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ABSTRACT

In this work, a classified cargo-discharge DNA robot with only two DNA strands 

was designed and driven by analogous proximity ligation assay (aPLA)-based enzyme 

cleaving for fast walk to construct a novel electrochemical biosensor for 

simultaneously ultrasensitive detection of microRNA-155 (miRNA-155) and 

miRNA-21. Compared with traditional DNA nanomachines, the multifunctional DNA 

robot possessed simple structure, high self-assembling efficiency and walking 

efficiency. Once it interacted with target miRNAs, this DNA robot could fast walk on 

the electrode surface and realize the classified cargoes discharging including beacons 

methylene blue (MB) and ferrocene (Fc) respectively labeled in the double stranded 

DNA (A1-A2) for ultrasensitive detection of multiple miRNAs simultaneously. As a 

result, the wide linearity ranging from 100 aM to 100 pM and low detection limit of 

42.7 aM and 51.1 aM were obtained for miRNA-155 and miRNA-21 detection 

respectively. As a proof of concept, the present strategy initiates a novel and high 

efficient walking platform to realize the ultrasensitive detection of biomarkers and 

possesses the potential applications in clinical diagnosis of disease.

KEYWORDS: DNA robot, proximity ligation assay, enzyme cleaving, microRNA 

detection, electrochemical biosensor

INTRODUCTION

Molecular machines that carry out mechanical tasks are key functional components in 

all biological organisms,1-4 therefore, various artificial molecular machines are 

designed to study their action mechanisms in biological organisms, for example, DNA 
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motor,5,6 motor proteins,7,8 molecular muscle,9 and so on. DNA as a critical 

biomolecule in genetics and biology possesses double-helical structure and the 

Watson-Crick pairing of its bases to enable DNA structurally predictable,10-12 which 

makes it to be possible for the design and synthesis of artificial DNA nanostructures 

by suitable programming of the base sequences of DNA strands.13-16 Therefore, a 

variety of DNA nanomachines have been designed and assembled for different 

applications, such as, DNA walker,17,18 DNA robot,19,20 DNA tweezers, 21,22 DNA 

roller,23 etc. Although these molecular machines could carry out complex 

nanomechanical tasks automatically, most of them were designed to perform a single 

function: walking in a controlled direction, while few demonstrations involved a 

second function combined with walking (such as, discharging or picking up 

nanoparticles) owing that relatively more complex functions were more difficult to 

control, as well as limited to what the DNA nanomachines can perform only a few 

steps.19 Moreover, multifunctional nanomachines also demand large amounts of DNA 

strands and complex design, leading to the increasing experiment cost and 

time-consuming. Thus, how to avoid the above predicaments for the design of 

programmable DNA nanomachines that spontaneously execute multifunctional 

nanomechanical tasks is still a challenge.

The walking of DNA nanomachines is usually driven by several common types in 

previous researches, for instances, light,24,25 strand displacement,18,26 enzyme. 

27,28Although the light could achieve the fast walking for DNA nanomachines, the 

driven usually demands with the help of chemical and electrical inputs, then it will 
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become common to perform, which compels it to be at the development stage.29 

Moreover, the walking of DNA nanomachines driven by strand displacement is 

usually aided by the exponentially increasing cost of oligonucleotide preparation and 

purification, accompanying larger numbers of DNA strands waste,30 therefore, 

enzyme as high efficient method has become the best candidate for driving the 

walking of DNA nanomachines in recent years.5,31,32 However, the traditional enzyme 

driven is usually suffered with complex design of DNA sequence for stabilizing the 

structure in addition to the design of multiple enzyme shear sites in some biosensors 

for multiple detection, which requires high cost and fussy experimental operation. 

