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Abstract: DNA three-way junctions (DNA 3WJ) have been
widely used as important building blocks for the construc-

tion of DNA architectures and dynamic assemblies. Herein,
we describe for the first time a catalytic hairpin assembly-

programmed DNA three-way junction (CHA-3WJ) strategy

for the enzyme-free and amplified electrochemical detection
of target DNA. It takes full advantage of the target-catalyzed

hairpin assembly-induced proximity effect of toehold and
branch-migration domains for the ingenious execution of

the strand displacement reaction to form the DNA 3WJ on
the electrode surface. A low detection limit of 0.5 pM with
an excellent selectivity was achieved for target DNA detec-
tion. The developed CHA-3WJ strategy also offers distinct

advantages of simplicity in probe design and biosensor fab-
rication, as well as enzyme-free operation. Thus, it opens
a promising avenue for applications in bioanalysis, design of
DNA-responsive devices, and dynamic DNA assemblies.

Introduction

During the past decades, the development of DNA biosensors
for the amplified detection of DNA has been continually pur-

sued owing to its potential applications in molecular diagnosis,

forensic investigations, genetic therapy, and biomedical devel-
opment.[1] In order to satisfy the requirement to profile low-

abundance target DNA, different signal amplification strategies,
especially nuclease-based target recycling strategies, are often

used in DNA biosensors.[2] They usually involve the individual
or combined use of various nucleases including endonuclease,
exonuclease, and polymerase, to achieve recycling of the

target itself and/or the concomitant generation of large
amounts of target-associated nucleic acid sequences for signal
amplification.[3] However, the employment of nucleases may in-
crease the complexity of the experimental system, the assay

cost, and even the risk of false-positive signal output for target
detection. Thus, the development of enzyme-free signal am-

plification strategies that allow targets to be profiled with high
confidence is highly desirable for diagnostic purposes.

The DNA three-way junction (3WJ) consisting of three com-

plementary oligonucleotide branches has been widely utilized

as a building block to construct DNA architectures and dynam-
ic assemblies.[4] It has also been exploited as a scaffold for the

controlled arrangement of functional molecules, including
a wide range of different chromophores.[5] Target-responsive

DNA 3WJs can also be designed into DNA devices for molecu-

lar diagnostic, sensing, and imaging applications.[6] The DNA
3WJ strategy for target DNA detection is usually operated via

the use of three strands, called assistant DNA, target DNA, and
reporter DNA. In the presence of target DNA, hybridization

with assistant DNA and reporter DNA is feasible, thereby lead-
ing to the formation of DNA 3WJ. Recently, the strategy con-

cerning the binding-induced formation of DNA 3WJ has also

been well developed for the detection towards a wide spec-
trum of analytes, from small molecules and nucleic acids to

proteins.[7] Herein, the target binding induces a proximity
effect of the two DNA motifs and initiates a subsequent strand

displacement, resulting in a binding-induced DNA 3WJ for the
signal output toward the bio-recognition or biosensing events.

However, the typical DNA 3WJ strategy or the binding-induced
DNA 3WJ strategy is often confronted with an unsatisfactory
detection performance toward analytes. With the further com-

bination of nuclease-based signal amplification strategies, the
sensitivity to analytes could be improved,[8] but the above-re-

ferred nuclease issues may also coexist and restrict its wide ap-
plication to some extent. Also, the DNA 3WJ strategy is more

often combined with the fluorescence detection technique. By

comparison, an electrochemical method could provide signifi-
cant advantages, such as simple and portable instrumentation,

rapid response, low cost, and high sensitivity. The target-cata-
lyzed hairpin assembly (CHA), as a typical enzyme-free signal

amplification strategy, has been widely used for the detection
toward various biomolecule targets serving for bio-diagnosis
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and the biomedical area.[9] It is routinely operated with the cat-
alytic assembly of two DNA hairpins into duplex DNA, accom-

panied with the cycling use of target for signal amplification.
Inspired by the observation that the assembled duplex DNA

