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ABSTRACT: Achieving rapid and highly sensitive detection of
biomarkers is crucial for disease diagnosis and treatment. Here, a
highly sensitive and versatile dual-amplification electrochemilumi-
nescence (ECL) biosensing platform was constructed for target
detection based on DNA nanostructures and catalyzed hairpin
assembly (CHA). Specifically, when the target DNA was present, it
would hybridize with the auxiliary strands (D1 and D2) to form an
I-shaped nanostructure, which in turn triggered the subsequent
catalytic hairpin assembly reaction to generate plenty of double-
stranded DNA complexes (H1−H2). The resulting double-
stranded complex could be trapped on the electrode surface and
adsorbed the ECL signal probe Ru(phen)32+.We found that the I-
shaped nanostructure-triggered CHA reaction had higher amplifi-
cation efficiency compared with traditional CHA amplification. Thus, a sensitive “signal-on” ECL biosensor was constructed for
target DNA detection with a detection limit of 1.09 fM. Additionally, by combining the binding properties of C−Ag+−C with an
elaborately designed “Ag+-helper” probe, the proposed strategy could be immediately utilized for the highly sensitive and selective
detection of silver ions, demonstrating the versatility of the developed biosensing platform. This strategy provided a new approach
with potential applications in disease diagnosis and environmental monitoring.

Achieving sensitive and specific detection of biomolecules
is crucial for understanding the operating laws of life

activities and realizing early diagnosis of diseases.1,2 In recent
years, various detection methods such as fluorescence,
colorimetry, electrochemistry, and electrochemiluminescence
(ECL) have been developed for biomarker detection.3−6

Among them, ECL is widely used due to its high sensitivity,
wide linear range, and temporal and spatial controllability.7

However, due to the low abundance of biomarkers in real
samples, it is still a major challenge to achieve highly sensitive
detection for early diagnosis of diseases.

Varieties of isothermal DNA amplification techniques such
as enzymatic cleavage-assisted cyclic amplification,8 rolling
circle amplification ,9,10 hybrid chain reaction (HCR),11 and
catalytic hairpin self-assembly (CHA)12 have been developed
for constructing a sensing strategy due to the simplicity
synthesis, low price, and high sequence predictability of nucleic
acid. However, enzyme-assisted amplification requires the use
of expensive equipment or encounters problems such as
mutual interference between different enzyme cleavage
reactions and enzyme inactivation in complex reactions during
the experimental process, which limits its application.13−15 In
contrast, enzyme-free amplification strategies, especially CHA,
have received extensive attention because the reaction can be

performed under isothermal enzyme-free conditions.16,17 For
example, Fu et al. constructed an electrochemical sensor for
the simultaneous detection of two RNAs by combining peptide
nucleic acid and CHA.18 However, although the CHA reaction
can obtain large signal amplification, it still cannot meet the
needs of the detection of some low-concentration biomarkers.
To solve this problem, a strategy of combining CHA with
other amplification methods was developed. For example, Wei
et al. constructed a dual-amplification sensing strategy through
the cascade of HCR and CHA achieving high-sensitivity
detection of miRNA-141.19 Chen et al. constructed a CHA
multistage cascade strategy to achieve exponential signal
amplification.20 However, DNA leakage is unavoidable during
the reaction, and the DNA cascade amplifies the leakage of the
previous reaction, which will lead to an increased background
signal. To solve this problem, the new CHA strategy with high
speed and a high conversion rate was developed.21,22 For
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example, Zhang et al. recently constructed a dual-catalyst
hairpin assembly system through adding a DNA-excited strand
to the traditional CHA reaction, making the reaction to have
not only high reaction efficiency but also high reaction
kinetics.23

DNA nanostructures are usually nanoscale structural
materials with specific configurations formed by DNA self-
assembly.24,25 Since Fan’s group reported that the sensing
interface modified by DNA tetrahedral nanostructures (DTN)
has higher capture efficiency than other DNA, DTN has been
widely used in biosensing platforms.26−30 Recently, Yuan’s
team designed a “crab claw” DNA nanomachine to achieve
high-sensitivity detection of Hg2+.31 Since the cyclic
amplification process is not involved in the formation process,
the background signal can be reduced to a certain extent,
which makes DNA nanostructures have great potential to
participate in the construction of sensing strategies.

