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ABSTRACT: A novel electrochemical luminescence (ECL) sensing system is
designed based on the catalytic hairpin assembly (CHA) cascade nonmetallic
surface plasmon resonance (SPR) effect for ultrasensitive and selective miRNA-
21 detection. In the CHA cycles, much more target miRNA-21 is captured to
amplify the detection signal and enhance sensitivity. Meanwhile, the specific
recognition between streptavidin (SA) and biotin, together with the SPR effect of
SnS2 nanoplates on perylene tetracarboxylic acid, further amplifies the ECL
signal. Together, miRNA-21 can be quantified with a limit of detection of 0.6 aM
in the novel ECL system with ultrahigh sensitivity and selectivity. The ECL
biosensor exhibits excellent stability and reproducibility as well as good
practicality for miRNA-21 detection in real human serum.

■ INTRODUCTION
MicroRNAs (miRNAs), a class of small and nonprotein-coding
RNA molecules containing about 19−24 nucleotides, play an
extremely important role in the regulation of various biological
processes and gene expression.1−4 miRNA-21 is widely
presented in lung cancer, breast cancer, cervical cancer,
colorectal cancer, prostate cancer, and other tumor cells, and
it shows high concentrations in these cells.5,6 Therefore,
accurate and sensitive detection of miRNA-21 is of great value
for the early diagnosis and treatment of tumors. Up to now,
numerous analytical methods have been developed to monitor
miRNA-21, such as Northern blotting,7 quantitative reverse
transcription-polymerase chain reaction (qRT-PCR),8 colori-
metrics,9,10 surface-enhanced Raman,11,12 and electrochemical
methods.13,14 For example, a microfluidic surface-enhanced
Raman scattering (SERS) sensor was designed for microRNA
detection by a nucleic acid-tyramine cascade amplification.15 A
photoelectrochemical biosensor was proposed for miRNA-21
based on a b-TiO2/CdS:Eu/Ti3C2 heterojunction.

16 In
addition, sensitive electrochemiluminescence analysis of
miRNA-21 was achieved by a reversible addition-fragmenta-
tion chain transfer (RAFT) signal amplification.17

Electrochemical luminescence (ECL), as an effective
analytical method, integrates the merits of both electro-
chemistry and chemiluminescence and has aroused attention in
early disease diagnosis and detection of hazardous substances
due to its low signal background, high sensitivity, and simple
operation.18−20 Meanwhile, catalytic hairpin assembly (CHA)
technology, an enzyme-free and constant temperature nucleic
acid signal amplification technology,21 is often combined with

the ECL method to achieve ultrahighly sensitive and selective
detection of biomolecules. For example, an ultrasensitive
biosensor was designed to detect miRNA-21 by the
combination of CHA and the surface plasmon-enhanced
ECL (SPEECL) of silver nanoclusters.22 A biosensor was
exploited by combining CHA amplification strategy with
CRISPR-Cas12a side-cutting feature to achieve sensitive
amplification assay of Siglec-5 with LOD of 29.36 fM.23

In order to further improve the sensitivity of the ECL
biosensor and avoid false positive results, as a potential
approach, surface plasmon resonance (SPR) technology was
introduced into the ECL-CHA system. Based on its merits of
excellent sensitivity and simplicity,24,25 SPR technology has
been broadly utilized in many sensing applications, such as pH
sensors,26 fluorescence sensors,27 organic vapor sensors,28 and
electrochemical sensors.29 To our knowledge, nonmetallic
materials are rarely reported as the plasma source to facilitate
the ECL performance because of their relatively poor electrical
conductivity.30,31 However, the nonmetallic sulfides, e.g., MoS2
and Cu2S, have surface plasmon effects in the visible and near-
infrared regions, with the advantages of easy preparation, low
toxicity, and good biocompatibility.32 Thus, SnS2 nanoplates
would be good potential plasma sources to enhance the ECL
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signal of the luminophore. On the other hand, perylene
tetracarboxylic acid (PTCA), a five-ring polycyclic aromatic
hydrocarbon rich in carboxyl groups, is always considered to be
a promising ECL luminophore with its large π-conjugated
system, broad absorption wavelength range, and good film-
forming properties,33,34 all of which make PTCA an
appropriate luminophore candidate.
Herein, a novel ECL platform for miRNA-21 assay is

