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Abstract
A novel electrochemiluminescence (ECL) biosensor for the determination of microRNA-21 (miRNA-21) was developed, based 
on a hybrid luminescent Co-MOF-ABEI/Ti3C2Tx composite as an ECL luminophore combined with a duplex-specific nuclease 
(DSN)-assisted signal amplification strategy. The synthesized Co-MOF-ABEI/Ti3C2Tx composite carrying N-(4-aminobutyl)-
N-ethylisoluminol (ABEI) exhibited strong and stable ECL in the presence of reactive oxygen species (ROS). The ECL biosensor 
was fabricated by adsorbing Co-MOF-ABEI/Ti3C2Tx onto a glassy carbon electrode and covalently coupling the probe DNA 
onto the surface of the Co-MOF-ABEI/Ti3C2Tx-modified electrode. In the presence of the target miRNA-21, the DSN selectively 
cleaved the complementary DNA section (S1) to miRNA-21, resulting in the release of the transduction section (S2) and the 
reuse of miRNA-21 in the subsequent amplification cycle. The interaction of the stem-loop structure of the probe DNA with the 
Co-MOF-ABEI/Ti3C2Tx-modified glassy carbon electrode with S2 strands led to the opening of the annular part of the probe 
DNA. Then, the opened guanine (G)-rich sequences of probe DNA were exposed and folded into a hemin/G-quadruplex DNA-
zyme in the presence of hemin. The catalysis of H2O2 to ROS by the hemin/G-quadruplex DNAzyme significantly enhanced 
ECL intensity, and this intensity was logarithmically proportional to the concentration of target miRNA-21 between 0.00001 
and 10 nM, having a limit of detection of 3.7 fM. The designed ECL biosensor can  detect miRNA-21 extracted from HeLa 
cells, indicating its promising application in clinical diagnosis and disease prognosis analysis.

Keywords  MicroRNA-21 · Electrochemiluminescence · Modified glassy carbon electrode · Metal–organic frameworks · 
Duplex-specific nuclease

Introduction

MicroRNAs (miRNAs) are a series of endogenous, small, 
noncoding, single-stranded RNAs having lengths of 18–25 
nucleotides [1]. miRNAs play important regulatory roles in 
various biological processes and are biomarkers for early 
disease diagnosis [2]. Many studies have demonstrated that 
the abnormal expression of miRNAs is associated with a 
wide variety of diseases, such as cancer [3], diabetes [4], 
muscle disorders [5], and neurological disorders [6]. There-
fore, this emerging biomarker has been extensively studied. 
However, because of the low concentration of miRNA in 
biological samples, the development of techniques for the 
sensitive and specific detection of miRNA is crucial [7]. To 
date, various methods have been developed for the detection 
of miRNAs, including electrochemical [8], chemilumines-
cence [9], fluorescence [10], colorimetry [11], and electro-
chemiluminescence (ECL) [12, 13]. Among these methods, 
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ECL has many advantages, such as high detection sensitiv-
ity, low cost, easy operation, and rapid response times, and 
it has become the latest generation of biomedical diagnostic 
and detection methods [14].

To date, many nucleic acid signal amplification strategies 
have been applied to develop sensitive ECL biosensors for 
miRNA detection, including the polymerase chain reaction 
(PCR) [15], rolling circle amplification [16], target-catalyzed 
hairpin assembly [17], duplex-specific nuclease (DSN)-
assisted amplification [18, 19], and other amplification strat-
egies [20, 21]. Among these strategies, DSN-assisted ampli-
fication has attracted considerable research attention owing to 
its strong ability for recycling amplification. DSN is capable 
of cleaving DNA into DNA fragments in DNA-RNA heter-
oduplexes while preventing the cleavage of the RNA strand, 
resulting in the release of target RNA to regenerate a new het-
eroduplex structure for cyclic cleavage. Therefore, the DSN-
assisted target recycling signal amplification strategy can be 
applied for the ultrasensitive detection of miRNA. However, 
it is usually difficult to separate released nucleic acid strands 
after DSN cleavage. As a solution, magnetic bead (MB) tech-
nology has emerged. MBs can rapidly separate targets from 
interfering substances [22] and can be modified with different 
functional groups to capture different target molecules [23].

