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Highly Sensitive Signal-on Biosensor for MicroRNA 142-3p Based 
on the Quenching of Ru(bpy)3

2+-TPA Electrochemiluminescence by 
Carbon Dots and Duplex Specific Nuclease Assisted Target 
Recycling Amplification

Jiao Yanga, Qian Xiaa, Longhua Guo b*, Fang Luoa, Yongqiang Dong a*, Bin Qiua, Zhenyu Lina*

1 Carbon dots (CDs) has been used to quench the 
2 electrochemiluminescence (ECL) of Ru(bpy)3

2+-tripropylamine 
3 (TPA) system for the first time. And which has been coupled with 
4 duplex specific nuclease assisted target recycling amplification to 
5 develop a highly sensitive ECL biosensor for microRNA.

6 Electrochemiluminescence (ECL) is a chemiluminescence 
7 phenomenon produced during electrochemical reactions on 
8 electrode surface. Which shows many outstanding advantages 
9 such as high sensitivity, easy operation and little sample 

10 consumption1,2 Ru(bpy)3
2+ (bpy = 2, 2′-bipyridyl)-tripropylamine 

11 (TPA) system possesses high ECL efficiency, good 
12 photochemical stability and good compatibility for analytes in 
13 aqueous medium, making it becoming one of the most popular 
14 ECL systems.3 Mostly Ru(bpy)3

2+ based ECL biosensors realize 
15 the quantification of the target through the regulation of the 
16 ECL indicator or the coreact compounds concentration. 4  Some 
17 compounds and materials which can effectively quench the ECL 
18 behavior of Ru(bpy)3

2+-TPA has been used to construct ECL 
19 biosensors for different targets. For example, our group utilized 
20 ferrocene as quenching compound to inhibit the ECL emission 
21 of Ru@SiO2 nanoparticles and develop a sensitive ECL biosensor 
22 for adenosine.5 Tang and coworkers investigated a DNA sensor 
23 based on the quenching performance of multiwall carbon 
24 nanotube (MWNT) to ECL emission of Ru(bpy)3

2+-TPA system, 
25 which because of the surface oxygen-containing groups and the 
26 intrinsic electron properties of MWNT.6 Similarly, Huang and 
27 coworkers reported that graphene oxide (GO) could quench the 
28 ECL of Ru(bpy)3

2+-TPA system, and the suppression of ECL         

29 mainly due to the oxygen-containing groups and poor electrical 
30 conductivity of GO.7 As a kind of biocompatible, nontoxic, 
31 water-soluble and environmentally friendly nanomaterial, 
32 carbon dots (CDs) have been applied in constructing many 
33 biosensors, which is based on its unique properties such as 
34 strong luminescence, excellent catalytic properties.8 CDs 
35 synthesized by chemical oxidation methods are rich in oxygen-
36 containing functional groups, primary study showed that CDs 
37 also can quench the ECL of Ru(bpy)3

2+-TPA system.
38 The abnormal expression of microRNA (miRNA) is related to 
39 cardiovascular disease, neurological diseases and multiple 
40 cancers.9 MiRNA 142-3p has been proved to be closely related 
41 with cervical cancer,10 colorectal cancer,11 esophageal 
42 squamous cell carcinoma12 and so on. Hence, its quantitative 
43 detection is of great clinical significance. Many effective 
44 methods , such as real-time PCR,13 northern blotting,14 and 
45 microarray analysis,15 fluorescence and electrochemistry,16 has 
46 been developed for miRNA detection. On account of the trace 
47 amount of miRNA, signal amplification strategy is needed to 
48 meet the accurate detection requirements. A series of signal 
49 amplification strategies such as rolling circle amplification 
50 (RCA),17 hybridization chain reaction (HCR),18 exonuclease-

51
52 Scheme 1. The signal-on biosensor for miRNA 142-3p based on the quenching of 