Inspired by the aforementioned results, we developed a
novel DNA nanostructure-triggered CHA sensing strategy to
achieve high-sensitivity detection of the targets (DNA or metal
ions). Specifically, the presence of the target causes DNA
hybridization with the auxiliary DNA to form the I-shaped
DNA nanostructure, which subsequently triggers the CHA
reaction to produce a great number of double-stranded DNAs
(dsDNAs). Fluoresence and ECL experiments verified that the
I-shaped DNA nanostructure-triggered CHA reaction had
higher amplification efficiency than traditional CHA amplifi-
cation. The produced dsDNAs were further anchored on the
electrode surface through the capture probe to bind with ECL
luminophore Ru(phen)32+. Thus, a “signal-on” ECL biosensor
was constructed to sensitively and specifically detect DNA or
metal ions. The excellent analytical performance of the
proposed biosensor demonstrated its promising applications
in disease diagnosis and environmental monitoring.

■ EXPERIMENTAL SECTION
I-Shaped DNA-Triggered CHA Signal Amplification.

All oligonucleotides (the sequences are shown in Table S1)
were prepared as stock solutions (100 μM) with ultrapure
water and diluted to a certain concentration with working
buffer before use. THN buffer (0.01 M Tris−HCl solution, 0.1
M NaCl, pH 7.4) and TNN buffer (0.01 M Tris-HNO3
solution, 0.1 M NaNO3, pH 7.4) were used as working buffers
for target DNA and Ag+ detection, respectively. Prior to the
reaction, hairpin DNA (H1 or H2) was annealed by heating at
95 °C for 5 min and cooling to 25 °C at a rate of 6 °C/min.
Afterward, equal volumes of auxiliary strands (D1 and D2),
different concentrations of the target, H1, and H2 were mixed
at a final concentration of 1 μM and reacted at 37 °C for 2 h.

Fabrication of the ECL Biosensor. The glassy carbon
electrode (GCE) was cleaned and AuNPs were electro-
deposited according to our previously reported method.32

Then, 10 μL of the 10 μM capture probe (H3) was incubated
with 1 mM TCEP at 37 °C for 40 min to break disulfide
bonds. Subsequently, 10 μL of pretreated H3 (1 μM) was
carefully dropped on the electrode surface and incubated
overnight at 4 °C. After washing three times with ultrapure
water, the electrode was further incubated with 6 μL of MCH
(1 mM) for 50 min at room temperature. After rinsing with
ultrapure water, the CHA products were added on the surface
of the electrode and reacted at 37 °C for 90 min. Next, the
modified electrode was washed three times with ultrapure
water and incubated with 500 μM Ru(phen)32+ at 37 °C for 2

h. Ultimately, the obtained ECL biosensor was washed three
times with ultrapure water and stored at 4 °C for subsequent
experiments.

ECL Measurement Procedure. The constructed ECL
biosensor was detected in 5.0 mL of the PBS solution (0.10 M
PBS, 0.1 M KCl, pH 7.4) containing 20 mM 2-(dibutylamino)
ethanol (DBAE). ECL test was performed in the potential
range from 0 to 1.4 V with a scan rate of 0.1 V/s and a
photomultiplier tube (PMT) voltage of 750 V.

Fluorescence Measurements. In order to evaluate the
amplification effect of the I-shaped DNA nanostructure, a
hairpin DNA LH2 was designed by labeling H2 with a
fluorophore (FAM) at the 5′-end and a quencher (DABCYL)
at the 3′-end. In the presence of the target, the double-
stranded complex (H1-LH2) was formed after the CHA
reaction, leading to the separation of the FAM/Dabcyl pair and
the recovery of the fluorescent signal. Specifically, different
concentrations of the target were mixed with D1, D2, H1, and
LH2 and then reacted at 37 °C for 2 h. In the control
experiment, single-strand DNA (W) was directly used to
trigger CHA reaction between H1 and LH2 under the same
conditions. When the CHA reaction was completed, the
solution was diluted to 200 μL with a final concentration of
0.25 μM for fluorescence test. The fluorescence emission
spectrum was acquired in the wavelength range from 490 to
600 nm with an excitation wavelength of 480 nm, and both the
excitation and emission slit widths were set to 5 nm.

