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A B S T R A C T   

Quantum dots (QDs) have become promising electrochemiluminescence (ECL) emitters with high quantum yield 
and size-tunable luminescence. However, most QDs generate strong ECL emission at the cathode, developing 
anodic ECL-emitting QDs with excellent performance is challenging. In this work, low-toxic quaternary AgInZnS 
QDs synthesized by a one-step aqueous phase method were used as novel anodic ECL emitters. AgInZnS QDs 
exhibited strong and stable ECL emission and a low excitation potential, which could avoid the side reaction of 
oxygen evolution. Furthermore, AgInZnS QDs displayed high ECL efficiency (ΦECL) of 5.84, taking the ΦECL of Ru 
(bpy)3

2+/tripropylamine (TPrA) ECL system as 1. Compared to AgInS2 QDs without Zn doping and traditional 
anode luminescent CdTe QDs, the ECL intensity of AgInZnS QDs was 1.62 times and 3.64 times higher than that 
of AgInS2 QDs and CdTe QDs, respectively. As a proof-of-concept, we further designed an “on-off-on” ECL 
biosensor for detecting microRNA-141 based on a dual isothermal enzyme-free strand displacement reaction 
(SDR), which not only to achieve the cyclic amplification of the target and ECL signal, but also to construct a 
switch of the biosensor. The ECL biosensor had a wide linear range from 100 aM to 10 nM with a low detection 
limit of 33.3 aM. Together, the constructed ECL sensing platform is a promising tool for rapid and accurate 
diagnosis of clinical diseases.   

1. Introduction 

Electrochemiluminescence (ECL) is a bioanalytical technique that 
combines high controllability of electrochemical analysis with high 
sensitivity of luminescence analysis, and has been applied in a wide 
variety of biological detection(Fang et al., 2022; Qin et al., 2019; Zhao 
et al., 2020). Quantum dots (QDs) are ideal ECL emitters due to their 
unique optical properties of size-tunable luminescence, narrow emission 
peaks, high quantum yield, and good chemical stability (Ma et al., 2015; 
Wu et al., 2017; Xue et al., 2020). However, most luminescent QDs used 
as ECL emitters are binary II− VI and III–V QDs containing highly toxic 
elements, such as Cd, Pb and Hg (Lei et al., 2018; Pons et al., 2010). 
Recently, it has been reported that ternary I-III-VI QDs (I = Cu or Ag, III 
= Ga or In, and VI = S or Se) are promising alternatives because ternary 

QDs not only have favorable photoelectric properties similar to those of 
binary QDs, but also have low toxicity and are environmentally friendly 
(Deng et al., 2013; Zhong et al., 2012). Zou’s group reported a facile 
route for synthesizing high-quality CuInS2 nanocrystals (Chen et al., 
2012). However, bare ternary QDs generally have surface defects/trap 
states, which will affect their luminescent properties and charge trans-
fer. It has been shown that doping with transition metal ions can 
improve the performance of QDs (Jo et al., 2016; Li et al., 2022; You 
et al., 2022). To further improve the performance of ternary QDs, a new 
facile strategy is the synthesis of quaternary Zn− I− III− VI QDs. Liu and 
co-workers proposed a novel biosensor based on quaternary CuInZnS 
QDs as an ECL emitter (Liu et al., 2018a). According to the literature, 
most of the QDs exhibit cathodic ECL in the presence of the coreactants 
H2O2 or S2O8

2− . An extraordinarily negative potential is a prerequisite 
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required to trigger strong ECL emission of cathodic luminescent QDs and 
may lead to the occurrence of hydrogen evolution side reaction and 
damage to biological activity of target (Dong et al., 2014; Gu et al., 2022; 
Mei et al., 2010). It is desirable to generate ECL emission of QDs at 
anodic potential to avoid the above adverse effects. However, only a few 
anodic ECL-emitting QDs have been reported, and the ECL intensity of 
these QDs (e.g., CdTe QDs (Liu and Ju, 2008) and CdSe QDs (Jiang and 
Wang, 2009)) is very weak. Therefore, developing anodic luminescent 
QDs with strong ECL emission is significant. The construction of qua-
ternary Zn− I− III− VI QDs provides a promising way to prepare anodic 
luminescent materials. 