53 Ru(bpy)3
2+-TPA ECL by carbon dots and duplex specific nuclease assisted target 

54 recycling amplification. 
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1 assisted cyclic amplification,19 were introduced to increase the 
2 sensitivity of detection methods. The duplex specific nuclease 
3 (DSN) is known for its high specificity for cleaving double-
4 stranded DNA or DNA in DNA-RNA duplexes, while does not 
5 work on single-stranded DNA and single or double-stranded 
6 RNA, which has been widely used to realize target recycling and 
7 signal amplification.
8  In this study, a sensitive signal-on ECL biosensor for miRNA 
9 142-3p has been developed by coupling the quenching effect of 

10 CDs with the DSN-assisted target recycling amplification 
11 strategy. Scheme 1 showed the mechanism of the proposed 
12 biosensor. Firstly, CDs and complementary DNA (cDNA) 
13 modified with –NH2 was connected by EDC/NHS, the prepared 
14 CDs-cDNA (see details in supplementary information, (SI)) was 
15 attached to electrode surface via Au-S bond and served as 
16 quenching probe. In the absence of the target, CDs-cDNA was 
17 free from hydrolyzation because DSN has no capacity in 
18 hydrolyzing single-stranded DNA and a large amount of CDs-
19 cDNA remained on the electrode surface, leading to a weak ECL 
20 signal was detected when the modified electrode had been 
21 immersed in 2.0 mL of 10 mM PBS containing 25 nM Ru(bpy)3

2+ 
22 and 20 μM TPA for test, which due to the quench effect of CDs 
23 toward the ECL system. In the presence of the target, cDNA 
24 binds with the target to form DNA-RNA duplexes via 
25 complementary base pairing principle, due to the high 
26 preference of DSN for cleaving DNA in DNA-RNA duplexes, 
27 cDNA was hydrolyzed and the target was released to bind with 
28 another cDNA modified on the electrode surface, then another 
29 cDNA was hydrolyzed and released target again, therefore, the 
30 DSN enzyme-assisted target recycling amplification strategy 
31 was induced, hydrolyzed cDNA and CDs then left the electrode 
32 surface after washing, so little amount of CDs remained on the 
33 electrode surface and a relative large ECL signal could be 
34 detected. Thus, a sensitive platform for the detection of 
35 microRNA 142-3p could be achieved.
36 The prepared CDs were characterized by TEM, AFM and 
37 FTIR, which verified the successful synthesis and abundant 
38 carboxyl groups of CDs. The reduced CDs (R-CDs) were also 
39 characterized by TEM and FTIR, confirming decline in the 
40 oxygen content (see details in Fig. S1 in SI). Afterwards, the 
41 quenching phenomenon of CDs to the ECL of Ru(bpy)3

2+-TPA 
42 system was investigated. As illustrated in Fig. 1A, Ru(bpy)3

2+-
43 TPA system exhibited a strong anodic ECL signal at around +1.06 
44 V (curve a), which decreased obviously as CDs were added into 
45 the solution (curve b). The corresponding cyclic voltammetry 
46 (CV) curves were showed in Fig. 1B, compared with the control 
47 (curve a), the oxidation current of the system in the range of 
48 0.85~1.2 V was also inhibited obviously by the CDs (curve b). 
49 The results implied that CDs inhibited the ECL response of 
50 Ru(bpy)3

2+-TPA system mainly through affecting the 
51 electrochemical reactions of the system. It is well known that 
52 the ECL reaction of Ru(bpy)3

2+-TPA system involves the electro-
53 oxidation of both Ru(bpy)3

2+ and TPA  and the reaction between 
54 the formed Ru(bpy)3

3+ and TPA radical.20 To further investigate 
55 how the CDs affected the electrochemical processes of the ECL 
56 system, effects of CDs on the CV curves of only Ru(bpy)3

2+ and 
57 TPA alone were tested, respectively. As 

58          59 Figure 1. (A) ECL tests in 10 mM PBS containing 25 nM Ru(bpy)3
2+ and 20 μM TPA 

60 without CDs (a), with 5 µg/mL CDs (b) and with 5 µg/mL R-CDs (c), respectively. 
61 (B) CV tests in 10 mM PBS containing 25 nM Ru(bpy)3