■ RESULTS AND DISCUSSION
Principle of the Proposed Biosensing Strategy. We

propose a dual-amplification ECL sensing strategy based on
the DNA nanostructure and CHA, which was programmable
for multiple species detection with high sensitivity. As shown
in Scheme 1, when the target DNA was present, it would

hybridize with the auxiliary DNA (D1 and D2) to form an I-
shaped DNA nanostructure that made the noncomplementary
parts of D1 and D2 close to each other and acted as a primer to
trigger the CHA reaction to generate the double-stranded
complex (H1−H2). The resulting double-stranded complexes
could be captured by the capture probe on the electrode
surface. Subsequently, according to the property that Ru-
(phen)32+ could be intercalated into the groove of double-
stranded DNA, a “signal-on” ECL biosensor was constructed.

Scheme 1. Schematic Illustration of the Double-Amplified
ECL Biosensor for Target DNA Detection. (A) Reaction
Process of the Catalytic Hairpin Self-Assembly and (B)
Assembly Process on the Electrode Surface
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In addition, to demonstrate the amplification effect of I-shaped
DNA nanostructures, we used the single-stranded probe W
(the same DNA sequence as D1 and D2 to trigger H1) to
directly trigger H1 and H2 for CHA cycle amplification. The
results demonstrated that the I-shaped DNA nanostructure-
triggered CHA reaction had higher reaction efficiency than
single-stranded DNA-triggered CHA, vide infra. Based on the
synergistic effect of DNA nanostructures and CHA, a cascaded
sensing platform for highly sensitive detection of targets was
constructed.

Feasibility Analysis. To prove the feasibility of the sensing
strategy, the assembly of the I-shaped DNA nanostructure and
the CHA amplification process were first characterized by
native polyacrylamide gel electrophoresis (PAGE) (Figure
1A). Bands in lanes 1−5 correspond to D1, D2, target DNA
(T), H1, and H2, respectively. In the absence of the target, D1
and D2 did not react and could coexist stably (lane 6). After
adding the target, the corresponding single-stranded DNA
band disappeared along with the appearance of a new band
with slow migration velocity (lane 7), indicating that the
single-stranded DNA was successfully assembled to form the
DNA nanostructure. Line 10 represents I-shaped DNA
nanostructures complexing with hairpin H1. The formed
DNA nanostructures could catalyze the CHA reaction between
H1 and H2 to form plenty of H1−H2 complexes (lane 11). In
contrast, only a small amount of H1−H2 complex was
generated for the mixture of W, H1, and H2 (lane 14),
indicating that I-shaped DNA nanostructures had higher
amplification efficiency. Additionally, a slight leakage was
observed in lanes 8 and 9, which was negligible compared to
the target-triggered reaction product, indicating that the
formed I-shaped DNA nanostructures could efficiently trigger
the CHA cycle amplification reaction. Comparing lane 10 and
lane 13, it seems that the I-shaped DNA nanostructure had a

lower reaction efficiency with the H1 probe due to the steric
hindrance effect of the large size of DNA nanostructures.
However, the nanostructure-mediated CHA reaction showed
higher conversion efficiency than that of single-stranded DNA-
triggered CHA (lane 11 vs lane 14). It is speculated that
although the DNA nanostructure reduced the binding
efficiency with H1, it also made the base pairing in a relatively
relaxed state, thereby reducing the Gibbs free energy of the
subsequent reaction with H2 and subsequently improving the
conversion efficiency of the CHA reaction. These results
demonstrate the feasibility of the I-shaped DNA nanostruc-
ture-triggered CHA amplification strategy.

Electrochemical impedance spectroscopy (EIS) was meas-
ured to characterize the layer-by-layer assembly process on the
electrode surface during sensor construction. As shown in
Figure 1B, the cleaned glassy carbon electrode had small arc-
like impedance (curve a). After the surface of the glassy carbon
electrode was modified with gold nanoparticles (depAu/GCE),
the impedance was further decreased because the gold
nanoparticles increased the conductivity of the electrode
(curve b). When capture probe H3 was modified on the
electrode surface, the impedance increased to 650 Ω (curve c),
which was ascribed to the fact that the electrostatic repulsion
between the negatively charged DNA and [Fe(CN)6]3−/4−

hindered the electron transfer. After blocking the electrode
with MCH, the impedance increased to 1350 Ω (curve d).
This was attributed to the fact that the formed MCH capping
layer hindered the diffusion of [Fe(CN)6]3−/4− to the electrode
surface. After the electrode was incubated with the target-
induced CHA reaction products, the impedance was further
increased to 2000 Ω (curve e). This was consistent with the
expected results, indicating that the generated double-stranded
DNA (H1−H2) was successfully assembled to the electrode
surface. The ECL signal in the presence and absence of the