Hence, it has become a burning issue by combining with some other methods to 

realize the fast and high efficient enzyme driven for the walking of DNA 

nanomachines. The proximity ligation assay (PLA) could prevent spatial diffusion by 

the strong binding of two affinity ligands to target proteins, thus 

complementary-oligonucleotide proximity could be closed and then dramatically 

increase their local effective concentrations, further enhanced the efficiency and 

stability of the hybrid, and accelerated the reaction rate.33,34 Inspired by this 

mechanism, the analogous PLA (aPLA) induced by DNA has aroused widespread 

concern attributing that it entirely inherits the inherent advantages of PLA, as well as 

can obtain more stable DNA structure with only several bases, simplifying sequence 

design and intensifying operational flexibility,35,36 but, the study involving 

aPLA-based enzyme cleaving for driving the walking of DNA nanomachines has not 
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been reported, which provides a precious opportunity to pave an avenue for driving 

the walking of DNA nanostructured robot with more simple and faster way. 

Hence, a simply constructed and highly efficient classified cargo-discharge DNA 

robot was well-designed with only two DNA strands and driven by aPLA-based 

enzyme cleaving to fast walk around on the electrode surface to construct an 

electrochemical biosensor for ultrasensitive the detection of multiple miRNAs. As 

shown in the Scheme 1, the construction of the proposed electrochemical biosensor is 

as follows: first, the GCE was modified with dep-Au, then the formed double strand 

DNA (A1-A2) labeled with MB and Fc respectively was captured on the electrode 

surface via Au-N bonding and then blocked with HT. When the designed DNA robot, 

target miRNA-21, miRNA-155 and Nt.BbvCI were introduced into this system 

simultaneously, the electrochemical signals decreased significantly owing that the 

targets could close the two feet of DNA robot to trigger PLA-based enzyme cleaving 

for classified release of DNA fragments labeled with MB or Fc, realizing the multiple 

targets detection. In a word, the functions of the designed DNA robot as follows: (1) 

capture two different targets, (2) walk on the electrode surface, (3) classifiedly 

discharge the DNA fragments labeled with MB and Fc. By this design, the 

electrochemical biosensor could initiate a novel and high efficient walking platform to 

realize the highly sensitive detection of multiple miRNAs or other biomarkers.
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Scheme 1 Schematic illustrations of (A) the formation of classified cargo-discharge 

DNA robot, (B) the detection principle of the electrochemical biosensor for multiple 

miRNAs detection based on classified cargo-discharge DNA robot. 

EXPERIMENTAL SECTION

Chemicals and Materials. Chloroauric acid (HAuCl4) and mercaptoethanol (HT) 

were purchased from Sigma (St. Louis, MO, USA). Alumina polishing powder was 

obtained from Tianjin Aida Hengsheng Technology Development Co. Ltd (Tianjin, 

China). Nt.BbvCI enzyme, HPLC-purified, synthetic microRNAs (miRNA) and all 

other oligonucleotides were obtained from Shanghai Sangon Biological Engineering 

Technology & Services Co., Ltd (Shanghai, China). All nucleotides sequences were 
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listed in the Table 1. Aqueous solutions were prepared using ultrapure water (specific 

resistance of 18 MΩ·cm). Other reagents were of analytical grade and used as 

received.

Table 1 The oligonucleotide sequences applied in the proposed work

oligonucleotide Sequence (5´ to 3´)

A1 TGATTCAATCCTCTTGCGCATCTATAAATTTTTTTCATTCGGCTGA

GG-MB

A2 Fc-GCTGAGGACTAAGTTTTTTATTTATAGATGCGCAAGAGGATTG

AATCA-NH2

L CCTCAGCCTGATAAGCTATTTCTCGAGAAGCTCCTGATTGGGTGG

GTTTGTGGTTCAAGGATCCTTTACCCCTATCACCCTCAGC

M
ACTTAGTGATTAGCATTAATTTGGATCCTTGAACCACATTGGGTG

GGTTTCAGGAGCTTCTCGAGTTTTCAACATCAGTCGAATGA

miRNA-155 UUAAUGCUAAUCGUGAUAGGGGU

miRNA-21 UAGCUUAUCAGACUGAUGUUGA

miRNA-141 UAACACUGUCUGGUAAAGAUGG

miRNA-let-7a UGAGGUAGUAGGUUGUAUAGUU

miRNA-182-5p UUU GGC AAU GGU AGA ACU CAC ACU

Apparatus. All electrochemical measurements were performed in a conventional 

electrochemical cell including a recorded with CHI 760E electrochemical workstation 