2+ and 20 μM TPA without 
62 CDs (a), with 5 µg/mL CDs (b) and with 5 µg/mL R-CDs (c), respectively. (C) CV tests 
63 in 10 mM PBS containing 25 nM Ru(bpy)3

2+ without CDs (a) and with 5 µg/mL CDs 
64 (b), respectively. (D) CV tests in 10 mM PBS containing 20 μM TPA without CDs (a) 
65 and with 5 µg/mL CDs (b), respectively. Scan range: 0.5 to 1.2 V, scan rate: 100 
66 mV/s.

67 displayed in Fig. 1C, there was nearly no difference in the 
68 electrochemical behavior of Ru(bpy)3

2+ before (curve a) and 
69 after (curve b) the addition of CDs, but in Fig. 1D, the oxidation 
70 current of TPA was inhibited significantly after the addition of 
71 CDs (curve b).  The reason maybe lies in that CDs was negative 
72 catalyst for the electro-oxidation of TPA. It was usually 
73 considered that the zigzag edges are the active centers for the 
74 electrocatalysis.21 And the electrocatalytic activities of the 
75 zigzag edges were affected by the connected oxygen-containing 
76 functional groups.22 To verify this theory, in a control 
77 experiment, R-CDs, whose oxygen content was lower than that 
78 of CDs, were used instead of CDs as the quencher. As expected, 
79 R-CDs could also inhibit the ECL response (Fig. 1A, curve c) and 
80 CV behavior (Fig. 1B, curve c) of Ru(bpy)3

2+-TPA system, but the 
81 quenching effect was weaker than that of CDs. The results 
82 suggested that the zigzag edge adjacent to several oxygen-
83 containing functional groups of CDs should be the active centers 
84 for inhibiting the electrooxidation of TPA. And the possible 
85 quenching mechanism (Fig. S2 in SI) was that the interaction of 
86 CDs and TPA pulled down the electron-cloud density of TPA, 
87 which make the electrooxidation of TPA became more difficult.
88 Then the CDs with better quenching effect was applied to 
89 construct a highly sensitive ECL biosensor for miRNA 142-3p 
90 (see details in SI). To identify the feasibility of the DSN enzyme-
91 assisted recycling amplification strategy, polyacrylamide gel 
92 electrophoresis (12%) characterization was carried out. As 
93 shown in Fig. 2A, the complex of cDNA and target miRNA was 
94 formed successfully in the absence of DSN enzyme (lane c), 
95 while the cDNA in cDNA-target duplex was hydrolyzed in the 
96 presence of DSN enzyme, and released target miRNA (lane d), 
97 which confirmed the feasibility of this signal amplification 
98 strategy.
99 Electrochemical impedance spectroscopy (EIS) is common 

100 and effective method to characterize the surface of electrode 
101 by using the redox couple [Fe(CN)6]3−/4−. The semicircle appears 
102 at higher frequencies, which is related to the charge transfer- 
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1
2 Fig. 2 (A) 12% Gel electrophoresis image of 10 μM cDNA (lane a), 10 μM target 
3 miRNA (lane b), 5.0 μM cDNA mixed with 5.0 μM target miRNA (lane c), 5.0 μM 
4 cDNA mixed with 2.0 μM target miRNA and DSN enzyme (lane d). (B) EIS of 
5 different electrodes in 0.1 M KCl aqueous solution containing 5.0 mM 
6 [Fe(CN)6]3−/4− and 100 mM KCl, (a) Bare Au electrode, (b) CDs-cDNA/Au electrode, 
7 (c) MCH/CDs-cDNA/Au electrode, (d) Target/CDs-cDNA/MCH/Au electrode (e) 
8 DSN/target/CDs-cDNA/MCH/Au electrode, respectively. (C) ECL test without 
9 target (a) and with 1.0 pM target (b), respectively, insert: the corresponding result 

10 of CV test. Scan range: 0.5 to 1.2 V, scan rate: 100 mV/s.

