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ABSTRACT

In this work, an electrochemiluminescent (ECL) biosensor was constructed on the 

basis of amino-modified 3,4,9,10-perylenete-tracarboxylic dianhydride/luminol (PTC-

NH2/Lu) nanocomposite as emitter and bipedal DNA walker signal amplification 

strategy for ultrasensitive detection of microRNA-21 (miRNA-21). The PTC-NH2/Lu 

nanocomposite was prepared as signal tag via π-π stacking molecular assembly, in 

which amino-modified 3,4,9,10-perylenete-tracarboxylic dianhydride (PTC-NH2) as a 

novel co-reaction accelerator significantly enhanced the ECL emission of luminol-

H2O2 system. Moreover, target miRNA-21 triggered bipedal DNA walker was 

powered by toehold-mediated strand displacement reaction (TSDR) for signal 

amplification. Consequently, the proposed ECL biosensor achieved ultrasensitive 

detection of miRNA-21 with linear range from 100 aM to 100 pM and limit of 

detection 33 aM. Simultaneously, the biosensor was also successfully applied to 

detect target miRNA-21 in lysates from human cancer cells. As a result, this work 

constructed a new signal amplification platform, exhibiting great application potential 

in biomedical analysis and early clinical diagnostics.

Keywords: electrochemiluminescence; π-π stacking molecular assembly; co-reaction 

accelerator; PTC-NH2/Lu nanocomposite; bipedal DNA walker 
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INTRODUCTION

MicroRNAs (miRNAs) are a class of short, endogenous and noncoding RNAs that 

are important biomarkers since their abnormal expression are relative to various 

diseases (eg heart disease and cancer)1-3. However, the characteristics of microRNA, 

including short chain, sequence similarity and low abundance, make its sensitive 

detection a great challenge in clinical diagnosis. Electrochemiluminescence (ECL) 

attracted great attention for microRNA detection as it combined the merits of 

electrochemistry and chemiluminescence, such as low back-ground noise, simple 

instrumentation requirement and easy optical setup4-7. On account of the strong 

emission, low cost and hypotoxicity, luminol is one of the most extensively applied 

ECL luminophor8-11. For developing luminol-based ECL assays, the immobilization 

of luminol is one of the most concerned problems. Traditionally, surface 

adsorption12,13 and cross-linking14-16 were the conventional strategies to obtain 

luminol-based nanomaterials, which effectively reduced noise but suffered the 

shortages of immobilizing amount and stability of luminol. Recently, our group used 

tetrahedron DNA dendrimers as nanocarriers for intercalation of luminol-doxorubicin 

to improve the sensitivity of biosensors17. Nevertheless, the loading capacity was 

limited due to low intercalation efficiency of doxorubicin. Hence, it’s meaningful but 

still a challenge developing simple and effective methods to immobilize luminol as 

more as possible. Herein, a novel nanocomposite named as PTC-NH2/Lu was 

prepared through the π-π stacking between amino-modified 3,4,9,10-perylenete-

tracarboxylic dianhydride (PTC-NH2) and luminol (Lu) for the immobilization of 

great amount of luminol, in which PTC-NH2  as a new co-reaction accelerator 

significantly enhanced the ECL luminous efficiency of luminol-H2O2 system. 

DNA walkers are synthetic molecular machines that move along the tracks 
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designed in one-dimensional18,19, two-dimensional20-22 or three-dimensional23-25, 

which are attracting increasing interest in biosensors for accurate and effective signal 

amplification. Normally, enzymes were conventional fuels to power the DNA 

walkers26-29, while the usage of enzymes suffered the problems of high cost and the 

interference of inhibitors in biological samples. Therefore, hybridization reaction as 

new impetus was used to drive DNA walkers, which avoided the usage of enzyme and 

exhibited promising applicability in bioassays30-32. Hybridization-powered DNA 

walkers with single swing arm were extensively applied in enzyme-free signal 

amplification strategies for simple assembly operation, but only one swing arm 

involved in the walking process limited the walking efficiency24,33. Concerning this 

issue, some bipedal DNA walker signal amplification strategies were proposed to 

promote the walking efficiency34,35. Recently, we also assembled a toehold strand 

displacement reaction (TSDR) powered bipedal DNA walker to improve walking 

efficiency via simultaneous binding of two DNA linked-affinity ligands for thrombin 

detection36. Although these bipedal DNA walkers had enhanced walking efficiency in 

some extent, the number of DNA walker and its walking speed were still restricted 

since one target only produced one DNA walker containing target. Consequently, it is 

meaningful to use one target produce multiple DNA walkers without target. Herein, a 

bipedal DNA walker signal amplification strategy was proposed, in which a few 

number of target miRNA-21 could produce large numbers of bipedal DNA walkers 

via catalytic hairpin assembly (CHA). Impressively, the walking efficiency of bipedal 