(Shanghai Chenhua Instrument, China) and three-electrode arrangement. Square wave 

voltammetry (SWV) in this work was performed in 2 mL PBS with the potential 

range from -0.6 to 0.7 V at 100 mV/s. The morphology of nanomaterials was 

characterized via a scanning electron microscope (SEM, S-4800, Hitachi, Japan) with 

an acceleration voltage of 20-30 kV. Ultrapure water was acquired from a Nanopure 
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Infinity ultrapure water system (Barnstead thermolyne Corporation, Dubuque, IA, 

USA). All Data was handled with “linear baseline correction” function and “smooth” 

function of CHI760E software.

Preparation of DNA robot. The synthetic L (2 µM) and M (2 µM) DNA strands 

were mixed together in tetramethylammonium chloride (TMACl) buffer (1.0 mM 

TMACl; 10 mM Tris, pH 7.9), then heated to 95 °C for 2 min, and allowed to cool to 

37 °C slowly, then reacted for 15 min.

The Fabrication of the Modified Electrodes. Firstly, the cleaned bare GCE was 

electrodeposited for 30s in the HAuCl4 (1％) solution (1％ stands for the mass ratio 

of solute (HAuCl4) and solution during the solvent is H2O) for the formation of 

dep-Au, then the double strand DNA (A1-A2) was introduced into this biosensor by 

Au-N bonding for 16 h. In order to block the non-specific sites on the modified 

electrode surface, 20 µL HT was immobilized for 50 min. Subsequently, the mixture 

of the formed DNA robot (8 µL), the target of miRNA-21 (5 µL) and miRNA-155 (5 

µL), and Nt.BbvCI (2 µL, 2U/µL) were introduced into this modified electrode 

surface with 40 min. Finally, all experimental steps were respectively cleaned by 

ultrapure water, and the as-prepared electrode was further dealt with electrochemical 

measurements.

RESULTS AND DISCUSSIONS

Optimization of the Experimental Conditions. The successful formation of DNA 

robot is the key factor for this prepared electrochemical biosensor, thus the 

concentration of tetramethylammonium chloride (TMACl) for the formation of DNA 
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robot, the incubation time of forming DNA robot and target were investigated 

respectively. Firstly, different concentrations of TMACl including 0.5 mM, 1.0 mM, 

1.5 mM, 2.0 mM, 2.5 mM and 3.0 mM were used for optimizing the best 

concentration of TMACl for the formation of DNA robot by polyacrylamide gel 

electrophoresis (PAGE). From Figure 1A, the band of DNA corresponding to the 0.5 

mM TMACl was at the low position. Once the concentration of TMACl increased to 

1.0 mM, the band of DNA reached at high position and remained unchanged until 3.0 

mM, demonstrating that the DNA robot was formed at 1.0 mM TMACl. thus, 1.0 mM 

was selected as the best the concentration of TMACl for the formation of DNA robot. 

Moreover, the immobilization time of forming DNA robot was also surveyed with 

PAGE, and the results were presented in the Figure 1B. As we can see from Figure 

1B, as the increasing time, the positions of these DNA bands rose gradually and kept 

unchanged until 15 min, thus 15 min was as the best immobilization time for forming 

DNA robot. Finally, the incubation time for targets was examined by changing 

different time of 10 min, 20 min, 30 min, 40 min, 50 min, 60 min. From Figure 1C, 

with the time increasing, the current response of MB and Fc simultaneously decreased 

and arrived a platform at 40 min. Thus, in order to obtain optimum results for 

miRNA-155 and miRNA-21 detection, 40 min was served as the optimal incubation 

time of targets. 
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Figure 1. (A) Optimum reaction concentration of tetramethylammonium chloride 

(TMACl), the time for the formation of DNA robot (B) and the reaction time of 

targets (C).