MicroRNA-141 (miRNA-141) is considered as a potential tumor 
marker owing to its abnormal expression in breast cancer, prostate 
cancer, and other cancers (Bartel, 2004; Martins et al., 2022; Xu et al., 
2017; Yin et al., 2012). However, it is challenging to sensitively detect 
miRNAs due to their ultralow abundance and high similarity to other 
miRNA members in the family (Ji et al., 2021; Li et al., 2019). To 
improve the detection sensitivity, several enzyme-assisted signal 
amplification strategies have been proposed, such as rolling circle 
amplification (RCA) (Wang et al., 2019), strand displacement amplifi-
cation (SDA) (Chen et al., 2015) and loop-mediated isothermal ampli-
fication (LAMP) (Tang et al., 2019). The amplification efficiency of these 
enzyme-dependent methods can be affected by reaction conditions and 
activities of enzymes. Strand displacement reaction (SDR) is an 
enzyme-free and isothermal amplification process that can solve the 
above problems. This reaction is driven by the increase in the entropy of 
the system, instead of the enthalpy released by new base-pair formation, 
to convert the three-stranded DNA complex into a double-stranded 
waste complex, making the reaction irreversible (Lv et al., 2015; 
Zhang et al., 2018). Yang’s group used SDR amplification to release the 
signal probe to amplify the target, but did not further amplify the ECL 
signal (Yu et al., 2021). Herein, we proposed a dual entropy-driven SDR, 
which allows for the cyclic amplification of the target and ECL signal to 
significantly improve sensitivity. This efficient and enzyme-free ampli-
fication strategy provides a favorable approach for miRNA detection. 

In this study, using AgInZnS QDs as anodic ECL emitters and trie-
thylamine (TEA) as a coreactant, a novel ECL biosensor for miRNA-141 
detection was constructed combining with a dual entropy-driven SDR. 

As shown in Scheme 1A, AgInZnS QDs were synthesized by a one-step 
aqueous phase method. Then, QDs were immobilized on the electrode 
to generate strong ECL emission at the anodic potential with the aid of 
binder chitosan (CS). As shown in Scheme 1B, in the presence of the 
target miRNA-141, the first SDR was triggered as a result of the hy-
bridization between the target and the exposed toehold of three-strand 
complexes (L-AP-MT), leading to the output of mimic target (MT), 
thus achieving amplification of the target. Subsequently, we constructed 
an ECL biosensing platform (Scheme 1C). Tetrahedral DNA nano-
structure (TDN) that can reduce non-specific adsorption and can help 
adjust the distance between probes was assembled on the electrode 
modified by QDs as a capture probe, which hybridized with ferrocene- 
labeled probes (S1, S2), causing the signal to be in an “off” state. The 
obtained MT activated the second cycle of SDR, thus S1 and S2 were 
respectively released, causing the signal to be an “on” state. As expected, 
the above mechanisms allowed the ECL biosensor to have high selec-
tivity and stability, as well as low detection limit. The designed 
biosensor was thus successfully applied to sensitively detect miRNA- 
141. 

2. Experimental section 

2.1. Synthesis of AgInZnS QDs 

AgInZnS QDs were synthesized via a one-step method reported in the 
literature (Liu et al., 2021). Firstly, MPA (0.2 M, 5 mL), AgNO3 (0.05 M, 
0.2 mL), In(ac)3 (0.05 M, 2 mL), and Zn(ac)2 (0.05 M, 1 mL) were added 
into a 100 mL three-neck flask. The pH of the solution was adjusted to 
9.5 using NaOH aqueous solution, followed by the addition of 
Na2S⋅9H2O (0.2 M, 2 mL) solution. The mixture was heated to 100 ◦C 
and then refluxed for 4.5 h. After cooling down to room temperature, the 
solution was centrifuged to remove unreacted materials, and the pre-
cipitate was discarded. The supernatant containing AgInZnS QDs was 
precipitated with EtOH and then centrifuged. Finally, pure QDs were 
obtained by vacuum drying. 