Luminol is a classic organic ECL luminophore that can 
be applied in aqueous media and has become the most popu-
lar ECL luminophore because of its markedly low oxidation 
potential, low cost, nontoxicity, and high light-emitting quan-
tum yield [24]. In the present study, N-(aminobutyl)-N-eth-
ylisoluminol (ABEI) was selected as the ECL signal probe 
because of its additional active primary amino groups, which 
enable immobilization by reaction with other reagents [25]. To 
enhance the ECL performance of the ABEI-H2O2 ECL system, 
strategies based on catalyzing H2O2 to generate reactive oxy-
gen species (ROS), such as O·− and ·OH radicals, have been 
used [26]. The hemin/G-quadruplex, a catalytic nucleic acid 
structure formed by inserting hemin into a guanine-rich single-
stranded nucleic acid, exhibits distinctive enzyme-mimic activ-
ity to catalyze the conversion of H2O2 to ROS [27]. Therefore, 
the features of the hemin/G-quadruplex can be employed to 
improve the ECL performance of the ABEI-H2O2 system.

To date, the use of ABEI has encountered several draw-
backs such as limited immobilization and complex prepara-
tion. Metal–organic frameworks (MOFs) are porous crystal-
line materials having a high specific surface area, permanent 
porosity, adjustable functionality, and thermal stability and have 
been widely used in various fields [28]. In particular, MOFs 
have shown considerable potential in ECL applications because 
luminophores can be effectively immobilized on MOFs [29]. 
For example, Ge et al. developed an effective method to enhance 
the ECL efficiency of the luminol system by combining ZIF-67 
MOF with luminol-covered Ag nanoparticles [30]. Recently, 
our group successfully synthesized a Ru(bpy)3

2+-functionalized 

MOF (Ru@MOF; bpy: 2,2′-bipyridine) to fabricate ECL plat-
forms for m6A RNA determination [31]. However, the poor 
intrinsic electrical conductivity of MOFs markedly hinders their 
application as electrode materials. Therefore, it is necessary 
to construct new luminescent MOFs with improved electrical 
conductivities for biological analysis.

In the present study, a sensitive ECL biosensing platform 
for the determination of miRNA-21 was fabricated using a 
Co-MOF-ABEI/Ti3C2Tx composite as an ECL luminescent 
substrate combined with a DSN-assisted target recycling 
signal amplification strategy. Ti3C2Tx is a highly suitable 
matrix for the fabrication of advanced biosensing platforms 
owing to its unique morphology, excellent biocompatibility, 
and conductivity [32]. The ABEI luminophore conjugated 
with 2-aminoterephthalic acid (NH2-BDC-ABEI) acts as an 
organic ligand to form Co-MOF-ABEI, which carries abun-
dant luminophores owing to the large surface area of the Co-
MOFs. Furthermore, studies have reported Co-MOFs hav-
ing marked catalytic ability for biosensing applications [33]. 
First, NH2-BDC-ABEI as the organic ligand, Co(NO3)2·6H2O 
as the metal ion source, and highly conductive Ti3C2Tx were 
mixed together to synthesize a Co-MOF-ABEI/Ti3C2Tx 
composite in a one-pot process. Meanwhile, in the DSN-
assisted target recycling signal amplification strategy, a sin-
gle miRNA-21 strand triggered the generation of multiple 
transduction sections (S2) that can markedly improve the 
sensitivity. Subsequently, the released S2 strands hybridized 
with numerous G-rich hairpin DNA strands (probe DNA) 
captured on the Co-MOF-ABEI/Ti3C2Tx-modified GCE (Co-
MOF-ABEI/Ti3C2Tx/GCE), thus opening the annular part of 
the probe DNA. Then, in the presence of hemin, hemin/G-
quadruplex complexes were generated, and these catalyzed 
the conversion of H2O2 to ROS to amplify ECL emission. 
Benefiting from the strong ECL emission of Co-MOF-ABEI/
Ti3C2Tx and DSN-assisted target recycling amplification, the 
designed ECL biosensor showed high sensitivity and selec-
tivity for miRNA-21 detection.

Experimental

All reagents and apparatus are presented in the supporting 
information.