Stepwise Characterization of the Modified Electrode. The successful fabrication of 

this biosensor for miRNA-155 and miRNA-21 detection was recorded with CV and 

SWV measurements in 2 mL [Fe(CN)6]3−/4− (5mM, pH 7.4) and PBS solution (pH 

7.0) respectively. As shown in Figure 2A, once the dep-Au nanomaterial was 

introduced onto electrode surface by electro-deposition, the electrochemical signal of 

[Fe(CN)6]3−/4− increased significantly (curve b) due to the good conductivity of 

dep-Au compared with the bare GCE (curve a). From the Figure 2B, when the double 

strand DNA A1-A2 was captured onto electrode surface by Au-N bonding, typical 
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oxidative peaks of MB (-0.3 V) and Fc (0.45 V) was obtained (curve a). Once the HT 

was introduced into the electrode surface to block the nonspecific site, the 

electrochemical signals of MB and Fc decreased (curve b). While targets miRNA-155 

and miRNA-21, DNA robot and Nt.BbvCI were dropped onto the electrode surface, 

the corresponding electrochemical signals of MB and Fc (curve c) significantly 

decreased simultaneously, attributing that targets could trigger the aPLA, further 

induce the cleaving of Nt.BbvCI. These results confirmed that this electrochemical 

biosensor could realize simultaneously detection of miRNA-155 and miRNA-21. 

Moreover, the electrochemical impedance spectroscopy (EIS) characterizations of the 

modified electrode was performed, and the related results could be seen in the 

Supporting Information.

Figure 2. (A) CV responses of different modified electrodes in 2 mL [Fe(CN)6]3−/4− 

solution: GCE (a), dep-Au/GCE (b), (B) SWV responses of the different modified 

electrodes corresponding to the electrochemical signals of MB (-0.3 V) and Fc (0.45 

V) for the detection of miRNA-155 and miRNA-21 respectively in 2 mL PBS 

solution: (a) A1-A2/dep-Au/GCE, (b) HT/A1-A2/ dep-Au/GCE, (c) miRNA-155 + 

miRNA-21 + DNA robot + Nt.BbvCI/ A1-A2/HT/dep-Au/GCE.
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Comparison of Current Response Under Different Conditions. In order to present 

the multiplexed performance of the proposed biosensor for miRNA-155 and 

miRNA-21 detection simultaneously, the control experiments under different 

conditions were carried out. From Figure 3A, when the biosensor incubated without 

any target miRNAs, it exhibited two typical high signal peaks of MB (-0.30 V) and Fc 

(0.45 V) at different potential positions respectively. Once the target miRNA-155 (10 

pM) was introduced into this biosensor, significant decrease in electrochemical signal 

of MB was obtained, while the current response corresponding to Fc was still 

unchanged (Figure 3B), likewise, the introduction of miRNA-21 (10 pM) led to the 

decreased current response of Fc and the unchanged current response of MB (Figure 

3C). The results demonstrated that the proposed biosensor could be employed for the 

detection of either miRNA-21 or miRNA-155. Significantly, when the biosensor was 

incubated with miRNA-155 and miRNA-21 simultaneously, obvious decrease in 

current responses of MB or Fc were observed (Figure 3D), proving that the proposed 

biosensor could be used to detect multiple miRNAs. Additionally, the comparison of 

electrochemical signal between the modified electrode in the presence of the 

nanorobot but without the enzyme and the modified electrode without the nanorobot 

was performed to further prove the feasibility the proposed biosensor for multiple 

targets in the presence of DNA robot and enzyme, and the results could be seen from 

Supporting Information. 
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Figure 3. SWV responses of MB (-0.3 V) and Fc (0.45 V) for miRNA-155 and 

miRNA-21 detection respectively in this electrochemical biosensor: (A) in the 

absence of miRNA-155 (10 pM) or miRNA-21 (10 pM), in the presence of (B) 

miRNA-155 (10 pM), (C) miRNA-21 (10 pM), and (D) miRNA-21 (10 pM) and 

miRNA-155 (10 pM).