Scheme 1. Schematic illustration of the designed ECL biosensor for sensitive detection of target miRNA-141 via TDN-modified sensing platform.  
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2.2. Assembly of TDN and strand displacement reaction (SDR) 

TDN was prepared by the annealing method (Xu et al., 2016). Before 
use, thiol-modified DNA strands were treated with TCEP (0.5 M) at 37 ◦C 
for 30 min to prevent the formation of disulfide bonds (Lu et al., 2019). 
First, equimolar amounts of four strands (A, B, C, D) were mixed with 
TM buffer to a final concentration of 1 μM (the optimal concentration of 
TDN was shown in Figure S6 (A)). Then, the mixture was heated to 95 ◦C 
for 10 min and then rapidly cooled down to 4 ◦C to allow stable TDN to 
form. 

The steps in SDR were as follows. First, a mixture solution containing 
L, AP, and MT (all 3 μM) was prepared in Tri-HCl buffer. The mixture 
was annealed at 95 ◦C for 10 min and then slowly cooled down to room 
temperature to form L-AP-MT. Afterwards, different concentrations of 
target miRNA-141 (10 nM, 1 nM, 100 pM, 10 pM, 1 pM, 100 fM, 10 fM, 
1 fM, and 100 aM) and F were reacted with L-AP-MT at 37 ◦C for 2 h. 
Ultimately, the product containing single-strand MT was stored in a 
refrigerator at 4 ◦C until further use. 

2.3. Fabrication of biosensor 

A bare glassy carbon electrode (GCE) was polished with 0.3- and 
0.05-μm alumina powder in the respective order and then sonicated in 
ethanol and ultrapure water. Initially, 10 μL of AgInZnS QDs solution 
(0.5 mg/mL) containing 0.2% CS was dropped onto GCE. After drying, 
10 μL of palladium nanospheres (Pd NSs) solution was dropped on the 
electrode and then dried. Then, 8 μL of TDN solution was added onto the 
modified electrode (GCE/AgInZnS QDs (CS)/Pd NSs) and incubated 
overnight at room temperature to immobilize TDN via Pd-S bonds (Jiang 
et al., 2019). Finally, 8 μL of a mixed solution containing S1 and S2 (each 
at 2.5 μM, the optimal concentrations of S1 and S2 were shown in 
Figure S6 (B)) was dropped onto the electrode (GCE/AgInZnS QDs 
(CS)/Pd NSs/TDN) and incubated for 2 h at 37 ◦C to obtain the biosensor 
(GCE/AgInZnS QDs (CS)/Pd NSs/TDN/S1, S2). 

2.4. Procedures for ECL measurement 

The ECL measurement was carried out as follows. First, 8 μL of a 
mixture containing MT (SDR product) and Fuel (3 μM) was incubated 

with the ECL biosensor for 2 h at 37 ◦C. The biosensor was then rinsed 
with ultrapure water to remove unreacted MT and Fuel. After that, in 2 
mL of PBS containing 10 μL of TEA, the ECL signal was measured by a 
three-electrode system using an MPI-E ECL analyzer. The potential was 
scanned from − 0.3 to 1.1 V at a scanning rate of 0.3 V/s. 

2.5. Polyacrylamide gel electrophoresis (PAGE) 

The analysis of the SDR product was carried out by PAGE. DNA 
samples were mixed with the loading buffer (volume ratio = 5:1) and 
then loaded onto a 20% polyacrylamide gel. The electrophoresis was 
carried out at 120 V for 1.5 h. The formation of TDN was confirmed by 
12% polyacrylamide gel, of which the electrophoresis was performed at 
120 V for 80 min. 

3. Results and discussion 

3.1. Morphology characterization of AgInZnS QDs 

The morphology of AgInZnS QDs was characterized by transmission 
electron microscopy (TEM). Fig. 1A showed that QDs had a uniform 
spherical morphology and good monodispersity with an average size of 
4.7 nm. Fig. 1B showed the clear lattice of AgInZnS QDS with a lattice 
distance of 0.21 nm, indicating the high-quality crystallinity of QDs. X- 
ray diffraction (XRD) of AgInZnS QDs was performed for further phase 
confirmation. Three diffraction peaks of QDs matched with (002), (110), 
and (112) phases of the hexagonal structure (Fig. S1, Supporting In-
formation). In addition, energy-dispersive spectrometry (EDS) analysis 
(Fig. S2) showed Ag, Zn, In, S, and C signals, confirming that QDs were 
composed of Ag, In, Zn, and S (C and excess S were produced by MPA 
agent). 