proposed using CHA and SPR technology based on the SnS2
nanoplates as a plasma source and PTCA as a luminophore
(Scheme 1). Here, CHA cycles amplify the detection signal to

enhance sensitivity by capturing much more target miRNA-21.
Meanwhile, the specific recognition between streptavidin (SA)
and biotin, and the SPR effect of SnS2 nanoplates on PTCA
further amplify the ECL signal. As a result, miRNA-21 can be
quantified with ultrahigh sensitivity and selectivity in the novel
ECL system based on the CHA cycles cascade SPR effect. In
addition, this ECL biosensor shows great practical potential in
real sample analysis.

■ RESULTS AND DISCUSSION
In Figure 1a,b, the scanning electron microscopy (SEM)
images of PTCA exhibit nanorod-like structures with widths of
40 nm and lengths of 200 nm. The SEM image of SA-PTCA is
shown in Figure S1a; the surface of SA-PTCA is covered with
streptavidin. In Figure S1b, the ζ-potentials of PTCA, SA, and
SA-PTCA are −0.481, +9.67, and +0.367 mV, respectively,
which further confirm the successful preparation of SA-PTCA.
Hexagonal nanoplate SnS2-PEI with diameters of 600 nm
consistent with the morphology of SnS2 are shown in Figure
1d,e.35 In addition, X-ray photoelectron spectroscopy (XPS)
was performed to confirm the successful preparation of PTCA
and SnS2-PEI. The XPS spectrum shows that PTCA contains

the elements C and O in Figure 1c and Figure S2. The XPS
spectra of SnS2-PEI in Figure 1f and Figure S3 confirm the
existence of Sn, S, C, N, and O elements. Moreover, X-ray
diffraction (XRD) and Fourier transform infrared spectroscopy
(FT-IR) of PTCA and SnS2-PEI further prove the successful
preparation of PTCA and SnS2-PEI (Figure S4).
Cyclic voltammetry (CV) and electrochemical impedance

spectroscopy (EIS) tests were carried out in 5.0 mM
[Fe(CN)6]3−/4− solution (0.1 M KCl). Figure 2a shows that
the maximum peak current of the SnS2-PEI obviously
decreases after successive decoration of hairpin DNA1 (H1),
miRNA-21, and hairpin DNA2-biotin (H2-biotin) on the
electrode surface. This indicates that the H1 structure was
opened and triggered the steric hindrance effect.36 Moreover,
the peak current continuously decreased with the addition of
streptavidin-decorated PTCA (SA-PTCA), which can be
ascribed to the specific recognition of SA and biotin. The
EIS spectrum shows that the resistance value (Ret) increased
after the modification of H1, miRNA-21, H2-biotin, and SA-
PTCA step-by-step (Figure 2b). This can be attributed to the
biomacromolecules (i.e., H1, miRNA-21, H2, and SA) which
would impede electron and proton transport on the electrode
surface.37 These results provide strong evidence that the ECL
biosensor was successfully fabricated.
The signal amplification strategy of the ECL biosensor is

demonstrated in Figure 3 and Figures S5 and S6. There is
significant spectral overlap between the ECL emission
spectrum of PTCA and the UV−vis absorption spectrum of
SnS2-PEI, thus indicating the existence of a resonance energy
transfer (RET) system between PTCA and SnS2-PEI (Figure
3a).38 Next, the ECL performance was investigated. As shown
in Figure 3b, the ECL intensity increases by 3.64 times in the
presence of SnS2-PEI compared to the case with no SnS2-PEI.
Since the distance between the PTCA and SnS2-PEI is larger
than 20 nm,22 the SPR effect of SnS2-PEI must have been
activated to amplify the ECL signal for the biosensor.
The signal amplification process can be depicted as follows.

First, the S2O82− and PTCA react to generate SO4•− and
PTCA•− (eq 1 and eq 2). Next, SO4•− and PTCA•− further
react to produce PTCA* (eq 3). When PTCA* returns to the
ground state, an ECL signal is observed at the cathode (eq 4).
After the modification of SA-PTCA, a highly strong ECL signal
can be observed owing to the specific recognition of SA and
biotin to induce the SPR effect of SnS2-PEI on the PTCA.

