) and with target DNA (f), after TDTase-CSA (g), and after interaction with streptavidin-alkaline
phosphatase (h). Inset of panel A: the electrical equivalent circuit applied to fit the impedance data. Rct, Zw, Rs, and CPE represent charge transfer resistance,
Warburg impedance, the Ohmic resistance of the electrolyte and constant phase element, respectively. (C) Agarose gel electrophoresis of Marker (lane 1), H1+H2
(lane 2), target + H1+H2 (line 3), target + H1+H2+Exo III (lane 4), H1+H2+Exo III (line 5), H3+H4+H5 (lane 6), target + H1+H2+Exo III + H3+H4+H5
(lane 7).
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of H1. As Fig. 2C presented, the response signal was enhanced with
increasing H2 concentration until the H2 concentration was 4 μM, when
a plateau was reached. Therefore, the best concentration of H2 was
4 μM. The concentration of Exo III and the reaction time of Exo III could
also influence the Exo III-CRA process. As Fig. 2D illustrated, the re-
sponse signal increased until the concentration of Exo III exceeded 20
U/μL; therefore, the optimal concentration of Exo III was 20 U/μL. In
the Exo III-CRA process, the reaction time of the Exo III represents
another significant element that will affect the analysis performance of
the biosensor. The current intensity increased as the reaction time of
the Exo III-CRA progressed from 10min to 40min and then showed a
tendency to decrease (Fig. 2E). Thus, 40 min was the optimal reaction
time for Exo III.

The amount of H3 and H4 is a critical factor that influence the
analysis performance of the biosensor. The impact of H3 and H4 con-
centration on the response signal was evaluated in the present study. As
presented in Fig. 2F, the current intensity increased rapidly as the
concentrations of H3 and H4 increased from 1 to 5 μM, and then, the
corresponding signal reached a plateau. Therefore, the optimal

concentrations of H3 and H4 were 5 μM. SDR reaction time, TDT con-
centration and TDT reaction time are also important for the experiment
and were thus evaluated. The description of these optimization proce-
dures are shown in Supplementary Material S3.

3.5. Analytical performance of the biosensor

For achieving the optimal analytical performance of the biosensor,
the current responses toward target DNA at different concentrations
were recorded under the optimal conditions to assess the analytical
performance of this method through DPV measurements. As shown in
Fig. 3A, the detection signal increased proportionally with increasing
target DNA concentration in the 0.1 fM to 1 nΜ range. The corre-
sponding calibration plots of the peak currents displayed a strong linear
relationship to the logarithm value of target DNA concentrations in the
detection range from 0.1 fM to 1 nΜ with a correlation coefficient of
0.9988 (Fig. 3B). The linear regression equation was
I = 38.3758 + 4.0030 logC (I and C represent the peak current (μA)
and the concentration of target DNA (nM), respectively). The detection

Fig. 2. Assessment of the effect of (A) H5 concentration, (B) H1 concentration, (C) H2 concentration, (D) Exo III concentration, (E) the reaction time of Exo III, and
(F) H3 and H4 concentration. When one parameter changed, others were under their optimal conditions. The error bar stands for the standard deviation of three
parallel measurements.

Fig. 3. (A) DPV curves response of the electrochemical biosensor upon the increase in target DNA concentration (from bottom to top: 0 fM, 0.1 fM, 1 fM, 10 fM,
100 fM, 1 pM, 10 pM, 100 pM, and 1 nM, separately). (B) Calibration curve of the DPV response versus the logarithm of target DNA concentration in the range from
0.1 fM to 1 nM. The error bar stands for the standard deviation of three parallel measurements. (C) DPV curves response of the electrochemical biosensor performed
without target DNA (a); with target DNA, but without TDT-CSA (b); with target DNA and with TDTase-CSA for 30min (c); and with target DNA and with TDT-CSA for
80min (d).
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limit was obtained based on three times the average standard deviation
corresponding to the blank sample detection, which was as low as
0.05 fM. To our knowledge, the sensitivity of this proposed strategy for
target DNA detection was better than most other amplified methods.
Comparisons of this strategy with some reported methods are shown in
Table S2. From the comparison, we can demonstrate that the proposed
biosensor was better than other previously reported sensors regarding
detection limit and linear range.