Electrochemical Assay of miRNAs Detection. To analyze the detection performance 

of the biosensor, different concentrations of miRNA-155 and miRNA-21 were 

measured by SWV under the optimal experimental conditions. As we can see from 

Figure 4A, increased suppression of the current responses of MB (-0.3 V) and Fc 

(0.45 V) could be observed with elevated concentration of the target miRNA-155 and 

miRNA-21 respectively. It was clearly displayed that introducing different 

concentrations of target miRNAs to this detection system led to obvious decreased in 

electrochemical signals of Fc and MB. And the calibration plots both in Figure 4B 

Page 13 of 24

ACS Paragon Plus Environment

Analytical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



14

and 4C displayed well linear relationships for the changes in the SWV signal (ΔI) 

between different concentration of targets (lgcmiRNAs) and blank samples in the 

dynamic range from 100 aM to 100 pM for miRNA-155 and miRNA-21 respectively. 

And the regression equation expressed as ΔI = 2.273 + 0.302 lgcmiRNA-155 and ΔI = 2.4 

+ 0.288 lgcmiRNA-21. The corelation coefficients were 0.993, 0.992 and the limit of 

detections (LOD) were 42.7 aM and 51.1 aM for miRNA-155 and miRNA-21 

detection (The detail calculation method of LOD was added in the Supporting 

Information) respectively. The detection limits of the proposed strategy for multiple 

miRNAs detection were compared with other reported methods, and displayed wider 

linear range and more sensitive for miRNAs detection (Table 2). 

Figure 4. (A) SWV responses of MB (-0.3 V) and Fc (0.45 V) for miRNA-155 and 

miRNA-21 detection respectively in this electrochemical biosensor at: (a) 0 pM and 0 
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15

pM, (b) 100 aM and 100 aM, (c) 1.0 fM and 1.0 fM, (d) 10 fM and 10 fM, (e) 100 fM 

and 100 fM, (f) 1.0 pM and 1.0 pM, (g) 10 pM and 10 pM, (h) 100 pM and 100 pM. 

(B) and (C) corresponding to the calibration plots of ΔI vs. lgcmiRNA-155 and 

lgcmiRNA-21, respectively. 

Table 2 Comparison of this strategy with other methods for multiple miRNAs detection.

Analytical method Target The limit of detection Reference

s 

ECL miRNA-21/miRNA-155 1.51 fM/1.67 fM 37

FL miRNA-155/miRNA-210 10 pM/10 pM 38

DPV

SERS

SWV

SWV

miRNA-182/miRNA-381

miRNA-21/miRNA-122

miRNA-141/miRNA-21

miRNA-155/miRNA-21

0.20 fM/0.12 fM

2.72 pM/0.24 pM

4.2 fM/3.0 fM

42.7 aM/51.1 aM

39

40

41

this work

Reproducibility, Selectivity and Stability of the Proposed Biosensor. In order to 

investigate the reproducibility, six repetitive measurements of 10 pM of miRNA-155 

and miRNA-21 respectively achieved the relative standard deviation of 4.83% and 

6.21%, confirming the accepted reproducibility of this electrochemical biosensor. 

While, miRNA-141, miRNA-let7a and miRNA-182-5p were adopted as interfering 

agents to investigate the selectivity of this biosensor, from Figure 5, we could see that 

no obvious signal changes of miRNA-144, miRNA-let7a and miRNA-182-5p except 

that for target miRNAs (10 pM), and the electrochemical signal of the mixture 

containing miRNA-144 (1.0 nM), miRNA-let7a (1.0 nM), miRNA-182-5p (1.0 nM), 

miRNA-21(10 pM) and miRNA-155 (10 pM) was similar with that of miRNA-21 (10 

pM) and miRNA-155 (10 pM), proving that the present strategy for miRNAs 

detection possessed good selectivity. Additionally, the prepared fresh electrodes were 
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used to demonstrate the stability of the designed biosensor, and their electrochemical 

signals were surveyed after 5d (98.27%/98.58%), 10d (96.16%/97.16%), 15d 

(95.39%/96.01%), 20d (94.41%/94.73%) and 25d (93.83%/93.35%). These results 

demonstrated this biosensor owed well stability.