by the CHA strategy could bring two DNA segments into close
proximity and also considering the operation flexibility and

signal amplification capability of the CHA, the catalytic hairpin
assembly-programmed DNA three-way junction (CHA-3WJ)

strategy was conceived to offer a promising avenue for the

amplified detection of DNA.
Herein, the CHA-3WJ strategy is proposed for the first time

for the enzyme-free and sensitive electrochemical detection of
target DNA. It takes full advantage of the CHA-induced proxim-

ity effect of toehold and branch-migration domains for the in-
genious execution of the target DNA-initiated strand displace-
ment reaction to form DNA 3WJ. In the current electrochemical

strategy, the target recognition and signal amplification by the
CHA are operated homogenously. Furthermore, the exact exe-

cution of CHA for the formation of DNA 3WJ on the electrode
guarantees the detection of target DNA with a high confidence
and sensitivity.

Results and Discussion

Design of the CHA-3WJ strategy

The proposed CHA-3WJ strategy for the enzyme-free and am-
plified electrochemical detection of target DNA is schematically

illustrated in Figure 1. The target-catalyzed hairpin assembly

(CHA) is intrinsically dependent on the toehold-mediated
strand displacement reaction.[9d, 10] Firstly, target DNA hybridizes

with and opens the HP1 by means of a toehold-mediated
strand displacement reaction. The opened HP1 could further
hybridize with HP2 based on another toehold-mediated strand

displacement reaction, accompanied with the release of the
target DNA. The displaced target DNA is free to further propa-

gate the assembly of HP1 and HP2. The formed HP1-HP2 hy-
brids after CHA exactly bring two DNA domains, the protrud-

ing DNA segment a at the 3’-terminus of HP1 and the caged
DNA segment b in the stem region of HP2, into close proximi-

ty, which then could act as the toehold and branch-migration
domain, respectively, to trigger the toehold-mediated strand
displacement reaction between HP1-HP2 hybrids and the im-

mobilized hybrids of I-DNA and B-DNA, resulting in the forma-
tion of a stable DNA three-way junction (3WJ) on the electrode

and the release of B-DNA.[11] The HP2 was labeled with a ferro-
cene at its 5’-end. Once the DNA 3WJ was formed on the elec-

trode surface, the electrochemical response of ferrocene to-
wards target DNA was achieved. In the absence of target, no

HP1-HP2 hybrids were produced. The DNA fragment b carrying

a ferrocene label at the 5’-terminus of HP2 was still caged in
the stem region and the toehold-mediated strand displace-

ment on the electrode would not occur for electrochemical re-
sponse. Herein, the introduction of CHA for target recognition

and the formation DNA 3WJ offers several advantages. First, it
could realize the enzyme-free target recycling for the signal

amplification toward target DNA detection. Second, the toe-

hold-mediated strand displacement reaction on the electrode
depends on the proximity effect of domain a in HP1 and

domain b in HP2, which could be exactly operated by CHA.
Third, the ultimate signal generation originates from the hy-

bridization between the domain b in the HP2 and domain b*
in the I-DNA by the strand displacement reaction. These two

domains were initially caged by their complementary sequen-

ces, which would be beneficial for the reduction of the back-
ground signal. It should be noted that, although CHA strategy

has been widely used for enzyme-free detection of various bio-
molecules, its ingenious utility for toehold-mediated strand dis-

placement reaction based on
the proximity effect of two func-

tional DNA fragments after hair-

pin assembly is reported for the
first time.