DNA walker was further improved because no target was carried with them. With the 

quantity increasement and efficiency promotion, the bipedal DNA walker greatly 

improved the signal amplification efficiency. 
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In this work, an ultrasensitive ECL biosensor was constructed based on (PTC-

NH2/Lu) nanocomposites as signal tags and bipedal DNA walker signal amplification 

strategy for ultrasensitive detection of microRNA-21 (miRNA-21). As shown in 

Scheme 1A, PTC-NH2 was synthesized via ammonolysis reaction between perylene-

3,4,9,10-tetracarboxylic dianhydride (PTCDA) and 1,2-diaminoethane anhydrous 

(C2H8N2). Through brief π-π stacking molecular self-assembly of luminol and PTC-

NH2, the luminophor PTC-NH2/Lu nanocomposites were successfully prepared. Then 

PTC-NH2/Lu/LD signal probes were generated by modifying the PTC-NH2/Lu 

nanocomposites with use of label DNA (LD, modified with carboxyl on the 5’ end) in 

cross-linking reaction. In the presence of target miRNA-21, HP1 hybridized with 

miRNA-21 to expand the stem-locked region which further hybridized with HP2 to 

fabricate the bipedal DNA walker through a typical catalytic hairpin assembly (CHA) 

process and the miRNA-21 substituted by HP2 could hybridize with HP1 again to 

form a cyclic reaction (Scheme 1B). HP1 and HP2 were designed to contain an 

identical binding domain on the 5’ end, respectively, which was complementary with 

partial sequence of substrate DNA (ST). As exhibited in Scheme 1C, the hybrid 

complexes of ST, assistant DNA (AS) and blocker DNA (BK) were immobilized on 

the surface of Au nanoflowers (Au NFs)-modified glass carbon electrode (GCE, the 

working electrode in the three-electrode system) via Au-S bond, which provided 

tracks for TSDR-powered bipedal DNA walkers. Ulteriorly, the bipedal DNA walkers 

hybridized with ST through the binding domain causing more sequence of ST were 

exposed and the exposed sequence as a toehold further hybridized with PTC-

NH2/Lu/LD signal probe to squeeze out binding domain. The squeezed-out binding 

domain reacted with ST in next cycle to power bipedal DNA walker walking on 

electrode surface accompanied by the capture of a large number of PTC-NH2/Lu/LD 
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signal probes. With increasing concentration of miRNA-21, more bipedal DNA 

walker could be fabricated with the end of that more PTC-NH2/Lu/LD signal probes 

were captured to output ECL signals, so the ECL intensity also increased 

correspondingly. On account of the novel PTC-NH2/Lu nanocomposites and bipedal 

DNA walker signal amplification strategy, this biosensor had extremely high 

sensitivity and achieved ultrasensitive detection for miRNA-21 with limit of detection 

33 aM. This work proposed a new perspective to prepare high-performance luminol-

based ECL emitters as well as effective and applicable bipedal DNA walker signal 

amplification strategy for biomedical analyses and clinical diagnostics.
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Scheme 1. Design principle of the fabricated miRNA-21 biosensor: (A) preparation of 

PTC-NH2/Lu signal probe; (B) preparation of bipedal DNA walker machine and (C) 

preparation of the modified electrode. (D) The possible ECL luminescence 

mechanisms of Luminol-H2O2 and Luminol-H2O2 + PTC-NH2 systems.

EXPERIMENTAL SECTION

Preparation of PTC-NH2/Lu Nanocomposites.