Figure 1. (A) PAGE characterization of the I-shaped DNA nanostructure assembly and CHA cycle amplification process. (B) EIS curves of layer-
by-layer modification of the electrode surface: (a) GCE, (b) depAu/GCE, (c) H3/depAu/GCE, (d) MCH/H3/depAu/GCE, and (e) H1−H2/
MCH/H3/depAu/GCE. The concentration of target DNA was 1 nM. (C) ECL response curves to target DNA: (a) 0 and (b) 1 pM.
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target was compared to further demonstrate the feasibility of
the experiment (Figure 1C). Only a low background signal was
observed in the absence of target DNA (curve a). However,
the sensor produced a significant signal response when 1 pM
target DNA was present (curve b). These results all
demonstrate the feasibility of the constructed sensing strategy.

Amplification Efficiency Characterization of I-
Shaped DNA Nanostructures. Fluorescence and ECL
were measured to demonstrate the amplification efficiency of
I-shaped DNA nanostructure-triggered CHA reaction com-
pared with the single-stranded DNA counterpart. As shown in
Figure 2A, the fluorescence signal increased slightly after only
the auxiliary probes D1 and D2 were added into the mixture
solution of H1 and LH2 (curve b), indicating the ignorable
leakage of the designed DNA probes. When single-stranded
probe W was used to trigger the CHA reaction, only a little
increase in fluorescence signal was observed (curve c). In stark
contrast, when the target DNA was added to form I-shaped
DNA nanostructures with D1 and D2, the resulting
fluorescence signal was significantly increased, demonstrating

the high amplification efficiency (curve d). From Figure 2B, we
can see that the ECL experimental results are consistent with
fluorescence experiment, and the ECL response signal
generated by I-shaped DNA nanostructure-triggered CHA
products (curve b) was approximately 2.8 times that of the
single-stranded W probe (curve a). These results successfully
demonstrated the high amplification efficiency of the I-shaped
DNA nanostructure-triggered CHA.

Optimization of Experimental Conditions. The num-
ber of complementary base between D1 and D2 will
significantly affect the subsequent reaction. If the comple-
mentary sequence is too short, steric hindrance will affect the
proximity of H1 to the recognition sequences of D1 and D2,
resulting in the decrease in the CHA reaction efficiency.
However, if the complementary sequences of D1 and D2 are
too long, the subsequent CHA reaction will spontaneously
occur even without the participation of the target, resulting in
an obvious background signal. Therefore, we first optimized
the number of complementary bases between D1 and D2. As
shown in Figure 3A, the ΔI (ΔI was the difference in the ECL

Figure 2. (A) Fluorescence spectra of (a) H1+LH2, (b) D1+D2+H1+LH2, (c) W + H1+LH2, and (d) target DNA + D1+D2+H1+LH2. (B) ECL
response curve of single-stranded DNA (a) and I-shaped DNA nanostructure (b)-triggered CHA product-modified electrode, and the
concentration of target DNA was 10 nM.

Figure 3. Optimization of the (A) number of complementary bases between D1 and D2, (B) pH of DBAE solution, (C) incubation time of H1−
H2 with H3, and (D) time of dsDNA adsorption of Ru(phen)32+. The concentration of target DNA was 1 pM.
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intensity between the signal and background) first increases
with the increase in the complementary base number, and the
maximum is obtained when six complementary bases (D1-3)
exist between D1 and D2. Therefore, we chose the D1-3
sequence (Table S1) for subsequent experiments. After that,
the pH of DBAE solution, incubation time of the H1−H2
complex with H3 on the electrode, and the time of dsDNA
adsorption of Ru(phen)32+ were optimized. The optimal
experimental conditions of pH 7.4 (Figure 3B), 90 min
incubation time (Figure 3C), and 2 h adsorption time (Figure
3D) were selected for subsequent experiments.