3.2. Optical properties of AgInZnS QDs 

The 3D surface image (Fig. 1C) and heat map (Fig. 1D) of AgInZnS 
QDs containing TEA as a coreactant showed that the maximum ECL 
emission was 590 nm. The luminescence potential was 1.1 V, which was 
below the oxygen evolution potential (1.79 V vs. Ag/AgCl) of GCE 
modified by AgInZnS QDs, an indication that there was no side reaction 

Fig. 1. (A) TEM images of AgInZnS QDs at 50-nm scale. The inset shows the size distribution of AgInZnS QDs. (B) TEM images of AgInZnS QDs at 5-nm scale. (C) 3D 
surface image and (D) heat map of AgInZnS QDs in PBS solution containing TEA. (E) Comparison of PL and ECL spectrum of AgInZnS QDs (the inset shows the images 
of AgInZnS QDs under visible light (left) and UV light (right)). (F) Stability of AgInZnS QDs after 11 cycles of continuous scanning. 
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of oxygen evolution (Supporting Information, Fig. S4). Fig. 1E depicted 
the photoluminescence (PL) and ECL spectra of AgInZnS QDs. At an 
excitation wavelength of 400 nm, the maximum PL emission wavelength 
of the material was 550 nm. In addition, the inset of Fig. 1E presented 
that the material appeared pale yellow color under visible light and 
bright yellow luminescence under a 365-nm UV lamp. The ECL emission 
spectrum of AgInZnS QDs closely resembled that of the PL spectrum, 
with a slight red-shift by only 40 nm, due to the passivation of QDs 
surface (Jiang and Wang, 2009). The ECL stability of AgInZnS QDs was 
depicted in Fig. 1F. There was no significant fluctuation in ECL intensity 
after 11 cycles of continuous scanning, and the relative standard devi-
ation (RSD) was only 0.5%. This indicates that AgInZnS QDs have 
excellent ECL stability. 

The luminescence intensity and stability of AgInS2 QDs without Zn 
doping were measured. As shown in Fig. 2A, the luminescence intensity 
of AgInZnS QDs (17313 a.u.) was 1.62 times that of AgInS2 (10709 a.u.), 
which was attributed to the change in luminescence properties caused 
by Zn doping. AgInZnS is an I-type core-shell semiconductor QDs, which 
is characterized by a larger band gap of the shell material than the band 
gap of the core. Most of the AgInS2 QDs possessed an energy gap (Eg) 
about 1.87eV. The ZnS nanoparticles is about 3.65eV. The synthesis 
process in this work belongs to “particle coating”. The coating formed by 
doping Zn can passivate surface ion defects and reduce the probability of 
non-radiative transitions, thus increasing the ECL intensity of the QDs 
(Liu et al., 2018b; Torimoto et al., 2007). The ECL intensity and stability 
of AgInZnS QDs were further compared with those of the reported 
anodic luminescent QDs, including classical luminophores CdTe QDs 
and low-toxic MoS2 QDs, as shown in Fig. 2B and Fig. S5, respectively. 
The ECL intensity of AgInZnS QDs was 3.64 times and 8.07 times higher 
than that of CdTe QDs (4750 a.u.) and MoS2 QDs (2145 a.u.), respec-
tively. In addition, through several cycles of continuous scanning, the 
stability of AgInZnS QDs (RSD = 0.5%) was found to be the highest 
among all these QDs (Fig. 2C, D, and S5). Moreover, when the ECL ef-
ficiency (ΦECL) of [Ru(bpy)3]2+/tripropylamine (TPrA) system was 

taken as 1, AgInZnS QDs exhibited high ΦECL of 5.84 (the details are 
shown in Supporting Information). These comparisons reveal that 
AgInZnS QDs have superior luminescence performance. 

