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ABSTRACT  

Herin, we constructed an ultrasensitive electrochemiluminescence (ECL) 

biosensor for detecting microRNA-21 (miR-21) based on in-situ generation of copper 

nanoclusters (Cu NCs) as luminophore and titanium dioxide (TiO2) as coreaction 

accelerator. First, numerous AT-rich double-stranded DNA (dsDNA) was produced 

from the conversion of a small amount of target miR-21 via the combination of 

exonuclease III (Exo III)-assisted amplification and hybridization chain reaction 

(HCR), which could reduce the aggregation-caused self-etching effect of Cu NCs and 

improve the emitting of Cu NCs. Simultaneously, the introduction of TiO2 in the 

sensing interface not just acted as the immobilizer of dsDNA-stabilized Cu NCs, more 

than acted as the coreaction accelerator to accelerate the reduction of the coreaction 

reagent (S2O8
2−

) for significantly enhancing the ECL efficiency of Cu NCs. The 
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biosensor showed an excellent linear relationship in the concentration range from 100 

aM to 100 pM with the detection limit of 19.05 aM. Impressively, the strategy not 

only opened up a novel and efficient preparation method for the Cu NCs, but 

expanded the application of Cu NCs in ultrasensitive biodetection owing to the 

addition of coreaction accelerator. 

 

 

Keywords: microRNA-21 (miR-21); Cu nanoclusters (Cu NCs); titanium dioxide 

(TiO2); in-situ electrochemical generation 

 

 

 

1. Introduction 

It was known to all that breast cancer has become a serious threat to the health of 

women, with progressively increased incidence and mortality. microRNA-21 

(miR-21), a noncoding single-stranded RNA molecule with a length of about 22 

nucleotides, had been identified as a potential biomarker for the progression and 

prognosis diagnosis of breast cancer (Zaleska et al., 2017). Therefore, the 

ultrasensitive detection of miR-21 has been widely concerned by researchers. At 

present, various methods for miR-21 detection were reported, including fluorescence, 

photoelectrochemistry, electrochemistry and electrochemiluminescence (ECL) (Lu et 

al., 2017; Wu et al., 2016; Chen et al., 2016). ECL was one of the most prospective 

analysis methods to meet the needs of miR-21 detection owing to the high sensitivity, 

low background signal, and wide detection range (Wu et al., 2012; Edwards et al., 

2015). However, most of the ECL luminophore, including hydrazine compounds 
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(Bertoncello et al., 2009) and QDs (Li et al., 2016; Chen et al., 2016), were toxic or 

the synthesis was inefficient, which restricted the application of ECL in biological 

detection. Therefore, seeking easily synthesized, environmentally friendly, low-toxin 

or toxin-free ECL luminophore materials was imminent. 

Nowadays, low-toxin or toxin-free metal nanoclusters-centric ECL substitutes 

with outstanding photostability and excellent biocompatibility (Xiao et al., 2015; Feng 

et al., 2017), such as Au nanoclusters (Au NCs), Ag nanoclusters (Ag NCs) and Cu 

nanoclusters (Cu NCs) (Fan et al., 2017; Zhou et al., 2017; Song et al., 2015), had 

become research priorities in actual application of chemical sensing and biosensor 

detection. Among them, Cu NCs with low-cost and high-efficiency (Zhao et al., 2016), 

had gained growing popularity in various areas of biosensing and bioimaging. Though 

considerable synthetic methods for Cu NCs had gained attractive attentions and 

improvements, most of the methods for preparing stable Cu NCs such as 

chemosynthesis and solvent reduction, sank into the problems of size control and 

irreversible aggregation (Miao et al., 2015; Maity et al., 2013; Wang et al., 2014), 

which were the crucial factors of the luminescent property. Thus, the addition of 

protecting ligands, mainly involving in DNA (Jia et al., 2012; Rotaru et al., 2010), 

protein (Goswami et al., 2011), peptides (Yuan et al., 2011) et al, was a significant 

way to control the aggregation of Cu NCs. Our group had successfully synthesized a 

BSA-stabilized Cu NCs as ECL probe to construct a “signal-off” ECL system in 

solution for detecting dopamine (Zhao et al., 2016). However, the strategy failed to 

immobilize the ECL probe onto the sensing interface, which inhibited the ECL 

luminous of Cu NCs due to the long electron-transfer path and much energy loss 

between the luminophor Cu NCs and the sensing interface, limiting the application of 

Cu NCs in sensitive bioassays. More recently, Wang and co-workers (Wang et al., 
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2017) synthesized DNA-stabilized Cu NCs on the electrode by chemical reduction to 

build an electrochemical aptasensor for miR-21 detection. Although the 

immobilization of Cu NCs had been settled, the reduction method of Cu NCs is 

complicated and inefficient. Therefore, it is a great challenge to develop a synthesis 

method of Cu NCs with high ECL performance, which is simple and able to 

efficiently immobilize Cu NCs onto the electrode for biosensor construction.  