PTC-NH2 was synthesized through ammonolysis reaction between perylene-

3,4,9,10-tetracarboxylic dianhydride (PTCDA) and C2H8N2. First, 10 mg PTCDA was 

added in 9.0 mL of acetone. After that, 1.0 mL of C2H8N2 was slowly poured into 

above mixture and gently stirred for 2 h. Subsequently, PTC-NH2 was obtained by 

centrifuging (12000 rpm, 15 min) the above solution to remove sediment. Then 0.6 

mL of PTC-NH2 and 0.4 mL of luminol (0.05 M in 0.01 M NaOH) were mixed with 

9.0 mL of ultrapure water stirring overnight. Finally, after cyclic centrifugation and 

washing with ultrapure water for three times, the product PTC-NH2/Lu was dispersed 

in ultrapure water again and stored at 4 °C for further use.

Preparation of Signal Probe.

Initially, 4.0 μL of 0.1 μM N-(3-(dimethylamino) propyl)-N′-ethylcarbodiimide 

hydrochloride (EDC) was added into 95 μL of 10 μM LD strand under stirring for 1 h. 

Next, the mixture above and 1.0 μL of 0.1 μM N-Hydroxysuccinimide (NHS) were 

added into 400 μL of PTC-NH2/Lu stirring overnight. 

Fabrication of the Biosensor. 

The mixture containing 2.0 μM substrate DNA (ST), 2.5 μM assistant DNA (AS) 

and 2.5 μM blocker DNA (BK) was slowly heated to 95 °C for 5 min and cooled 
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down to 25 °C for 2 h getting the triple-stranded DNA (tsDNA). Firstly, according to 

previous literature37, GCE was disposed to obtain a mirror-like interface. In a constant 

potential of -0.2 V for 30 S, Au NFs (Figure S3) film was acquired on the electrode 

surface by immersing the GCE in HAuCl4 (w/v, 1%) solution for electrochemical 

deposition. Next, 10 μL of tsDNA was dropped on resultant electrode to incubate 

overnight at 4 °C. To block nonspecific adsorption sites, 10 μL of hexanethiol (HT, 

1.0 mM, ethanol) was added on the modified electrode surface for 40 min and then 

washed with ultrapure water. 

ECL Measurement Procedure. 

Firstly, 0.2 μM HP1 and 0.2 μM HP2 were slowly heated to 95 °C for 5 min and 

cooled down to 25 °C for 2 h respectively to insure that hairpin structure could be 

formed. Then 0.2 μM HP1, 0.2 μM HP2, the target miRNA-21 diluted in different 

concentrations and 2.0 μM PTC-NH2/Lu/LD signal probe were mixed together on the 

surface of biosensor for 70 min. After rinsing with phosphate buffered solution (PBS) 

(0.1 M, pH 7.4), the ECL measurement was executed with a potential of 0 to 0.6 V 

and a scan rate of 100 mV/s in 2.0 mL of PBS (0.1 M, pH 7.4) containing 2.0 mM 

H2O2.

RESULTS AND DISCUSSION

Native PAGE Analysis.

To demonstrate the successful execution of catalytic hairpin assembly, the 

polyacrylamide gel electrophoresis (PAGE) analysis was carried out after dropping 

prepared DNA strands into native polyacrylamid gel (16%) in 1 × TBE buffer with 

the potential of 120 V for 120 min. After dyeing with ethidium bromide, the 

electrophoretic image was gained with the Bio-Rad Gel Doc XR+ System (Figure S5). 
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A distinct band was displayed in lane 1, 2, and 3, corresponding to miRNA-21 (1.0 

μM), HP1 (1.0 μM), and HP2 (1.0 μM), respectively. Lane 4 exhibited two separate 

bands of HP1 (1.0 μM) and HP2 (1.0 μM) in the absence of miRNA-21, illustrating 

HP1 could not hybridize with HP2 spontaneously. Nevertheless, miRNA-21 could 

hybridize with H1 to trigger CHA getting bipedal DNA walkers. Therefore a new 

strip with mobility lower than H1 and H2 appeared in Lane 5 in the presence of 

miRNA-21 (1.0 μM), HP1 (1.0 μM) and HP2 (1.0 μM), which indicated that CHA 

process was implemented as expected.

Morphology Characterization for Different Materials.

As exhibited in Figure S6, surface morphology study for PTCDA, PTC-NH2 and 

PTC-NH2/Lu were examined by the scanning electron microscope (SEM). The SEM 

images in Figure S6A clearly showed that PTCDA exhibited a rod-like structure with 

great dispersity. While a larger rod-like particles (PTC-NH2) were showed in Figure 

S6B displaying the width of 500-600 nm and the length of about 2 μm. Compared 

with PTC-NH2, the morphology of PTC-NH2/Lu showed a smaller and clean-cut 

cubic structure (Figure S6C and Figure S6D), which indicated the successfully 

preparation of PTC-NH2/Lu nanocomposites. 