3.3. Polyacrylamide gel electrophoresis analysis of TDN and SDR 

To demonstrate the successful assembly of TDN, gel electrophoresis 
was performed. As shown in Fig. 3A, each of the four strands used for 
assembling the TDN, A (lane 1), B (lane 2), C (lane 3), and D (lane 4), 
appeared as a single band. Bands in lanes 5 and 6 represented the hy-
bridization of two strands (A + B) and three strands (A + B + C), 
respectively; and compared to these bands, band for TDN (lane 7) had 
slower mobility, confirming that the assembly of TDN was successful. In 
addition, the absence of by-product in band 7 indicates the high hy-
bridization efficiency to generate TDN. PAGE was also employed to 
verify the generation of SDR product (Fig. 3B). Only a single band was 
observed in lane 1, indicating that the hybridization product of L, AP 
and MT, L-AP-MT, was successfully formed. MT appeared as a single 
band in lane 5 and did not appear in lane 2 (F + L-AP-MT). This suggests 
that MT cannot be displaced with F in the absence of miRNA-141, 
indicating that this strategy does not generate false positive signals. 
When miRNA-141 and F were added to L-AP-MT (lane 3), a new band of 
MT emerged. Compared with that in lane 1, L-AP-MT band in lane 3 
disappeared and a lower band of the hybridization product of L and F 
appeared. Lane 4 represents the hybridization product of L and F. The 
above results suggest that the occurrence of the proposed nucleic 
amplification. 

3.4. Possible ECL mechanism of the proposed ECL system 

To validate the ECL reaction mechanism of AgInZnS QDs, ECL and 
CV measurements were carried out. As shown in Figure S7 (A), low ECL 
signals were detected in GCE modified with AgInZnS QDs in PBS solu-
tion (curve a) and in bare GCE in PBS solution containing TEA (curve b). 

Fig. 2. ECL intensity of AgInS2 QDs (A), CdTe QDs (B). ECL stability of AgInS2 QDs (C), CdTe QDs (D).  
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Meanwhile, the corresponding CV curves (Figure S7 (B), curve a and b) 
showed a low current. However, in the presence of the coreactant TEA, 
the ECL signal of AgInZnS QDs was significantly enhanced (Figure S7 
(A), curve c) and the current was increased (Figure S7 (B), curve c). In 
the CV curve, curves a and c have a weak oxidation peak at 0.75 V, 
which was obtained by the oxidation of the AgInZnS QDs. TEA can lose 
its electrons to form a strong reductant TEA• that can reduce AgInZnS 
QDs+ to its excited state (AgInZnS QDs*), which after returning to its 
ground state can produce intense ECL emission. A possible ECL reaction 
mechanism of AgInZnS QDs is as follows:  

AgInZnS QDs + e− → AgInZnS QDs+

TEA + e− → TEAH+ •

TEAH+ • → TEA• + H+

AgInZnS QDs+ + TEA• → AgInZnS QDs* + products                               

AgInZnS QDs* → AgInZnS QDs + hv (590 nm)                                         

3.5. Characterization of the modified electrode 

The feasibility of ECL biosensor in an experiment was verified. As can 
be seen in Fig. 4A, when AgInZnS QDs were modified onto the electrode 
in the presence of TEA coreactant (curve a), a remarkable ECL signal of 
17313 a.u. was achieved. After adding Pd NSs, the signal of the AgInZnS 
QDs remained almost unchanged (curve b). Subsequently, in the pres-
ence of the assembled TDN (curve c), the ECL signal decreased, due to 
the obstruction of electron transfer by TDN. When a mixture of S1 and S2 

was incubated with the electrode (curve d), the ECL signal was quenched 
due to the quenching effect of ferrocene (Cao et al., 2006). Finally, the 
ECL intensity partially recovered (curve e) after a mixture of MT (the 
SDR product of 100 nM target) and Fuel was incubated with the modi-
fied GCE, which allowed for the release of S1 and S2. 