Herein, we have successfully constructed an ultrasensitive biosensor for miR-21 

detection by in-situ generation of Cu NCs as ECL luminophore and titanium dioxide 

(TiO2) as coreaction accelerator. As shown in Scheme 1A, with the exonuclease III 

(Exo III) assisting, a small amount of target miR-21 was involved in the cascade 

signal amplification to output a large number of secondary target (T2). And then, the 

T2 was introduced to open the hairpin DNA1 strand which was immobilized on the 

TiO2@Pt modified sensing interface via the Pt-N bond. After that, DNA2 and DNA3 

were dropped on the electrode binding the remaining branch of DNA1 to trigger the 

HCR process for forming plenty AT-rich double-stranded DNA (dsDNA). Finally, 

after incubating Cu
2+

 on the AT-rich dsDNA (Song et al., 2016), the dsDNA- 

immobilized Cu NCs probe was in-situ generated on the dsDNA owing to the 

A-Cu
2+

-T bond, which could reduce the aggregation-caused self-etching effect of Cu 

NCs, enhancing the ECL intensity of Cu NCs. What’s more, TiO2 was employed to 

accelerate the reduction of S2O8
2−

, generating the strong oxidizing intermediate 

radical SO4
•−

, which could further improve the ECL performance of Cu NCs. The 

possible luminescent mechanism of the coreaction accelerator system was 

demonstrated in the supporting information (Fig. S5). As a result, the proposed 

biosensor showed an outstanding linear relationship in the concentration range of 100 

aM to 100 pM with the detection limit of 19.05 aM. Impressively, the biosensor was 
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successfully applied to the detection of human cervical cancer and human breast 

cancer cell lysates. This revealed that the ECL biosensor based on Cu NCs showed 

promising applications in the filed of bioanalysis and clinical diagnosis.  

 

Scheme 1. Schematic diagrams shown the establishment process of biosensor for the ultrasensitive 

determination of miRNA-21. (A) Exo III-assisted cascade signal amplification process. (B) ECL 

mechanism of coreaction accelerator system without (I) and with (II) the promotion of TiO2. 

2. Experimental Section 

2.1 Preparation of TiO2@Pt  

The synthetic method of TiO2 was according to the previously published 

literature (Pan et al., 2014). (The electron microscopic characterization of TiO2 

exhibited in Fig. S1). Firstly, 0.02 g TiO2 was dissolved in 1 mL of deionized water, 

and then 500 μL of polyethyleneimine (PEI, 1%) was added. After stirring for 1 h, 

500 μL of chloroplatinic acid (H2PtCl6, 1 mM) and 100 μL of NaBH4 (1 mM) were 

added to the above solution, and then keep stirring for 1 h. Finally, the solution was 

washed twice with deionized water to get rid of the redundant reagents and then the 

resulting solid was ultrasonic dispersion in 1 mL of deionized water to form TiO2@Pt 
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solution. 

2.2 Preparation of Secondary target (T2)  

The T2 was prepared by reported literature (Gao et al., 2014). First, the P2 (1 μM) 

was heated to 95 ºC for 5 min to form hairpin structure. And then, the DNA duplex 

P1-P2 hybrid probe was prepared by mixing 30 μL of P1 (1 μM) and 30 μL of P2 (1 

μM) and incubated for 30 min at 25 °C. Second, the P1-P2 hybrid was incubated with 

1 μL of Exo III (200 U/μL) which was diluted by Exo III reaction buffer and 30 μL of 

different concentrations of target miR-21 for 30 min at 37 °C. Finally, the mixture 

was heated to 70 °C for 5 min to inactivate the Exo III, and the prepared products 

were reserved at -20 °C for further use. The native PAGE characterization of aforesaid 

process was revealed in Fig. S3A. 