Analytical Performance for Target DNA. Under the
optimal assay conditions, the target DNA was quantitatively
analyzed using this biosensor. ECL intensity gradually
enhanced with the increase in target DNA concentration

(Figure 4A). The logarithm of DNA concentration in the range
of 10 fM−10 nM had a good linear correlation (R2 = 0.9967)
with ECL intensity, and the detection limit was 1.09 fM
(Figure 4B). Due to the high amplification efficiency of the
CHA reaction triggered by the I-shaped DNA nanostructure,
the proposed biosensor showed better or equivalent analytical
performance in comparison with the previously reported
DNA/RNA biosensors (Table S2).

The stability of the biosensor was evaluated by successively
scanning for 10 cycles. As shown in Figure 4C, the ECL
intensity does not change significantly with a relative standard
deviation (RSD) of 3.03% (n = 10). It showed that the sensor
has good stability. Reproducibility is another important index
to evaluate the performance of the biosensor. When the target
DNA concentration was 1 pM, the measured RSD of six

Figure 4. (A) ECL response curves to target DNA (From a−i: 0, 10, and 100 fM, 1, 10, and 100 pM, and 1, 10, and 100 nM). (B) Plot of the ECL
intensity versus the logarithm of DNA concentration. (C) ECL response curve of successive 10 cycles and (D) ECL intensity of six parallelly
fabricated biosensors. The concentration of target DNA was 1 pM.

Figure 5. (A) Assembly process of I-shaped DNA nanostructures for Ag+ detection. (B)ECL response curves to Ag+ (From a−h: 0, 50, and 500 nM
and 1, 5, 10, 50, and 100 μM). (C) Calibration plot of ECL intensity vs lg CAg+.
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electrodes was 3.02% (Figure 4D), indicating good fabrication
reproducibility. Recovery experiments were performed in 10%
human serum samples to evaluate the sensor’s application
potential. As shown in Table S3, the recoveries are calculated
to be 92.02−101.62% with an RSD of 2.07−3.26%, proving the
potential application of the biosensor in clinical sample
detection.

Detection of Ag+. The proposed biosensing strategy can
be used not only for target DNA detection but also for
detecting other targets such as proteins and metal ions. We
take Ag+ detection as an example to demonstrate the flexibility
of this sensing strategy. The specific design process is shown in
Figure 5A. In the presence of Ag+, the C-rich sequence (Ag+-
helper) forms an I-shaped DNA nanostructure with D1 and
D2 through C−Ag+−C coordination interaction. The formed
I-shaped DNA nanostructure was further used to trigger CHA
reaction; thus, an ECL biosensor was developed for Ag+

detection (Scheme 1). As shown in Figure 5B, the ECL
intensity was enhanced as the Ag+ concentration increased.
There is a good linear correlation between ECl intensity and
the logarithm of Ag+ concentration in the range of 50 nM−50
μM (R2 = 0.9970), and the detection limit was calculated to be
0.68 nM (Figure 5C). Compared with other Ag+ sensors, this
biosensor exhibited a wider linear range and comparable
detection limit (Table S2). This result also demonstrated the
versatility of the proposed biosensing strategy for different
target detection.

Specificity Study. The selectivity of the biosensor to target
DNA or Ag+ was evaluated. DNA sequences with 2, 4, and 6
mismatched bases and noncomplementary DNA were selected
to investigate the selectivity of the sensor to target DNA
(Figure 6A), and metal ions (Fe3+, Zn2+, Mn2+, Mg2+, and
Cu2+) were selected to investigate the selectivity of the sensor
to Ag+ (Figure 6B). Only in the presence of target DNA or
Ag+, the ECL intensity was enhanced, indicating that the
sensor has good selectivity for target DNA and Ag+.

■ CONCLUSIONS
In summary, we combined DNA nanostructures and catalytic
hairpin self-assembly to develop a highly sensitive electro-
chemiluminescence sensing system for DNA and Ag+

detection. This sensing strategy has the following advantages:
(1) The CHA reaction is an isothermal and enzyme-free
amplification strategy, and the amplification process is carried
out in solution, which simplifies the operation steps and
improves the detection efficiency. (2) The I-shaped nano-
structure-triggered CHA reaction had higher amplification

efficiency compared with traditional CHA amplification, thus
improving the detection sensitivity. (3) The sensing strategy is
programmable and can be used for other target detection by
simply changing the recognition sequence of the I-shaped
DNA nanostructures. Based on the abovementioned advan-
tages, this sensing strategy shows excellent sensitivity and
specificity for both target DNA and Ag+ detection, which
provides a new avenue for disease and environmental
detection.
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