Feasibility of the fabricated
DNA biosensor for target DNA
detection

The feasibility of the proposed
electrochemical biosensor for

target DNA detection was firstly
verified by using the differential
pulse voltammetry (DPV)
method (Figure 2 A). A readily
detectable electrochemical re-

duction signal of ferrocene at
the potential of about 0.2 V was
obtained in the presence of
target DNA (curve b in Fig-
ure 2 A). However, only a very
weak electrochemical responseFigure 1. Schematic illustration for target DNA detection based on the CHA-3WJ strategy.
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could be obtained in the case of absence of target DNA

(curve a in Figure 2 A). A further decrease of electrochemical re-
sponse could be obtained for the control experiment operated

in the presence of target DNA and HP2 but without HP1
(curve c in Figure 2 A), indicating that the direct strand dis-

placement reaction between the caged domain b in HP2 and

the B-DNA on the electrode surface would hardly occur. The
DPV experiments could strongly verify the response mecha-

nism of the CHA-induced toehold-mediated strand displace-
ment reaction for the formation of DNA 3WJ on the electrode

surface. The electrode modification and biosensor fabrication
was also confirmed by electrochemical impedance spectrosco-

py (EIS) measurements (Figure 2 B). An almost straight line was

observed for the bare gold electrode (curve a in Figure 2 B),
which is a typical characteristic of a mass diffusion-controlled

electrode transfer process. Nevertheless, after assembly of the
duplex DNA on the electrode, a big semicircle with a charge-

transfer resistance (Rct) value of about 2695 W could be ob-
served (curve b in Figure 2 B), indicating an evident increase of
the charge-transfer resistance, which could be ascribed to the

repulsion of the negatively charged redox species, Fe(CN)6
3¢/4¢

from approaching the electrode surface by the negatively

charged phosphate backbone of duplex DNA. After the CHA-
induced strand displacement re-

action, the diameter of the semi-
circle evidently increased, with

a Rct value of about 4247 W

(curve c in Figure 2 B), which
could be understood in such

a way that the formed DNA 3WJ
on the electrode after the CHA-

induced strand displacement re-
action increased the negative

charge of the electrode interface

for a decreased interfacial
charge transfer. It should be

noted that the Rct value was only
slightly increased in the absence

of target DNA compared with
that of the duplex probe-modi-

fied electrode (curve d in Fig-
ure 2 B). Thus, the EIS experi-

ments lend further support for
the biosensor fabrication process
by the CHA-3WJ strategy.

We also synthesized two
single-stranded DNAs (S1 and
S2) that contained the toehold

and branch-migration domain,
respectively. The dsDNA hybrids
formed by S1 and S2 could be
used as a substitute of HP1-HP2
hybrids. The electrochemical re-

sponses could be found at two
different concentrations of

dsDNA hybrids (Figure S1, Sup-

porting Information), thus pro-
viding further evidence that the electrochemical response was

indeed initiated by the toehold-mediated strand displacement
reaction on the electrode surface. The feasibility of the pro-

posed CHA-3WJ strategy for target DNA detection was further
verified by fluorescence measurements (see Figure S2 in the

Supporting Information). It was found that, in the absence of

target DNA, only a very small fluorescence response could be
obtained. The addition of target DNA could induce an obvious

fluorescence signal, further providing support for the response
mechanism that the target DNA triggers the catalytic assembly

of HP1 and HP2 for the execution of the subsequent strand
displacement reaction. Control experiments performed in the

absence of HP1 or HP2 resulted in nearly the same level of

background signal.

Optimization of assay conditions

In order to achieve the best sensing performance, the corre-

sponding experimental conditions including the concentration
of immobilized duplex DNA, the reaction temperature, and the

reaction time for the CHA were optimized (Figure 3). The im-

mobilization concentration of duplex DNA on the electrode
was firstly examined on the basis of the electrochemical re-

Figure 2. (A) DPV of the electrochemical DNA biosensor. The curves of a and b are the corresponding DPV re-
sponses in the absence and presence of 1 nm target DNA, respectively. The curve c corresponds to the DPV re-
sponse in the presence of target DNA and HP2 but absence of HP1. (B) EIS of the different modified electrodes.
The curves were obtained for bare gold electrode (a), the duplex DNA-modified electrode (b), the recognition
toward 1 nm target DNA (c), and the control electrode in the absence of target DNA (d), respectively.