2.3 The Detection of Constructed Biosensor  

The step fabrication of the biosensor was shown in Scheme 1. To start with, the 

bare electrode was polished by aluminum slurry and sonicated with deionized water 

and ethanol in turn. 5 μL of TiO2@Pt solution was dropped on the pretreated 

electrode and dried. Then 5 μL of annealed amino-modified DNA1 (1 μM) was 

dropped on the electrode surface and incubated for 12 h at 4 °C. Subsequently, the 

resultant electrode was blocked with 1 mM HT for 30 min. Following that, 10 μL of 

T2 with different concentrations were incubated on the modified electrode surface for 

30 min at room temperature. And then, the annealed 5 μL of DNA2 (1 μM) and 5 μL 

of DNA3 (1 μM) was dropwise added on the biosensor, incubating for 2 h at room 

temperature to trigger HCR process for producing numerous AT-rich dsDNA. 

Ultimately, the biosensor was incubated with 5 μL of CuSO4 solution (100 μM) for 60 

min. In the end, the potential from 0 to -2 V with the scan rate of 100 mV/s was 

applied to the biosensor to realize ECL detection in PBS (0.1 M, pH 7.4) containing 5 
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mM K2S2O8. Completing each step, the modified electrode was rinsed by deionized 

water to wipe off the physical adsorption. The electrochemical characterization of 

biosensor construction was shown in Fig. S2 and the native PAGE characterization of 

HCR process was demonstrated in Fig. S3B. 

2.4 Application for Actual Sample Detection 

Human breast cancer cells (MCF-7) and human cervical cancer cells (Hela) were 

chose to examine the actual sample tests. After the cell count treatment, miRNAs 

were extracted from different amounts of cell samples using column commercial 

miRNA extraction kits. Finally, the lysates were stored at -20 °C for miR-21 detection. 

Simultaneously, to verify the analytical performances of the presented biosensor, the 

quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was 

employed to detect the actual samples which was used in this study. (The result was 

shown in Figure S10). 

3. Results and discussion 

3.1 Structural Characteristics and Optical Characterization of the in-situ Generated 

Cu NCs 

HRTEM were mainly used to study the morphology and size of the in-situ 

generated Cu NCs. As shown in Fig. 1A, the diameter of Cu NCs were mainly 

distributed in the range 1−4.5 nm with the average size of 2.5 nm (see the inset of Fig. 

1A). Then, the HRTEM image (Fig. 1B) of a sphere revealed that a series of 2D lattice 

fringes orderly and compactly arrange. The 2D lattice fringes were examined to be 

0.209 nm, approaching the (1-11) lattice spacing of the fcc-Cu nanocrystals (Han et al., 

2017), which obviously supported its single crystal structure and oriented growth.  

Simultaneously, the XPS was employed to investigate the component of Cu NCs. 

As shown in Fig. 1C, the Cu NCs were composed of C, O, N, and Cu elements. And 
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then there were two characteristic peaks at 933.30 and 953.35 eV (Fig. 1D), which 

were owing to 2p3/2 and 2p1/2 features of Cu(0) (Wei et al., 2011). Fig. 1E exhibited 

the UV-Vis absorption spectrum of the DNA and DNA-immobilized Cu NCs. A 

significant absorption peak could be observed at 260 nm from curve a, which was the 

characteristic absorption peak of DNA. When Cu NCs were generated in situ, the 

characteristic absorption peak (curve b) was significantly widened and red shifted, 

indicating the high affinity of HCR-produced DNA to Cu
2+

. Furthermore, the ECL 

emission spectrum (curve b of Fig. 1F) of Cu NCs have a maximum wavelength at 

about 525 nm. Comparing with PL spectrum (curve a of Fig. 1F), the ECL spectrum 

showed a longer red shift at the emission peak, which probably owing to the 

instrument effect and self-absorption of Cu NCs (Hesari et al., 2014). In addition, to 

verify the luminescence of Cu NCs, the ECL spectrum of the S2O8
2-

 solution was 

exhibited in the Fig. S7. 
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Fig. 1. (A) HRTEM image of the Cu NCs in-situ generated on dsDNA, the two insets exhibited 

the crystal structure of a single nanocluster and the diameter distribution of Cu NCs, respectively; 

(B) The crystal lattice of the Cu NCs; XPS spectra shown the full region of (C) DNA-stabilized 

Cu NCs and (D) Cu 2p region; (E) The UV-vis absorption curves of the DNA (curve a) and 

DNA-immobilized Cu NCs (curve b); (F) The PL spectrum (curve a) and the ECL spectra (curve b) 

of the Cu NCs. 