Synthesis of Ti3C2Tx

Ti3C2Tx was prepared by selectively etching Al layers from 
Ti3AlC2 powder following a previously described method 
[34]. Briefly, 2 g of Ti3AlC2 powder was gradually added 
to a plastic beaker containing 40 wt% concentrated HF acid 
(30 mL) and stirred at 45 °C for 24 h. The prepared mix-
ture was separated by centrifugation and rinsed repeatedly 
with distilled water and ethanol until the pH of the mixture 
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reached 5.0–6.0. Finally, the obtained black precipitate of 
Ti3C2Tx was dried at 60 °C for 12 h.

Preparation of the Co‑MOF‑ABEI/Ti3C2Tx composite

The Co-MOF-ABEI/Ti3C2Tx composite was synthe-
sized according to a previously described method with a 
few modifications [35]. Initially, 0.1417 g of ABEI and 
0.1449 g of 2-aminoterephthalic acid (NH2-BDC) were 
mixed with 15  mL of N,N-dimethylformamide (DMF). 
Next, 1.0 mL of 1% glutaraldehyde (GA) was added drop-
wise into the mixture, which was magnetically stirred for 
2 days in the dark to crosslink NH2-BDC and ABEI and 
form the NH2-BDC-ABEI ligand. Next, 0.12 g of the pre-
pared Ti3C2Tx was added to 20 mL of DMF and sonicated 
for 30 min to obtain a homogeneous black dispersion.

To prepare the Co-MOF-ABEI/Ti3C2Tx composite, the 
NH2-BDC-ABEI and Ti3C2Tx mixtures were stirred together 
for 10 min. Next, 0.2330 g of Co(NO3)2·6H2O was added to 
the above mixture, and it was heated at 140 °C for 4 h. Then, 
the obtained Co-MOF-ABEI/Ti3C2Tx was collected by cen-
trifugation, washed with DMF and ethanol three times, and 
then dried. Finally, the obtained Co-MOF-ABEI/Ti3C2Tx 
was dispersed in 1.0 mL of ultrapure water and stored at 
4 °C.

Fabrication of MB‑S1:S2 bioconjugates

A 50-μL suspension containing 10 mg/mL carboxyl MBs 
was washed with 50 mM 2-(N-morpholino)ethanesulfonic 
acid (MES) buffer (pH 6.0, 0.01% Triton X-100) three times. 
Next, a solution containing 1-ethyl-3-(3-dimethylaminopro-
pyl)carbodiimide (50 mg/mL) and N-hydroxysulfosuccin-
imide (50 mg/mL) was mixed with the MB suspension and 
incubated at about 25 °C for 15 min to activate the carboxy-
late groups. Next, 200 μL of 2 μM S1:S2 strand was added 
to the above mixture and stirred for 3 h to form MB-S1:S2 
bioconjugates. After magnetic separation, the MB-S1:S2 
bioconjugates were washed three times with 50 mM MES 
buffer. The obtained MB-S1:S2 bioconjugates were resus-
pended in 100 μL phosphate-buffered saline (PBS1, 0.1 M, 
pH 7.0) and stored at 4 °C until further use. The synthesized 
MB-S1:S2 bioconjugates were characterized by UV–vis 
spectroscopy (UV–vis absorption spectra of S1:S2 strand 
and MB-S1:S2 bioconjugates are shown in Fig. S1), which 
indicated that the MB surface had been successfully modi-
fied with S1:S2 strands.

Generation of S2 strands

The total volume of the reaction system was 100 μL, includ-
ing 10 μL of MB-S1:S2 bioconjugates, 10 μL of 10 × DSN 
buffer (500 mM Tris–HCl, pH 8.0, 50 mM MgCl2, and 

10  mM dithiothreitol), 1 μL of 0.1 U DSN in 50  mM 
Tris–HCl buffer (pH 8.0) and 50% glycerol, and 69 μL of 
diethylpyrocarbonate-treated water. Next, 10 μL of different 
concentrations of miRNA-21 was added, and the reaction 
system was incubated at 50 °C for 70 min with gentle mix-
ing. Finally, a DSN stop solution containing 5 mM ethylen-
ediaminetetraacetic acid was introduced to stop the cyclic 
DSN reaction, and the solution containing S2 strands was 
dissociated and collected from MBs with a magnet for the 
ECL measurement experiments.