Spectral Studies of PTC-NH2/Lu.

UV-vis absorption spectra were applied to investigate interaction of luminol and 

PTC-NH2. As shown in Figure S7A, luminol displayed three optical absorption 

spectrum at 221 nm, 301 nm and 347 nm in which the absorption peak at 221 nm 

ascribed to the amino π-π* transition, and the absorption peaks at 301 nm and 347 nm 

ascribed to the n-π* transition (curve a). A wide absorption band of PTC-NH2 peaked 

at 490 nm which was assigned to the perylene core π-π* transition. (curve b). 
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Significantly, four peaks at 225 nm, 296 nm, 343 nm and 509 nm were observed with 

PTC-NH2/Lu (curve c), which confirmed that the luminol was contained in the 

prepared nanocomposites. The reasons for the peak red-shift and blue-shift are 

summarized as follows: When PTC-NH2/Lu were prepared through molecular self-

assembly of luminol and PTC-NH2, π-electron delocalization of aromatic ring was 

promoted by the electron interaction in PTC-NH2/Lu, leading to lower π-π* energy 

gap of PTC-NH2 and red-shift peak from 490 nm to 509 nm in PTCDA and 221 nm to 

225 nm in luminol. The blue-shift peaks from 301 nm to 296 nm and 347 nm to 343 

nm, respectively, were caused mainly by the electrostatic interactions38 between PTC-

NH2 and luminol in PTC-NH2/Lu nanocomposites. The result verified that the PTC-

NH2/Lu nanocomposites were prepared successfully through π-π stacking molecular 

assembly.

Furthermore, the Tyndall effect of these nanomaterials was characterized under a 

red laser. As shown in Figure S6B, three cuvettes from left to right were loaded with 

luminol (cuvette a), PTC-NH2 (cuvette b) and PTC-NH2/Lu (cuvette c), respectively. 

A weak light appeared inside luminol and PTC-NH2 in the light path of the laser, 

while a bright light appeared inside PTC-NH2/Lu. The experimental results 

demonstrated that the formation of PTC-NH2/Lu was self-assembly process from 

small molecules to particles.

Quantum chemistry for PTC-NH2/Lu.

In order to confirm the most possible molecular configuration of PTC-NH2/Lu, 

density functional theory (DFT) calculation of quantum chemistry was performed and 

the result was shown in Figure S2. In addition, for the sake of studying the binding 

nature of PTC-NH2/Lu, noncovalent interactions existed between PTC-NH2 and 

luminol were visualized through the isosurface of sign (λ2)*ρ of reduced density 
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gradient (RDG) method, in which the color of gradient isourfaces were based on the 

values of sign (λ2)39. As exhibited in Figure 1, a distinct RDG isosurface in green was 

observed from different perspectives, which represented the π-π interaction 

corresponding to all atoms of PTC-NH2 and luminol. Thus, it could be summarized 

that π-π interaction was main driving power for the molecular assembly of PTC-

NH2/Lu.

Figure 1. The RDG analysis for PTC-NH2/Lu.

Characterization of the Fabrication Process.

For the purpose of investigating the assembly process of proposed biosensor, the 

cyclic voltammogram (CV) was applied with different constructed electrodes in 2.0 

mL PBS containing 5.0 mM [Fe(CN)6]3-/4- (Figure 2A). Curve a displayed a pair of 

well-defined redox peaks with bare GCE. And then the peak current value increased 

obviously with the electro-deposition of Au NFs (curve b). After the incubation of 
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tsDNA, the peak current value decreased because of electrostatic repulsion in DNA 

framework (negatively charged) and [Fe(CN)6]3-/4- (curve c). Due to the impediment 

of HT in electron transmission, the peak current value decreased again with the 

addition of HT (curve d). 

The interface property of modified electrode was also verified by electrochemical 

impedance spectroscopy (EIS) under a potential of 220 mV and frequency was 10-2 to 

106 Hz (Figure 2B). The semicircle diameter is the equal of electron-transfer 

resistance (Ret) in Nyquist plots. Firstly, bare GCE displayed a fairly small semicircle 

diameter because of a low Ret value of [Fe(CN)6]3-/4- (curve a). With the deposition of 

Au NFs, Ret of Au NFs/GCE decreased apparently owing to the augment of specific 

surface area as well as acceleration of electron transfer efficiency (curve b). Next, 

tsDNA was modified on the Au NFs /GCE surface, as expected, the Ret increased due 

to the poor electrical conductivity of tsDNA (curve c). Due to the strong blockage of 

electron transport, the Ret enhanced significantly after blocking with HT (curve d). 