Figure 3. (A) Influence of immobilization concentration of duplex DNA on the electrochemical response toward
1 nm target DNA detection. The duplex DNA was prepared with the hybridization of I-DNA and 1.5 times the con-
centration of B-DNA. The used duplex DNA concentration corresponded to the I-DNA concentration. (B) Optimiza-
tion of the reaction temperature for detection of 1 nm target DNA. The current increase in (A) and (B) indicates
the electrochemical response difference in the presence and absence of target DNA. (C) The time responses of
the fabricated electrochemical DNA biosensor in the presence or absence of 1 nm target DNA, respectively.
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sponse toward target DNA. The duplex DNA was prepared
with the hybridization of I-DNA and B-DNA. It was found that

a concentration of 1 mm (corresponding to 1 mm I-DNA) of im-
mobilized duplex DNA could achieve the best electrochemical

response when compared with those at other concentrations
(Figure 3 A). A higher immobilization concentration of duplex

DNA would increase the assembly density, but it may restrict
the displacement efficiency for the formation of DNA 3WJ on

the electrode surface owing to steric hindrance. The reaction

temperature of 37 8C resulted in a better electrochemical re-
sponse than that at the other two temperatures tested (Fig-

ure 3 B). The time dependence of the CHA is shown in Fig-
ure 3 C. It was found that the electrochemical signal increased

with increasing incubation time before reaching saturation
after 2 h in the presence of target DNA, and only a weak peak
current increase was observed in the absence of target DNA.

The optimized time for CHA was determined as 2 h.

Detection sensitivity of the developed DNA biosensor

To further confirm the ability of the proposed biosensor to sen-
sitively detect target DNA, a series of different concentrations

of target DNA ranging from 0 to 10 nm were used for measure-
ment (Figure 4 A). The electrochemical intensity was observed

to increase with increasing concentration of target DNA, indi-
cating that the CHA-induced formation of DNA 3WJ on the

electrode surface was highly dependent on the concentration

of target DNA. A good linear relationship between the DPV
peak current and the logarithmic value of the target DNA con-
centration ranging from 1 pm to 1 nm was obtained with a cor-
relation coefficient of 0.9971 (Figure 4 B). The detection limit,

which is defined as 3 times the standard deviation of the back-
ground, was about 0.5 pm. This detection limit is better than

or comparable to those reported by using CHA for target DNA

detection.[9b,f,g]

Selectivity, stability, and regeneration of the developed DNA
biosensor

The specificity of the developed CHA-3WJ strategy was further

investigated by using three kinds of DNA sequences, including

complementary target DNA (TD), single-base mismatched DNA
(1MT), and non-complementary DNA (NC) (Figure 5). The DPV

peak current response toward 1MT was about 35.4 % of that
for perfect target DNA at the same concentration, while the

NC showed almost the same response as the blank solution. To

further evaluate the practical utility of the proposed biosensor,
we investigated the detection of target DNA spiked in a rela-

tively complex biological matrix (1 % human urine sample).
Comparable responses were obtained for the detection of

target DNA in both buffer and diluted urine sample (Figure S3,
Supporting Information), indicating the potential for the appli-

cation in a relatively complex biological sample. The stability

for the duplex DNA-modified electrode has also been checked.
Three independent experiments demonstrated that the duplex

DNA-modified electrode could retain about 93.6 % of its initial
response toward target DNA after its storage at 4 8C for

10 days, indicating a relatively robust stability of the modified
electrode. Furthermore, the fabricated DNA biosensor could be
regenerated for target DNA detection, which was conducted

by the dehybridization in hot water (80 8C) for 10 min. As
shown in Figure S4 in the Supporting Information, the regener-
ated I-DNA-only modified electrode could be directly used for
the effective detection of target DNA even after regeneration

for three times. Furthermore, the
conventional CHA-induced toe-

hold activation strategy was de-

signed for the DNA biosensor
fabrication, as illustrated in Fig-

ure S5 A. It could be seen from
Figure S5B that the original

background signal in the ab-
sence of target DNA (TD2) was

larger than that of the proposed

CHA-3WJ strategy. Moreover, the
fabricated DNA biosensor by the

conventional CHA-induced toe-
hold activation strategy was not

beneficial for the regeneration
experiments. After the dehybridi-

Figure 4. (A) DPV responses corresponding to the analysis of different concentrations of target DNA. The concen-
trations of target DNA for the curves (a) to (i) are: (a) 0 m, (b) 1 pM, (c) 5 pM, (d) 10 pM, (e) 50 pM, (f) 100 pM,
(g) 500 pM, (h) 1 nm, (i) 10 nm. (B) The linear relationship between the DPV peak current and the logarithmic value
of the target DNA concentration. Error bars represent standard deviations of measurements (n = 3).