Fabrication of the biosensing electrode

A glassy carbon electrode (GCE, 3.0 mm diameter) was pol-
ished with 0.3 and 0.05 μm aluminum oxide (Al2O3) powder 
to achieve a clean and smooth surface. Next, 10 μL of the 
Co-MOF-ABEI/Ti3C2Tx dispersion was spin-coated onto the 
surface of the cleaned GCE with a microsyringe and allowed 
to dry at room temperature to obtain the Co-MOF-ABEI/
Ti3C2Tx/GCE. Subsequently, a drop (3 μL) of chitosan (CS) 
solution (0.5%) was placed on the surface of Co-MOF-ABEI/
Ti3C2Tx/GCE to obtain CS/Co-MOF-ABEI/Ti3C2Tx/GCE. 
For the immobilization of the probe DNA, CS/Co-MOF-
ABEI/Ti3C2Tx/GCE was immersed in GA solution (5%) for 
2 h and then carefully rinsed with PBS2 buffer (0.01 M, pH 
7.4) to form GA/CS/Co-MOF-ABEI/Ti3C2Tx/GCE. Subse-
quently, a drop (10 μL) of probe DNA (1 μM) was placed 
on the surface of GA/CS/Co-MOF-ABEI/Ti3C2Tx/GCE 
and incubated at 4 °C for 12 h to obtain probe DNA/GA/
CS/Co-MOF-ABEI/Ti3C2Tx/GCE. The -NH2 group at the 
5′ end of the probe DNA reacted with the -CHO group of 
GA on the modified electrode by forming Schiff bases [36]; 
thus, the probe DNA was covalently immobilized onto the 
GA/CS/Co-MOF-ABEI/Ti3C2Tx-modified electrode. Next, 
the obtained probe DNA/GA/CS/Co-MOF-ABEI/Ti3C2Tx/
GCE was immersed in 1 mM monoethanolamine (MEA) 
solution for 2 h at 4 °C to neutralize the unreacted aldehyde 
groups, followed by rinsing to remove the unreacted MEA. 
The resulting probe DNA/GA/CS/Co-MOF-ABEI/Ti3C2Tx/
GCE was then thoroughly washed with PBS2 (pH 7.4) and 
used as the ECL biosensing electrode for miRNA-21.

ECL measurements

Because the concentration of S2 strands is directly pro-
portional to the concentration of target miRNA-21, the 
amount of target miRNA-21 can be determined by meas-
uring the number of S2 strands. The biosensing electrode 
was immersed in the obtained solution containing S2 
strands and incubated for 1 h to obtain the S2/probe DNA/
GA/CS/Co-MOF-ABEI/Ti3C2Tx/GCE, followed by wash-
ing to remove the unhybridized S2 strands. Finally, 10 μL 
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of hemin (0.5 mM) containing potassium ions was used 
to incubate the S2/probe DNA/GA/CS/Co-MOF-ABEI/
Ti3C2Tx/GCE at 4 °C for 1 h to form the hemin/G-quadru-
plex structure. The obtained hemin /S2/probe DNA/GA/
CS/Co-MOF-ABEI/Ti3C2Tx/GCE was immersed in 1.0 mL 
of PBS1 (pH 7.0) containing 2 mM of H2O2 for ECL meas-
urements, and the potential was scanned from 0 to + 0.6 V 
at a scan rate of 0.1 V·s−1; the photomultiplier tube volt-
age was set at − 800 V. The maximum ECL intensity at a 
potential of approximately + 0.52 V was recorded.

Results and discussion

Principle of the ECL biosensor

Details of the fabrication of the biosensor for miRNA-
21 detection are shown in Scheme 1. Scheme 1A shows 
the synthetic route of Co-MOF-ABEI/Ti3C2Tx composite 
as ECL emitter. Scheme 1B illustrates the DSN-assisted 
target recycling amplification strategy. The S1:S2 strands, 
which have two main sections, the recognition section (S1) 

Scheme 1   Schematic of the fabricated ECL biosensing platform for 
miRNA-21 detection. A Preparation of the Co-MOF-ABEI/Ti3C2Tx 
composite. B DSN-assisted target recycling amplification strategy for 