ECL characterization was performed by recording corresponding ECL signals in 

2.0 mL of PBS (0.1 M, pH 7.4) containing 2.0 mM H2O2 to further confirm the 

successful preparation of designed biosensor. As illustrated in Figure 2C, a low 

intensity ECL signal was detected in the absence of miRNA-21 (blue curve). While 

with the addition of miRNA-21, sharply augmentation in ECL intensity was observed, 

indicating the proposed biosensor achieved effective response to target miRNA-21 

(red curve). 
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Figure 2. (A) CV and (B) EIS analysis for different electrodes: (a) bare GCE, (b) Au 

NFs/GCE, (c) tsDNA/Au NFs/GCE, (d) HT/tsDNA/Au NFs/GCE. (C) ECL response 

of the proposed biosensor (blue curve) without and (red curve) with miRNA-21.

ECL Spectra of Nanomaterials.

The Spooled ECL spectra recorded evolution and devolution of luminol (Figure 3A 

and Figure 3B) and PTC-NH2/Lu (Figure 3C and Figure 3D) at different potentials. 

As displayed in Figure 3A and Figure 3B, a significant ECL spectrum was obtained 

with a forward scan voltage of 0.45 V and the peak was at 475 nm which exhibited no 

observable shift with the variation of potential. In Figure 3C and Figure 3D, the PTC-

NH2/Lu exhibited a fixed peak at 475 nm in the spooled ECL spectra as well. Only a 

constant ECL peak wavelength at 475 nm was revealed throughout the potential 

window, which demonstrated that only one excited state was involved40 and the 

illuminant in the synthesized nanocomposites was luminol. 

Combining the previous works41-43 with experimental results above, the possible 

luminescence mechanisms of luminol-H2O2 and luminol-H2O2 + PTC-NH2 systems 

were shown in Scheme 1D. In luminol-H2O2 system, H2O2 was electro-catalyzed to 

produce superoxide anion radical (O2
•-) in detection solution at first. Then luminol 

anionic radicals (luminol•-) were generated by the electrochemical oxidation. Finally, 

O2
•- could react with luminol•- acquiring excited-state species 3-aminophthalate (AP2-

*), which then returned to ground state with concomitant light emission. However, 
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after the introduction of PTC-NH2 in luminol-H2O2 system, π-conjugated carbon 

radical (π-C═C• radicals) at perylene plane was generated (PTC+-NH2), which further 

reacted with H2O2 to facilitate the formation of O2
•-. Hence, more O2

•- was produced 

by two ways in luminol-H2O2 + PTC-NH2 system to catalyze the ECL emission of 

luminol. Moreover, property exploration of PTC-NH2/Lu nanocomposites was shown 

in Figure S7. The ECL intensity measured by GCE in luminol and H2O2 solution was 

3319 au, and when PTC-NH2 was formed on the electrode, the ECL intensity 

increased significantly to 7938 au. The result indicated that PTC-NH2 was an ideal co-

reaction accelerator for luminol-H2O2 system.

Figure 3. Spooled ECL spectra of (A, B) luminol and (C, D) PTC-NH2/Lu with PBS 
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during one cycle of the scanning potential from 0 to 0.6 V then back to 0 V. 

ECL Response for miRNA-21.

Dynamic response of the proposed biosensor for different concentrations of target 

was studied. Figure 4A displayed that the intensity of ECL signal linearly increased as 

the logarithm of miRNA-21 concentration increased from 100 aM to 100 pM. As 

exhibited in Figure 4B, regression equation of the biosensor fitted to I = 1020.8lgc + 

17365.3 (squared correlation coefficient 0.998) and the detection limit was calculated 

to be 33 aM according to reported method44. Additionally, some researches for 

miRNA-21 detection were compared to this work. As exhibited in Table 1, the 

fabricated biosensor had much wider detection range and lower detection limit. The 

experiment results showed that the sensor prepared had surprising sensitivity to the 

target miRNA-21.