3.2 The Analytical Performance of miR-21 Biosensor  

The obtained ECL biosensor were quantitatively examined by adding known 
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concentrations of miR-21 under the optimal conditions (The optimization results of 

biosensor were presented in Fig. S4). As shown in Fig. 2A, the ECL intensity 

increased with the incremental concentration of miR-21 from 100 aM to 100 pM and 

showed an outstanding linear relationship (Fig. 2B). The linear regression equation 

was: I = 412.6 lg c + 8481 (I represented the intensity of the ECL and c represented 

the concentration of the target) with the correlation coefficient of R = 0.9980. The 

detection limit of miR-21 is 19.05 aM (S/N = 3, the specific calculation process is 

shown in supporting information). In addition, we compared the biosensor with other 

methods for miR-21 detection, and the results were shown in Table S2, proving that 

the present biosensor had a low detection limit and even better sensitivity.  

The stability was a key factor in judging the performance of biosensors. As 

shown in Fig. 2C, with the increase of miRNA-21 concentrations, the scanning curves 

were comparatively stable at each concentration for three consecutive cycles, 

suggesting good stability for the proposed biosensor. Simultaneously, miR-155 (1 

nM), miR-141 (1 nM) and miR-199A (1 nM) were selected as the interference 

substances to investigate the selectivity of the miR-21 biosensor. As shown in Fig. 2D, 

using miR-155 (1 nM), miR-141 (1 nM) and miR-199A (1 nM) replaced miRNA-21 

(10 pM), respectively, for exploring contrast experiments. As expected, there were did 

not shown any distinct increase between the interfering agents and the blank, while 

the pure miRNA-21 and the mixture containing miRNA-21 (10 pM) expressed no 

remarkable difference. These results proved that the proposed biosensor exhibited 

excellent selectivity.  

In order to research the practicability of our method, we investigated the 

expression of miRNA-21 in cell lysates, the results was shown in Fig. S9, which was 

comparable to previous reports (Liao et al., 2014; Yin et al., 2012). Simultaneously to 
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further estimate the reproducibility of the proposed biosensor, we explored the intra- 

and inter-assays. As shown in Figure S7, the values of relative standard deviation 

(RSD) in intra- and inter-assays were all below 5%, suggesting the outstanding 

reproducibility of the ECL biosensor. To verify the analytical performances of the 

proposed biosensor, the quantitative reverse transcription-polymerase chain reaction 

(qRT-PCR) was employed to detect the actual samples which was used in this study, 

the results was shown in Fig. S10. 

 

Fig. 2. The relationship between the ECL signal of biosensor and the miR-21 concentration. (A) 

The ECL intensity-voltage curves of the biosensor under different miR-21 concentrations. (B) 

Linearity curve for biosensors for miR-21 assays. (C) The ECL stability of biosensor from 100 pM 

to 100 aM of miR-21. (D) The selectivity of ECL biosensor: (a) 1 nM of miR-141, (b) 1 nM of 

miR-155, (c) 1 nM of miR-199A, (d) blank, (e) a mixture (containing miR-141 (1 nM), miR-155 

(1 nM), miR-199A (1 nM) and 10 pM miR-21 (10 pM)), (f) miR-21 (10 pM).  
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4. Conclusions 

In summary, we proposed an ultrasensitive ECL biosensor based on in-situ 

generation of copper nanoclusters as luminophore and TiO2 as coreaction accelerator 

for miR-21 detection and the proposed strategy has the following two new point. First, 

a novel, simple and fast synthesis method was proposed to generate the high ECL 

performance of Cu NCs on the electrode through in-situ electrochemical reduction. 

Second, TiO2 was employed not just acted as the immobilizer of dsDNA-stabilized Cu 

NCs, more than acted as the coreaction accelerator to accelerate the reduction of the 

S2O8
2−

 for significantly enhancing the ECL efficiency of Cu NCs. Furthermore, the 

coreaction accelerator system provided a substantive progress for Cu NCs-based ECL 

biosensor in the anticipated developing field. 
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Highlights 

 A novel, simple and fast synthesis method was proposed to generate the high 

ECL performance of Cu NCs through in situ electrochemical reduction. 

 S2O8
2− as coreaction and TiO2 as coreaction accelerator were employed to 

construct a Cu NCs-based ECL biosensor for miR-21 detection. 

 The ECL biosensor exhibited high selectivity, excellent stability and low 

detection limit of 19.05 aM for miR-21.  

 