S2 strand release. C Construction of the ECL biosensor based on Co-
MOF-ABEI/Ti3C2Tx and hemin/G-quadruplex complexes
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and the transduction section (S2), were modified onto 
carboxyl MBs. The S1 section strand matched the target 
miRNA-21 to form DNA-RNA heteroduplexes at the 5′ 
end, whereas the remaining transduction S2 strand was at 
the 3′ end. The DSN enzyme can cleave the DNA in DNA-
RNA heteroduplexes with high specificity. Thus, when 
miRNA-21 was introduced to the DSN cycle amplification 
process, it hybridized with S1 in the S1:S2 strand. After 
adding the DSN enzyme, S1 in the DNA-RNA heterodu-
plexes was cleaved, and miRNA-21 was released sequen-
tially. The released miRNA-21 constantly triggers the next 
amplification cycle while releasing the more S2 strands. 
Scheme 1C illustrates the entire detection process. First, 
a low ECL signal was observed for the Co-MOF-ABEI/
Ti3C2Tx-modified GCE probably because of the limited 
production of ROS. After DSN cyclic amplification and 
magnetic separation, the released S2 strands hybridized 
with the hairpin probe DNA on the biosensing electrode, 
which resulted in the opening of the annular structure of 
probe DNA. Because the hairpin probe DNA contains a 
G-rich sequence, the exposed G-rich sequences can further 
form a G-quadruplex in the presence of hemin. Finally, 
the hemin/G-quadruplex can catalyze the conversion of 
H2O2 to ROS; consequently, ECL intensity is significantly 
enhanced. Thus, miRNA-21 can be quantified based on the 
increase in ECL signal intensity.

Characterization

The morphological characteristics of the prepared materi-
als were characterized using scanning electron microscopy 
(SEM). As shown in Fig. 1A, the laminated Ti3C2Tx that was 
etched and exfoliated from the MAX Ti3AlC2 phase exhibits 
a typical accordion-like layer structure. Figure 1B clearly 
shows that the Co-MOF-ABEI grew on Ti3C2Tx sheets 
in situ. Next, X-ray photoelectron spectroscopy (XPS) was 
used to identify the chemical composition of the Co-MOF-
ABEI/Ti3C2Tx composite. As shown in Fig. 1C, the resulting 
spectra showed the presence of C, N, O, Co, and Ti. Addi-
tionally, the elemental mapping results were consistent with 
XPS findings (Fig. S2), which also confirmed the presence 
of C, N, O, Co, and Ti in Co-MOF-ABEI/Ti3C2Tx, and all 
the elements were homogeneously distributed throughout 
the composite. The successful synthesis of the Co-MOF-
ABEI/Ti3C2Tx composite was further confirmed by UV–vis 
absorption spectra. As illustrated in Fig. 1D, ABEI yields 
two absorption peaks at 230 and 267 nm, respectively. 
However, redshifts in the absorption peaks of Co-MOF-
ABEI/Ti3C2Tx were observed because of the cross-linking 
between ABEI and NH2-BDC, which increased the degree 
of conjugation. The characterization results indicate that the 
Co-MOF-ABEI/Ti3C2Tx composite had been successfully 
prepared.

Fig. 1   SEM images of A 
Ti3C2Tx and B Co-MOF-ABEI/
Ti3C2Tx composites. C Full 
XPS spectrum of the Co-MOF-
ABEI/Ti3C2Tx composite. D 
UV–vis spectra of ABEI and 
the Co-MOF-ABEI/Ti3C2Tx 
composite
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Electrochemical characterization

To monitor and verify the fabrication of the prepared bio-
sensor, cyclic voltammograms (CVs) and electrochemi-
cal impedance spectroscopy (EIS) experiments were 
performed in 0.1 M PBS (pH 7.4) containing 5.0 mM 
[Fe(CN)6]3−/4− and 0.1 M KCl. As presented in Fig. 2A, 
when the CV measurement was performed with the bare 
GCE, a pair of well-defined reversible redox peaks were 
observed (curve a). After modification with Co-MOF-
ABEI/Ti3C2Tx, the peak current of Co-MOF-ABEI/
Ti3C2Tx/GCE exhibited a slight decrease because of the 
strong conductivity of TiC2Tx in the Co-MOF-ABEI/
Ti3C2Tx composite (curve b). The redox peak current 
decreased after the immobilization of the probe DNA 
(curve c) and MEA (curve d) because both prevent elec-
tron transfer. When the S2 strands were captured by the 
fabricated biosensing electrode, the peak current decreased 
further (curve e), indicating that the S2 strands had been 
successfully assembled. Finally, after treatment with 
hemin, a hemin/G-quadruplex structure formed and was 
assembled on the surface of the modified GCE, resulting 
in a sequentially decreased peak current (curve f).