Figure 4. (A) ECL intensity-time curves for various concentration of miRNA-21 

and (B) calibration curve between ECL intensity and logarithm of target miRNA-21 

concentration. 

Table 1. Comparison with relative works for miRNA-21 detection

Test method Amplification strategy Sensing range Detection limit Reference
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Stability and Selectivity Analysis

Stable ECL signal is an important indicator for the assessment of biosensor 

performance. As illustrated in Figure 5A, continuous scanning was implemented for 

10 cycles to investigate the stability of the biosensor. The ECL signal revealed little 

fluctuation with the relative standard deviation (RDS) of 1.70%, which showed nice 

stability of the proposed biosensor. 

In addition, miRNA-122, miRNA-141, and miRNA-155 were used as possible 

interferences to estimate the specificity of prepared biosensor (Figure 5B). Contrast 

assay was performed at a 100 : 1 ratio of the concentration of interfering substances to 

the concentration of miRNA-21. As expected, a low ECL signal was observed when 

miRNA-21 was replaced with miRNA-122 (10 nM), miRNA-141 (10 nM) and 

miRNA-155 (10 nM), respectively, which showed little fluctuations compared with 

blank experiment. While the target miRNA-21 (100 pM) and the mixture containing 

miRNA-21 (100 pM) showed significant ECL signals. The results above verified that 

miRNA-122, miRNA-141, and miRNA-155 cannot caused interference to the 

proposed biosensor. In brief, contrast assay indicated the biosensor displayed superb 

PL Ratiometric fluorescent bioprobe 10 fM-500 fM 3.0 fM 45

SERS In situ hot-spot assembly 1 pM-1 nM 1 pM 46

EC 2D DNA nanoprobe 1 fM-10 nM 0.31 fM 47

ECL 3D DNA walking machine 10 fM-100 pM 3.3 fM 48

ECL Bi-directional DNA walker 5 fM-500 pM 1.51 fM 32

ECL Bipedal DNA walker 100 aM-100 pM 33 aM This work
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selectivity for miRNA-21. 

Figure 5. (A) The ECL intensity-time curve of this biosensor under scanning 10 

cycles in PBS (0.1 M, pH 7.4) containing 2 mM H2O2 with miRNA-21 concentration 

of 10 fM. (B) Performances of the proposed biosensor tested with different 

interferences.

Preliminary Assessment of the Biosensor in Lysates from Cancer Cells.

The performance of constructed biosensor to practical samples was evaluated by 

monitoring ECL signal response for target miRNA-21 in lysates of breast 

adenocarcinoma cell (MCF-7) as well as human cervical cancer cell (HeLa). After cell 

counting, the lysates of tumour cells were prepared via the commercial miRNA 

extraction kit. As shown in Figure 6, the intensity of ECL signal significantly 

increased with the concentration of MCF-7 increasing from 101 to 105 cells, which 

indicated that the target miRNA-21 was highly expressed in MCF-7 cells. While 

slightly augment in ECL intensity was displayed when the concentration of HeLa 

increased from 101 to 105 cells, suggesting the low expression of miRNA-21 in HeLa 

cells. The results above were in good agreement with present research49,50, which 

demonstrated that the biosensor proposed could achieve sensitive response for 

miRNA-21 in tumor cells.
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Figure 6. ECL measurements of the constructed biosensor for target miRNA-21 

extracted from MCF-7 cells and HeLa cells with different numbers (101, 102, 103, 104 

and 105 cells).

CONCLUSION

In summary, with the combination of PTC-NH2/Lu nanocomposites as signal tags 

and bipedal DNA walker for signal amplification, an ultrasensitive biosensor was 

constructed for miRNA-21 detection. The PTC-NH2/Lu nanocomposite was prepared 

via π-π stacking molecular assembly between luminol and PTC-NH2 for the 

immobilization of a large amount of luminol, in which PTC-NH2 as a novel co-

reaction accelerator significantly enhanced ECL emission of the luminol-H2O2 system. 

Besides, the proposed bipedal DNA walker strategy obviously promoted the signal 

amplification efficiency by introducing CHA to produce a large amount of bipedal 

DNA walkers. As expected, biosensor prepared was applied to the detection of 
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miRNA-21 with good results in lysates from MCF-7 and HeLa cells. It’s reasonable 

to suppose that the biosensor have a broader application prospect in biomedical 

detection and clinical diagnostics.
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