11 limited process. Consequently, the increase of diameter of the 
12 semicircle reflects an increase of electron transfer resistance 
13 (Rct). Thus, successful modifications on electrode surface could 
14 be estimated according to the change of the diameter. As 
15 shown in Fig. 2B, there was almost no semicircle of bare gold 
16 electrode (curve a), revealing the fleet charge transfer process 
17 on Au electrode surface. After the immobilization of CDs-cDNA, 
18 the Rct was obviously increased to 1200Ω (curve b), owing to the 
19 electrostatic repulsion between electronegative cDNA and 
20 [Fe(CN)6]3−/4− ions, which indicated CDs-cDNA was attached to 
21 the electrode surface successfully. The Rct increased to 1300 Ω 
22 (curve c) if MCH had been used to block the nonspecific binding 
23 sites. In the presence of 1.0 pM target, the Rct increased to 1700 
24 Ω (curve d), showing the binding of target and cDNA. In the 
25 presence of 1.0 pM target and DSN, Rct decreased distinguished 
26 (curve e), confirming that the DSN enzyme-assisted recycling 
27 amplification process was induced, CDs-cDNA was hydrolyzed 
28 and then left the electrode surface by washing. The above 
29 results showed that each step of electrode modification was 
30 successful, and the feasibility of the experiment was verified 
31 again. The ECL tests were carried out with 1.0 pM target or 
32 without target, as shown in Fig. 2C, in the absence of the target, 
33 the ECL intensity was feeble due to the quencher CDs on the 
34 electrode surface (curve a), in the presence of the target, the 
35 ECL intensity conspicuous enlarged (curve b) due to the target-
36 induced DSN hydrolysis to cDNA, and the corresponding CV test 
37 verified the quenching mechanism again (insert picture in 
38 Fig.2C), which indicated the feasibility of the experiment.
39 Several key factors which could obviously affect the 
40 performance of proposed biosensor had been optimized. Firstly, 
41 the length of cDNA was optimized by changing the number of 
42 complementary bases of cDNA and the target. As shown in Fig. 
43 S3A in SI, when the length of cDNA increased from 25 bp to 35 
44 bp, the ΔECL (the difference in the ECL intensity between the 
45 presence and absence of target) enlarged gradually, which was 

4647 Fig. 3 (A) ECL signal curves of the target at various concentrations from a to i: 
48 control, 10 fM, 50 fM, 100 fM, 500 fM, 1.0 pM, 10 pM, 100 pM and 1.0 nM. (B) 
49 Linear plot of the ECL intensity vs logarithmic concentration of the target (R2 = 
50 0.993). Scan range: 0.5 to 1.2 V, scan rate: 100 mV/s.