Next, EIS was employed to monitor the assembly pro-
cess. As shown in Fig. 2B, the bare GCE (curve a) exhib-
ited a markedly smaller semicircle diameter than that of 
Co-MOF-ABEI/Ti3C2Tx/GCE (curve b), and the diameter 
of the semicircle consecutively increased after the hair-
pin probe DNA (curve c), nonconductive MEA (curve d), 
and S2 strands (curve e) were sequentially incubated with 
the modified electrode, indicating the successful assem-
bly of the sensing system. Finally, the semicircle diam-
eter increased further after treatment with hemin (curve 
f), demonstrating that the electron transfer was hampered 
by the hemin/G-quadruplex because of their strong repel-
lence to redox species. In conclusion, the CV and EIS 

measurements confirmed the successful fabrication of the 
proposed biosensor.

Feasibility study

The ECL signal intensities were recorded under different 
conditions to verify the feasibility of the proposed ECL bio-
sensor for real sensing applications. As shown in Fig. 3, the 
probe DNA/GA/CS/Co-MOF-ABEI/Ti3C2Tx/GCE exhibited 
low ECL signal intensity (curve a). Furthermore, in the pres-
ence of DSN and hemin but without miRNA-21, ECL signal 

Fig. 2   A CV and B EIS results of different electrodes: (a) bare GCE, 
(b) Co-MOF-ABEI/Ti3C2Tx/GCE, (c) probe DNA/GA/CS/Co-MOF-
ABEI/Ti3C2Tx/GCE, (d) MEA/probe DNA/GA/CS/Co-MOF-ABEI/
Ti3C2Tx/GCE, (e) S2/MEA/probe DNA/GA/CS/Co-MOF-ABEI/

Ti3C2Tx/GCE, and (f) hemin/S2/MEA/probe DNA/GA/CS/Co-MOF-
ABEI/Ti3C2Tx/GCE. These electrochemical measurements were car-
ried out in 0.1  M PBS (pH 7.4) containing 5.0  mM [Fe(CN)6]3−/4− 
and 0.1 M KCl

Fig. 3   ECL intensity–potential curves of probe DNA/GA/CS/Co-
MOF-ABEI/Ti3C2Tx/GCE with DSN and hemin (a), with DSN and 
hemin but without miRNA-21 (b), with miRNA-21 and DSN but 
without hemin (c), with miRNA-21 and hemin but without DSN 
(d), and with miRNA-21, DSN, and hemin (e). The biosensor meas-
urements were carried out in 0.1 M PBS (pH 7.4) containing 2 mM 
H2O2 by scanning from 0 to + 0.6 V at a scan rate of 0.1 V·s−1. The 
concentrations of miRNA-21, DSN, and hemin were 0.01 nM, 0.1 U, 
and 0.5 mM, respectively
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intensity remained almost unchanged (curve b). Without 
miRNA-21, the DSN cyclic amplification process cannot 
occur, the S2 strands cannot be released, and the probe DNA 
remains unopened. Consequently, no hemin/G-quadruplex is 
formed, and ROS are not generated. Similarly, in the pres-
ence of miRNA-21 and DSN but without hemin or in the 
presence of miRNA-21 and hemin but without DSN, there 
was no marked change in ECL signal intensity (curves c 
and d). This is because hemin/G-quadruplexes were still 
not formed. In contrast, when miRNA-21, DSN, and hemin 
were simultaneously present (curve e), ECL signal intensity 
increased significantly. These experimental results show that 
numerous hemin/G-quadruplex DNAzymes were formed in 
the presence of miRNA-21, DSN, and hemin, which promote 
the catalytic formation of ROS from H2O2 and markedly 
enhance ECL signal intensity. These results confirm that the 
proposed ECL sensing method can be used for miRNA-21 
determination.

Performance optimization

To achieve optimal performance, the experimental con-
ditions were optimized using 0.01 nM target miRNA-21; 
specifically, we varied the volume of the Co-MOF-ABEI/
Ti3C2Tx composite, probe DNA concentration, DSN reac-
tion time, S1:S2 concentration, and hemin concentration. 
As the volume of the Co-MOF-ABEI/Ti3C2Tx composite 
was increased to 10 μL, ECL signal intensity increased to 
the maximum. Upon further increasing the amount of the 
composite, ECL signal intensity changed slightly (Fig. S3A). 
This may be ascribed to the steric effects of the thick com-
posite film formed. Accordingly, 10 μL was chosen as the 
optimal dosage. As shown in Fig. S3B, with increasing 
probe DNA concentration, the highest ECL signal intensity 
appeared at 1 μM. Thus, 1 μM of probe DNA was used for 
further experiments.