+ +•S O e SO SO2 8
2

4 4
2

(1)

+ •PTCA e PTCA (2)

+ * +• •SO PTCA PTCA SO4 4
2

(3)

* + hPTCA PTCA (4)

The effects on ECL performance of the pH value of PBS,
incubation temperature, the concentration variation of SnS2-
PEI, and the incubation time of the hairpin DNA were
investigated, as shown in Figure 4a−d, respectively. The results
show that pH 7.5 of PBS, 37 °C incubation temperature, 2 mg·
mL−1 of SnS2-PEI, and a 2 h incubation time provide the
optimal experimental conditions. The ECL signal is continu-
ously amplified with the increment of the miRNA-21
concentration (Figure 5a), and there is a good linear
relationship between the ECL signal and the logarithm of
the miRNA-21 concentration (lg cmiRNA‑21, fM) (Figure 5b).

Scheme 1. (a) Preparation of SnS2-PEI and (b) Design of
ECL Biosensor for miRNA-21 Assay
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The linear equation is fitted as I = 1481.73 lg c + 10 322 with a
correlation coefficient 0.9934, and the limit of detection
(LOD) is calculated as 0.6 aM (S/N = 3).39 In Figure 5c, the
ECL intensities with 10 nM concentrations of possible
interferences (miRNA-141, miRNA-182, miRNA-126) are
almost the same as the blank, while the ECL intensity is
greatly enhanced in the presence of target miRNA-21 (1 nM),

indicating the good specificity of the ECL biosensor. In Figure
5d, the ECL intensity shows no variation when the biosensor
was tested in 20 consecutive CV scans in the presence of target
miRNA-21 (1 aM, 100 fM, and 1 nM), thus demonstrating the
excellent stability for the ECL biosensor. In addition, the good
reproducibility and long-time stability of the ECL biosensor
are confirmed in Figure S7.

Figure 1. SEM images (a, b, d, e) and XPS patterns (c, f) of PTCA and SnS2-PEI.

Figure 2. (a) CV and (b) EIS profiles of SnS2-PEI/GCE, H1/SnS2-PEI, H2-biotin/miRNA-21/H1/SnS2-PEI/GCE, SA-PTCA/H2-biotin/
miRNA-21/H1/SnS2-PEI/GCE.

Figure 3. UV−vis absorption and ECL emission spectra of (a) SnS2-PEI and PTCA; (b) ECL profiles of the biosensor without and with SnS2-PEI.
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To validate the practicability of the ECL biosensor, a
standard addition method was applied to detect miRNA-21
with different concentrations: 10 aM, 100 aM, and 1 fM in
1000-fold diluted human serum samples. In Table S1, the
recovery rates are calculated to be 95.00% ∼ 102.4%, while the
relative standard deviation are 1.99−3.24%. Thus, this ECL

biosensor exhibits very good applicability for the miRNA-21
detection in real human serum samples. Compared with the
previous analytical methods for miRNA-21 assay, this work
displays a wider detection range with superior sensitivity
(Table S2).

Figure 4. Effects of (a) pH value of PBS, (b) incubation temperature, (c) SnS2-PEI concentration, and (d) incubation time of hairpin DNA on the
performance of the ECL biosensor.

Figure 5. (a) ECL response toward different concentrations of miRNA-21. (b) Calibration curve for quantification of miRNA-21 from 1 aM to 1
nM. (c) Selectivity and (d) stability of the ECL biosensor with 1 aM, 100 fM, and 1 nM miRNA-21.
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■ CONCLUSIONS
In summary, a novel ECL sensing platform is successfully
designed with the CHA cycles cascade SPR effect for superior
sensitivity and selective detection of miRNA-21 with a LOD of
0.06 aM. The SnS2-PEI exerts a strong SPR effect on the
luminophore PTCA, and the CHA cycles capture much more
target miRNA-21 to amplify the detection signal and enhance
sensitivity. Together, the strong SPR effect and CHA cycles
lead to ultrasensitive quantification of miRNA-21. Further-
more, the ECL biosensor exhibits excellent analytical perform-
ance in view of selectivity, stability, reproducibility, and
practicability in real samples. This work serves as a model
for the application of CHA cycles cascade SPR technology to
design ultrahighly sensitive ECL platforms for disease
diagnosis.
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