3.6. Specificity, repeatability and stability of the biosensor

The specificity of this experiment was evaluated by using the de-
veloped biosensor to detect five different DNA sequences, containing
perfect complementary target DNA, single-base mismatched strand,
inserted base strand, deleted base strand and random DNA sequence, all
at concentrations of 1 nM. As depicted in Fig. S3 A, the response signals
of none perfectly complementary sequences were nearly the same as the
blank solution. However, in the presence of target DNA, the current
response was remarkable increased (curve a). These results obviously
indicated that the designed biosensor had a very high selectivity to DNA
detection and offered potential application for DNA detection in real
samples.

The fabrication reproducibility of the designed biosensor was in-
vestigated by measuring target DNA at three different concentrations:
10 fM, 1 pM, and 100 pM. As illustrated in Fig. S3 B, after five in-
dependent measurements, these electrodes exhibited similar current
responses, and the relative standard deviations (RSD) for DNA detection
were 2.12%, 3.18%, and 3.23%, respectively, indicating that the de-
veloped biosensor had a good fabrication reproducibility.

To evaluate the stability of the designed biosensor, the modified
electrodes were stored in the refrigerator at 4 °C before use. As pre-
sented in Fig. S3 C, the experimental results demonstrated that the
electrochemical signal of the biosensor retained approximately 95.09%
of its initial electrochemical signal toward 1 nM target DNA after sto-
rage at 4 °C for 15 days. After storage for 30 days, the electrochemical
signals retained 89.21% of the original magnitude, demonstrating the
relatively robust stability of the developed biosensor.

All the results above suggested that the designed biosensor could
effectively detect the target DNA with excellent selectivity, satisfactory
reproducibility and acceptable stability.

3.7. Reusability of the biosensor

Reusability is a highly desirable feature for biosensor. The reusa-
bility of this biosensor was evaluated by detecting target DNA re-
peatedly using the proposed method. After one time of DNA detection,
the electrode was simply kept in water at 90 °C for 5min to dehy-
bridization the double-stranded structure of the DNA on the electrode
surface. Then, slowly cooled to ambient temperature to re-hybridiza-
tion of nucleic acid strand to make a hairpin structure again. As a result,
the electrode was return to the original assembled state, which could be
used again for measurement. As shown in Fig. S4, after one detection,
the electrode kept in water at 90 °C for 5min, the electrochemical signal
was almost the same as blank, it demonstrated that the architecture on
the electrode surface was destroy. After five-repeated detection, the
electrochemical signal was not significantly attenuated. Therefore, this
biosensor could detect DNA accurately at least five times.

3.8. Application in clinical serum samples

To validate the application of the developed biosensor to practical
complicated biological matrices, different concentrations of target DNA
were added to 10-fold-diluted clinical serum samples and measured by
DPV. The clinical serum samples were obtained from University-Town
Hospital of Chongqing Medical University. The detection results of
target DNA in human serum samples are summarized in Table S3.

Satisfactory recovery values ranging from 94.98% to 105.36% were
obtained, and the relative standard deviation (RSD) values were be-
tween 0.35% and 1.44%. These results confirm that the designed bio-
sensor provides the possibility for clinical analysis.

4. Conclusions

In this work, an electrochemical biosensor for highly sensitive and
specific DNA detection was achieved through isothermal cascade am-
plification. Compared to other DNA sensing strategies, this work uti-
lized cascade signal amplification based on exonuclease III, strand
displacement reaction and terminal deoxynucleotidyl transferase to
obtain a detection limit as low as 0.05 fM. The developed biosensor
presents a broad dynamic range from 0.1 fM to 1 nΜ, and does not
require thermal cycling. The biosensor exhibits satisfactory reproduci-
bility, acceptable stability and good reusability for DNA detection, is
able to efficiently detect DNA in real human serum sample. The de-
signed strategy is extensible to detect additional DNA by simply ex-
changing the relevant DNA sequence. Thus, the proposed electro-
chemical sensor shows a possibility for DNA detection in the fields of
clinical molecular diagnosis, pathogen detection, gene therapy, food
safety and environmental monitoring in the future.
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