When the DSN reaction time was prolonged from 20 
to 70 min, ECL signal intensity gradually increased and 

stabilized at 70 min (Fig. S3C), indicating that 70 min was 
sufficient for this specific reaction. Therefore, the optimal 
DSN reaction time was 70 min. As shown in Fig. S3D, 
with an increase in the concentration of the S1:S2 strands, 
the ECL intensity reached the maximum value at 2 μM, 
and this was attributed to the limited binding sites on the 
MBs [37]. Therefore, S1:S2 was used at a concentration 
of 2 μM. As the concentration of hemin increased, ECL 
signal intensity increased until the concentration of the 
former reached 0.5 mM (Fig. S3E). This suggests that the 
reaction of hemin with G-quadruplex had reached satura-
tion [36]. Thus, 0.5 mM was the optimal choice of hemin 
in the proposed biosensor.

To confirm the excellent ECL performance of Co-
MOF-ABEI/Ti3C2Tx, we also fabricated Co-MOF, ABEI/
Co-MOF, and ABEI/Ti3C2Tx composites and used them 
in biosensing electrodes for miRNA-21 determination (as 
shown in Fig. S4). All experiments were performed using 
0.01 nM miRNA-21, 0.1 U DSN, and 0.5 mM hemin. 
Owing to the lack of luminescent substances, markedly 
low ECL signal intensity was achieved using the Co-MOF-
based sensing system. In contrast, the ABEI/Co-MOF-
based sensing system containing the ABEI luminophore 
conjugated with NH2-BDC, which acts as an organic 
ligand for the Co-MOF, exhibited high ECL signal inten-
sity, which can be attributed to the large surface area and 
possible catalysis via Co-MOFs [33]. Despite the large 
surface area and high electrical conductivity of Ti3C2Tx, 
the ABEI/Ti3C2Tx-based sensing systems yielded lower 
ECL signal intensity than ABEI/Co-MOF. This may be 
ascribed to the fact that the combination of ABEI and 
Ti3C2Tx was weak, and only a small amount of ABEI was 
adsorbed on the surface of Ti3C2Tx or embedded in the 
internal structure. For the Co-MOF-ABEI/Ti3C2Tx sens-
ing system, which combines the advantages of Co-MOF-
ABEI and Ti3C2Tx, the highest ECL signal intensity for 
miRNA-21 detection was achieved, thus demonstrating the 
suitability of the Co-MOF-ABEI/Ti3C2Tx composite for 
use in biosensing electrodes.

Fig. 4   A ECL intensity–poten-
tial curves for various concen-
trations of miRNA-21 (a–h, 
0.00001, 0.00005, 0.0001, 
0.001, 0.01, 0.1, 1, and 10 nM, 
respectively) and B calibration 
curve between ECL intensities 
and logarithm of target miRNA-
21 concentrations
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Detection performance

Under optimal experimental conditions, different concentra-
tions of miRNA-21 were detected using the prepared ECL 
sensing platform. In Fig. 4A, it can be observed that ECL 
signal intensity increases with an increase in the concentra-
tion of miRNA-21 from 0.00001 to 10 nM. The obtained lin-
ear regression equation was I = 14696.11 + 2310.03lg(c/nM) 
with a correlation coefficient of R2 = 0.9978 (Fig. 4B), where 
I represents the ECL response and c represents the concen-
tration of miRNA-21. The detection limit was calculated to 
be 3.7 fM based on the 3σ/a criterion (where a is the slope 
of the linear regression curve, and σ is the standard devia-
tion of the blank analysis). In addition, a comparison of this 
sensing platform with other sensing methods is presented 
in Table S2. Combining the luminescent Co-MOF-ABEI/
Ti3C2Tx composite with the DSN-assisted signal amplifica-
tion strategy resulted in both the linear detection range and 
limit of detection of this ECL platform being superior to 
those of other methods.