51 due to the number of complementary bases increased, making 
52 the hybridization product of cDNA and the target more 
53 stable,and the cleaving activity of DSN was more active when 
54 the complementary base was bigger than 15bp, which led to a 
55 bigger ECL enhancement after adding the target. However, 
56 when the length of cDNA was higher than 31 bp, ΔECL began to 
57 decrease because the CDs were far away from the electrode 
58 surface, and the quenching effect become weaker, so ΔECL 
59 decreased. Consequently, 31 bp was chosen as the best 
60 condition. The amount of CDs used in the synthesis of CDs-cDNA 
61 was the foundation to make sure cDNA connected with CDs as 
62 much as possible, as shown in Fig. S3B in SI, with the increase of 
63 CDs, the quenching effect enlarged, consequently, ΔECL 
64 became more obvious, however, excess unconnected carbon 
65 may cause a little nonspecific adsorption to affect the results, 
66 so when the concentration was bigger than 10 μg/mL, ΔECL 
67 decreased slightly, therefore, the optimal concentration of CDs 
68 was 10 μg/mL. Moreover, the concentration of DSN also 
69 affected the performance of the sensor greatly. Enough amount 
70 of DSN could make sure the hydrolysis efficiency, as shown in 
71 Fig. S3C in SI, ΔECL increased with the enhanced DSN 
72 concentration firstly and reached a plateau when the 
73 concentration of DSN was 10 mU/µL. Thus, which had been 
74 chosen as the optimized concentration. Finally, enough time for 
75 the DSN enzyme-assisted recycling process was directly related 
76 to the signal amplification efficiency, as shown in Fig. S3D, 50 
77 min was enough for the enzyme-assisted recycling process.
78 Under the optimal conditions, the analysis capability of 
79 proposed biosensor was evaluated. As shown in Fig. 3A, ECL 
80 response increased with the enhancing of the target 
81 concentration from 10 fM to 1.0 nM. Fig. 3B showed the linear 
82 relationship between ECL signal value and the logarithmic 
83 concentration of the target. The linear equation could be 
84 expressed as follow:
85 I(a.u.) = 1713.12 Log Ctarget (pM) +5268.70
86 Where I is the ECL intensity of the system and Ctarget is 
87 concentration of the target. The correlation coefficient (R2) is 
88 0.993 and the limit of detection (LOD) was 10 fM (the lowest 
89 concentration that can be really detected in the linear range). 
90 In addition, the performance of the proposed biosensor was
91 compared with other methods for miRNA detection. As shown 
92 in Table S1 in SI, the proposed sensor presented a wider linear 
93 range and lower LOD for miRNA detection. Several highly similar 
94 interferents, including single-base mismatched target (SM-
95 target), three-base mismatched target (TM-target), miRNA 21, 
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1 miRNA 155, and the mix of all these interferents with the target, 
2 were used to test the selectivity of the sensor.  Concentration 
3 of interferents were 10 pM while the target concentration was 
4 1.0 pM. As shown in Fig. S4A in SI, interfering substances had 
5 scarcely any effect. The result reflected the good selectivity and 
6 anti-interference capability of the sensing platform. The 
7 reproducibility of the sensor was evaluated by five different 
8 electrodes with the same concentration of the target (1.0 pM) 
9 under the same experimental conditions. As shown in Fig. S4B 

10 in SI, the results of ECL test was numerically close and a relative 
11 standard deviation (RSD) was 4.96% (n = 5), revealing good 
12 reproducibility of the biosensor. 
13 In order to verify the practical application, the ECL biosensor 
14 was applied to detect miRNA 142-3p in cervical cancer cells 
15 (Hela) lysate with low expression, and human colorectal cancer 
16 cells (SW480) lysate with high expression of the target. As 
17 shown in Fig. S5 in SI, the rise of ΔECL was in accordance with 
18 the increased number of cells. The ΔECL enhanced slowly in the 
19 range of 102 to 104 cells in Hela cell lysate while increased 
20 rapidly in SW480 cell lysate of the same cell number. Those 
21 results showed that the uptrend of the ΔECL closely coincided 
22 with the increase of cell number and expression level, revealing 
23 that the proposed ECL biosensor has the potential in monitoring 
24 microRNA expression in cancer cells.
25 In summary, the quenching effect of CDs to the ECL signal of 
26 Ru(bpy)3

2+-TPA system was utilized for the first time. Based on 
27 this finding, an ultrasensitive signal-on ECL biosensor for the 
28 detection of miRNA 142-3p was constructed. The linear range 
29 was from 10 fM to 1.0 nM, and the LOD was 10 fM. Selectivity 
30 and anti-interference tests testified that the sensing platform 
31 could selectively detect the content of the target in the 
32 presence of several interferents. The proposed biosensor also 
33 had good reproducibility and the potential in practical 
34 application. In addition, a research on the quenching 
35 mechanism was carried out by CV and ECL tests, the results 
36 indicated that the quenching is possibly derived from the 
37 restraint towards electrooxidation of TPA by CDs. The proposed 
38 sensing platform opens up a new application for CDs as ECL 
39 quenchers. By using CDs as beacon molecules to modify 
40 different sequences, detection of many different targets can be 
41 achieved easily.
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CDs have been used to quench the ECL of Ru(bpy)3
2+-TPA for the first time and a 

sensitive biosensor was developed.
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