The assembly process of the biosensor was characterized by cyclic 
voltammetry (CV). As shown in Fig. 4B, a pair of redox peaks of [Fe 
(CN)6]3− /4− could be observed in the CV curve for bare GCE (curve a). 
When AgInZnS QDs were modified onto GCE, the current increased 
significantly (curve b) because of the excellent conductivity of AgInZnS 
QDs. However, after TDN was assembled on the electrode (curve c), the 
redox peak currents decreased, due to the blockage of electron transfer 
by TDN. Then, after a mixture of S1 and S2 was incubated with the 
electrode (curve d), the redox peak current decreased. Finally, when a 
mixture containing MT and Fuel was dropped onto the electrode, the 
redox peak currents decreased due to the repulsion effect between [Fe 
(CN)6]3− /4− and negatively charged double-stranded DNA (Liu et al., 
2017). Altogether, these characterization results indicated that the 
biosensor was successfully fabricated. 

3.6. ECL performance of the biosensor 

The performance of the proposed biosensor was investigated by 
employing it to quantitatively detect miRNA-141 at different concen-
trations. As displayed in Fig. 5A and B, the ECL intensity increased 
gradually with increasing concentration of miRNA-141. In addition, the 
increment of ECL intensity (ΔIECL) had a good liner relationship with the 
logarithm of miRNA-141 concentration ranging from 100 aM to 10 nM 
(Fig. 5C). The linear regression equation was ΔIECL = 15004.27 + 893.5 

Fig. 3. (A) PAGE analysis of TDN (lanes 1–4: A, B, C and D (each at 1 μM), lane 5: A + B (each at 1 μM), lane 6: A + B + C (each at 1 μM), and lane 7: A + B + C + D 
(each at 1 μM)). (B) PAGE analysis of SDR product (lane 1: L + MT + AP (each at 1 μM), lane 2: L + MT + AP + F (each at 1 μM), lane 3: L + MT + AP (each at 1 μM) 
+ miRNA-141 (2 μM) + F (2 μM), lane 4: L + F (each at 1 μM), and lane 5: MT (1 μM)). 

Fig. 4. (A) ECL intensity-potential curves at 
each assembly step of biosensor: (a) GCE/ 
AgInZnS QDs (CS); (b) GCE/AgInZnS QDs 
(CS)/Pd NSs; (c) GCE/AgInZnS QDs (CS)/Pd 
NSs/TDN; (d) GCE/AgInZnS QDs (CS)/Pd 
NSs/TDN/S1, S2; and (e) GCE/AgInZnS QDs 
(CS)/Pd NSs/TDN/S1, S2/MT, Fuel. (B) CV 
curves measured in [Fe (CN)6]3-/4- solution: 
(a) GCE; (b) GCE/AgInZnS QDs (CS); (c) 
GCE/AgInZnS QDs (CS)/Pd NSs/TDN; (d) 
GCE/AgInZnS QDs (CS)/Pd NSs/TDN/S1, 
S2; and (e) GCE/AgInZnS QDs (CS)/Pd NSs/ 
TDN/S1, S2/MT, Fuel.   
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lgC with a correlation coefficient of 0.9975. The limit of detection (LOD) 
was 33.3 aM at a signal-to-noise ratio (S/N) of 3. Compared with other 
strategies reported in the literature, the proposed biosensor had higher 
analytical performance in miRNA-141 detection; it had a wider linear 
range and a lower detection limit. The comparison between the per-
formance of the biosensor presented in this work and that of other re-
ported miRNA-141 detection methods is listed in Table S2 (Supporting 
Information). 

3.7. Stability and selectivity of the ECL biosensor 

The performance of the biosensor, in terms of selectivity and sta-
bility, was further evaluated. To assess the selectivity, miRNA-21, 
miRNA-155 and thrombin (TB) were employed as interferences in 
comparative experiments. As shown in Fig. 5D, the significant ΔIECL was 
observed only in the presence of miRNA-141 (1 nM). However, in the 
presence of miRNA-21, miRNA-155 and TB (100 nM), the ΔIECL was 
slightly increased but remained much lower than that in the presence of 
miRNA-141. The ΔIECL of a mixture containing the three interferences 
(100 nM) and miRNA-141 (1 nM) was nearly the same as that of miRNA- 
141 alone. These results demonstrate that the proposed biosensor had 
satisfactory selectivity towards miRNA-141. 