Figure 5. Specificity of the electrochemical biosensor for the blank, miRNA-141(1.0 

nM), miRNA-let7a (1.0 nM), miRNA-182-5p (1.0 nM), targets including miRNA-21 

(10 pM) and miRNA-155 (10 pM), and the mixture containing miRNA-141 (1.0 nM), 

miRNA-let7a (1.0 nM), miRNA-182-5p (1.0 nM), miRNA-21 (10 pM) and 

miRNA-155 (10 pM).

Application. To verify the feasibility of the multiplexed biosensor for miRNAs 

analysis in real samples, miRNA-155 and miRNA-21 obtained from different 

cancerous cell lines including MCF-7 (human breast cancer cells) and Hela (cervical 

cancer cells) were surveyed with this proposed biosensor. As we can see from Figure 

6A, bar b showed SWV responses of miRNA-155 from 103 Hela and 103 MCF-7 

respectively, which was lower than that of the blank sample (a). As expected, a 

gradual decrease in SWV intensities were obtained when the Hela and MCF-7 cells 

increased to 105 (d), suggesting that the miRNA-155 was over-expressed both in Hela 
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cells and MCF-7 cell. At the same time, the Figure 6B showed that the SWV 

responses gradually decreased with the MCF-7 cell from 103 (b) to 105 (d) compared 

with the blank sample (a), while the SWV responses were hardly any changes with 

the Hela cell from 103 to 105. These results demonstrated that the expression level of 

miRNA-21 in MCF-7 cell was excess, while barely expressed in Hela cell, which 

were good consistent with previous reports.42-45 Moreover, the detail process for cell 

culture and total RNA extraction and the performance analysis of the biosensor for 

multiple targets in real cell sample could be seen in the Supporting Information. 

Figure 6. Analysis of miRNA-155 (A) and miRNA-21 (B) from Hela and MCF-7 

cells: (a) blank detection without miRNAs; (b) 103 cancer cells; (c) 104 cancer cells; 

(d) 105 cancer cells.

CONCLUSION

In summary, the present work has designed a classified cargo-discharge DNA 

robot which was applied in an electrochemical biosensor for the multiple detection of 

miRNAs by the aPLA-based enzyme cleaving for driving the walking of DNA robot. 

The proposed electrochemical biosensor showed three attractive features. Firstly, the 

designed classified cargo-discharge DNA robot possessed high self-assembling and 
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walking efficiency, which could discharge different cargo (beacons) for increasing the 

wide application of the proposed biosensor by simply changing the DNA sequences of 

the feet in DNA robot; Secondly, the aPLA-based enzyme cleaving could not only 

accelerate the walking speed of DNA robot for reducing the detection time and 

increasing the detection sensitivity, but also pave a new way for better driving the 

walking of DNA robot; Thirdly, the introduction of aPLA could enhance the 

hybridization efficiency of DNA and decrease the unessential DNA sequences, 

resulting in simplified DNA design and low experiment cost. Above all, the strategy 

could provide a highly efficient walking platform for various sensors, as well as has 

potential applications in clinical therapeutics.

ASSOCIATED CONTENT

Supporting Information

The electrochemical impedance spectroscopy characterizations of the modified 

electrode, the feasibility analysis of the proposed biosensor for multiple targets in the 

presence of DNA robot and enzyme, the performance analysis of the biosensor for 

separate detection different target, cell culture and total RNA extraction, the 

performance analysis of the biosensor for multiple targets in real cell sample, the 

detection limit calculation of the proposed biosensor for multiple targets detection.
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