To test the suitability of the proposed biosensor for practi-
cal applications, its selectivity and reproducibility were eval-
uated. As depicted in Fig. 5A and 5B, the ECL signal inten-
sity of miRNA-199a, miRNA-141, and miRNA-155 showed 
no substantial increase compared with that of the blank sam-
ple. By contrast, when a mixed solution of 0.01 nM miRNA-
21 containing 0.1 nM miRNA-199a, 0.1 nM miRNA-141, 
and 0.1 nM miRNA-155 was used, ECL signal intensity of 
the biosensor was similar to that observed after incubating 
the biosensor with miRNA-21 (0.01 nM) alone, indicating 
that the interference factors had a negligible influence on 
the sensor response to miRNA-21. Expectedly, these results 
indicate that the proposed ECL biosensor exhibited out-
standing selectivity.

Reproducibility is another crucial factor. Thus, nine dif-
ferent electrodes from the same fabrication batch were used 
for miRNA-21 detection. As shown in Fig. 5C, the relative 
standard deviation (RSD) of the detection results was less 

than 5.0%. Therefore, the reproducibility of the ECL bio-
sensing method is satisfactory.

Recovery experiments and detection in real samples

To validate the practical applicability of the proposed 
method for the quantitative detection of miRNA-21 in com-
plex biological matrices, a standard addition experiment was 
performed using human serum (10%). In the tests, three dif-
ferent concentrations (0.00005, 0.001, and 0.1 nM) of target 
miRNA-21 were added to the pretreated human serum. As 
displayed in Table S3, the recovery rates of the three differ-
ent concentrations of the spiked miRNA-21 sample fluc-
tuated between 96.0 and 101.8% (RSD < 4%), indicating 
that the proposed ECL biosensor has potential applications 
in complex real samples. Next, miRNA-21 extracted from 
the lysates of HeLa cells (human cervical cancer cells) was 
analyzed. As shown in Fig. 6, as the number of HeLa cells 
increased from 105 to 106, ECL signal intensity increased, 

Fig. 5   A, B Specificity of the biosensor against different interfering 
substances: 0.1 nM of miRNA-141, miRNA-155, miRNA-199a and a 
mixture containing 0.1 nM of the preceding miRNAs and 0.01 nM of 

miRNA-21. C The reproducibility of nine biosensors identically fab-
ricated for miRNA-21 (0.0001 nM)

Fig. 6   Detection of miRNA-21 in total RNA extracted from HeLa 
cells using the presented and qRT-PCR methods: (a) 105 HeLa cells 
and (b) 106 HeLa cells
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suggesting that the cells express miRNA-21. Further meas-
urement of the samples was performed by quantitative 
real-time PCR (qRT-PCR), the gold standard method for 
the quantitative detection of miRNA in basic and clinical 
research [38, 39]. The results of the qRT-PCR method and 
our method were consistent. Therefore, the developed bio-
sensor has considerable potential for the clinical detection 
of miRNA-21.

Conclusions

An ultrasensitive ECL biosensing platform was proposed in 
the current study for miRNA-21 detection based on the Co-
MOF-ABEI/Ti3C2Tx composite as an ECL luminophore, a 
DSN cyclic amplification strategy, and the catalysis of the 
hemin/G-quadruplex structure. The synthesized luminescent 
Co-MOF-ABEI/Ti3C2Tx carrying numerous ABEI moieties 
provided stable ECL signals because of the catalytic pro-
duction of ROS via the hemin/G-quadruplex and increase 
in electrical conductivity owing to the embedded Ti3C2Tx. 
Combined with DSN cyclic amplification, large amounts of 
the hemin/G-quadruplex were formed to catalyze the con-
version of H2O2 to ROS, which markedly amplified ECL 
signal intensity in the ABEI-H2O2 system. Expectedly, 
the designed ECL biosensor achieved an extremely wide 
dynamic detection range, high sensitivity, satisfactory selec-
tivity, and low limit of detection for miRNA-21. Moreover, 
the proposed ECL method was confirmed to be accurate in 
10% serum samples and was successfully applied to detect 
miRNA-21 extracted from HeLa cells with acceptable 
results, thus verifying its practical potential. Furthermore, 
using the design principle of this ECL biosensor, the ECL 
strategy can be used to develop a universal miRNA detection 
method by changing the structure of the S1 strand.
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