Besides, the stability of the biosensor was examined by subjecting it 
to continuous scanning for 10 cycles and then using it to detect 10 fM 
and 1 nM miRNA-141. As displayed in Fig. 5E, the RSD in detecting 10 
fM and 1 nM miRNA-141 was 2.56% and 0.50%, respectively, indicating 
that the biosensor has satisfactory stability. 

3.8. Detection of miRNA-141 in human serums 

The applicability of the designed biosensor in real human serum 
samples was evaluated by a standard addition method. The samples 
were prepared by spiking different concentrations of miRNA-141 (10 
nM, 100 pM, 1 pM, and 10 fM) into real serum samples from healthy 

individuals. As shown in Table S3, the recoveries of miRNA-141 in 
human serum samples ranged from 95.8% to 103%, suggesting that the 
proposed biosensor can detect miRNA-141 in real human samples and 
can potentially be applied in the clinical detection of miRNA-141. 

3.9. Detection of miRNA-141 in different tumor cells 

The applicability of the biosensor in detecting miRNA-141 in cell 
lysates of MB231, MCF-7, and HeLa cells was further evaluated. As 
depicted in Fig. 5F, with increasing amount of MB231 cells from 5 to 5 ×
105 cells, the ECL signal increased significantly. However, with 
increasing amount of MCF-7 and HeLa cells from 5 to 5 × 105 cells, the 
ECL signal increased slowly and was slower than the increase caused by 
MB231 cells. These results demonstrate that the expression level of 
miRNA-141 in MB231 cells is higher than that in MCF-7 and HeLa cells. 
The above finding is consistent with the observation reported in the 
literature (Xia et al., 2019; Yin et al., 2012). 

4. Conclusions 

To sum up, an “on-off-on” ECL miRNA-141 detection biosensor was 
successfully constructed based on the quaternary AgInZnS QDs synthe-
sized by a one-step aqueous phase method as novel anodic ECL emitters. 
AgInZnS QDs exhibited a strong and stable ECL emission at the anode 
and high ΦECL of 5.84. In addition, a dual isothermal enzyme-free SDR 
was introduced into the biosensor system. The cyclic amplification of the 
target and the construction of biosensor “off-on” switch could be real-
ized through SDR. Based upon these advantages, the developed ECL 
biosensor had a wide linear response and a low detection limit of as low 
as 33.3 aM. Besides, the biosensor also had excellent stability and 
selectivity. It was successfully applied to detect miRNA-141 in real 
human serum and tumor cells with satisfactory results. Altogether, this 
work not only opens up new frontiers for the design and construction of 
efficient ECL materials, but also provides a new strategy for the accurate 

Fig. 5. (A) ECL responses of the proposed biosensor in the presence of miRNA-141 at different concentrations. (B) ECL intensity-potential curves of the biosensor 
incubated with miRNA-141 at different concentrations. (C) Calibration plot showing the linear relationship between ΔIECL and the logarithm of miRNA-141 con-
centration (n = 3). The RSD of the linear plots from 100 aM to 10 nM were 3.9%, 1.5%, 3.3%, 3.7%, 1.8%, 3.4%, 1.8%, 3.1%, 2.9%. (D) Selectivity of the proposed 
ECL biosensor toward different types of miRNAs. Concentration of all interfering miRNAs was 1 nM, and that of the target miRNA-141 was 100 nM. The RSD were 
0.35%, 0.27%, 1.3%, 1.9%, 0.48% respectively. (E) Stability of the proposed ECL biosensor in the presence of miRNA-141 at concentrations of 10 fM and 1 nM. (F) 
Detection of miRNA-141 by the ECL biosensor in MB231, MCF-7 and HeLa cells at varying amounts of (a) 5, (b) 5 × 101, (c) 5 × 102, (d) 5 × 103, (e) 5 × 104, and (f) 
5 × 105 cells. 
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and rapid detection of cancer marker miRNAs. 
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