Figure 5. (A) DPV responses toward the blank (a) and three DNA sequences
comprising the complementary target DNA (TD) (b), single-base mismatched
DNA (1MT) (c), and non-complementary DNA (NC) (d). The concentrations of
the various DNA sequences were all 1 nm. (B) Bar chart of the DPV responses
toward various DNA sequences. Error bars represent standard deviations of
measurements (n = 3).
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zation process, the regenerated I-DNA-only modified electrode
could not be directly used for the TD2 detection owing to

a large background response induced by the direct hybridiza-
tion between the I-DNA-only modified electrode and the ex-

posed domain b in HP3.
Detection versatility of the developed DNA biosensor
Furthermore, the proposed CHA-3WJ strategy could be de-

veloped as a versatile approach for the detection of virtually

any DNA sequence (Figure 6 A). For this purpose, an additional

nucleic acid hairpin structure (HP5) that could recognize a new
nucleic acid sequence (TD3) was introduced into the system.

HP5 was generated by extending the 5’-end of TD1 to form
a hairpin loop where the domain a of HP5 is occluded by its

complementary domain a*. Therefore, HP5 should be catalyti-
cally inactive. When the TD3 is present, it hybridizes with the

loop of HP5, forming a rigid duplex and disrupting the stem
formed by domain a and a*. The exposed domain a of HP5

thereby serves as a toehold for initiating the assembly be-
tween HP1 and HP2, and then for the subsequent strand dis-

placement reaction on the electrode surface to form DNA 3WJ.

With increasing concentration of TD3, the electrochemical re-
sponse increased (Figure 6 B). Again, a low background signal

could be observed in the absence of the target nucleic acid se-
quence. The BRCA1 breast cancer gene was further chosen as

a model target to demonstrate the generalization of the fabri-
cated DNA biosensor with the use of a nucleic acid hairpin

structure (HP6) as a signal transducer. It could be seen from

Figure S6 A that the DPV peak current increased with increas-
ing TD4-BRCA1 concentration. Also, a low background re-

sponse could be only obtained in the absence of target. The
selectivity of the versatile DNA biosensor was also demonstrat-

ed and is shown in Figure S6 B. The electrochemical response
for the single-base mismatched DNA (1MT-BRCA1) was 43.6 %

of that for the perfect target DNA.

Conclusions

The CHA-3WJ strategy was fully developed for the sensitive

and enzyme-free electrochemical detection of target DNA, in
which the CHA was ingeniously manipulated as a dual-func-

tional module for the signal amplification and the induced for-
mation of DNA 3WJ on the electrode surface. The current strat-
egy offers distinct advantages of simplicity in probe design
and biosensor fabrication, sensitivity, and enzyme-free opera-
tion. The sensor could also be regenerated for target DNA de-
tection. Furthermore, it should be fairly easy to extend this
strategy for the detection of a wide spectrum of analytes. The
currently proposed strategy could further achieve the effective

regulation of a DNA strand displacement reaction and thus
constitutes a promising approach for future applications in
bioanalysis or DNA nanotechnology.

Experimental Section

Materials and chemicals

Tris(2-carboxyethyl)phosphine
(TCEP) and 6-mercapto hexanol
(MCH) were purchased from
Sigma–Aldrich (St. Louis, MO, USA).
The HPLC-purified oligonucleotides
were purchased from Sangon Bio-
tech. Co., Ltd. (Shanghai, China)
and are listed in Table S1 in the
Supporting Information. All other
chemicals used were of analytical
reagent grade. The urine samples
were obtained from healthy volun-
teers and filtered through
a 0.2 mm membrane to remove
any particulate matters.

Apparatus

All electrochemical measurements were carried out by using a CHI
660D electrochemical workstation (CH Instruments, Shanghai,
China) at room temperature. A conventional three-electrode
system was used, which comprised a gold working electrode
(2 mm diameter), a platinum wire auxiliary electrode, and an Ag/
AgCl reference electrode. Fluorescence measurements were per-
formed using a Hitachi F-4600 spectrofluorimeter at a scan rate of
1200 nm min¢1 (Tokyo, Japan). The excitation wavelength was set
to 490 nm and the 24 photomultiplier voltage was 700 V.

Electrode pretreatment

The gold electrode was cleaned by immersion in a freshly prepared
piranha solution (a 3:1 v/v mixture of concentrated H2SO4 and
30 % H2O2) for 20 min, followed by a thorough rinsing with ultra-
pure water. The electrode was then polished on a microcloth
(Shanghai Chenhua Inc. , China) with 50 nm alumina slurry to
obtain a mirror surface, followed by sonication in acetone and ul-
trapure water for 5 min each, to remove residual alumina powder.
The well-polished electrode was then subjected to electrochemical
pretreatment by cycling the potential between ¢0.2 and 1.5 V in
H2SO4 (0.5 m) at a scan rate of 100 mV s¢1 until a stable cyclic vol-
tammogram was obtained. The cleaned electrode was then al-
lowed to dry at room temperature.

Immobilization of duplex DNA on the electrode surface

Each DNA solution was heated to 95 8C for 5 min and then allowed
to cool to room temperature before use. The duplex DNA probe

Figure 6. (A) Schematic representation of the general DNA sensing platform by using a pre-designed hairpin struc-
ture (HP5) as a signal transducer. (B) Bar chart of DPV responses obtained for the detection of different concentra-
tions of target DNA3 (TD3). The error bars represent the standard deviation of three repetitive measurements.
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was firstly prepared by mixing the same volume of 1 mm I-DNA
and 1.5 mm B-DNA in 10 mm PBS (0.2 m NaCl, 10 mm TCEP, pH 7.9).
Then the electrode was incubated into the above DNA duplex
probe solution for 12 h at room temperature, thoroughly rinsed
with ultrapure water, and dried. The electrode was subsequently
immersed in 1 mm MCH solution for 1 h to remove nonspecifically
adsorbed DNA.

Catalytic hairpin assembly-programmed DNA three-way
junction

The target DNA-catalyzed hairpin assembly was carried out by
adding different concentrations of target DNA into 50 mL of 10 mm
PBS buffer (0.2 m NaCl, pH 7.9) containing 1 mm HP1 and 1 mm HP2
and incubation for 2 h at 37 8C. Then the I-DNA and B-DNA modi-
fied electrode was incubated with the above solution for another
2 h at 37 8C. Subsequently, the electrodes were taken out and
rinsed with buffer and ultrapure water for further electrochemical
measurements. For the operation of the general DNA sensing strat-
egy, HP5 and different concentrations of target DNA3 (TD3) or HP6
and BRCA1 breast cancer-related DNA sequences were added into
50 mL of 10 mm PBS buffer (0.2 m NaCl, pH 7.9) containing 1 mm
HP1 and 1 mm HP2 for 2 h at 37 8C. The other operation procedures
were the same as described above.

Electrochemical measurements

Differential pulse voltammetric (DPV) results were recorded in
10 mm PBS buffer (200 mm KNO3, pH 7.9) with a potential window
from 0.4 V to ¢0.1 V, a pulse amplitude of 50 mV, and a pulse
period of 0.2 s. The electrochemical impedance spectra (EIS) were
recorded in 1 mm [Fe(CN)6]3¢/4¢and 0.1 m KNO3 with the frequency
ranging from 0.1 Hz to 10 kHz. Before measurements, the electro-
lyte solution was thoroughly purged with high-purity nitrogen for
about 20 min.
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