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Abstract

A novel electrochemiluminescence (ECL) biosensor was fabricated for miRNA-162a detection by using silver nanoclusters/
molybdenum disulfide (AgNCs@MoS,) as an ECL material, peroxodisulfate (S,0¢°") as a co-reactant, and semicarbazide (Sem)
as a co-reaction accelerator. Firstly, hairpin probe H, modified on AgNCs@MoS,/GCE was unfolded based on its hybridization
with target microRNA. Then, the unfolded H, can further be hybridized with another hairpin DNA of H, on (AuNPs-
semicarbazide) @Cu-MOF, resulting in the release of target microRNA, which further causes a cyclic hybridization. This
creates more (AuNPs-semicarbazide)@Cu-MOF on the electrode surface, achieving cyclic hybridization signal amplification.
Strikingly, due to the presence of Sem, accelerating the reduction of S,0¢> and resulting in the generation of more oxidant
intermediates of SO,*", the amount of excited states of Agincreases to further amplify the ECL signal. The biosensor exhibited
high sensitivity with a low LOD of 1.067 fM, indicating that the introduction of co-reaction accelerators can provide an effective
method for signal amplification. The applicability of this method was assessed by investigating the effect of Pb(Il) ion on
miRNA-162a expression level in maize seedling leaves.

Keywords MicroRNA - Co-reaction accelerator -
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Introduction

MicroRNAs (miRNAs) are an extensive class of ~22-nucleo-
tide noncoding and small RNAs that function as ubiquitous
post-transcriptional regulators of gene expression in plants
and animals [1]. It is crucial for the control of animal and plant
development and physiology and plays an important role in
cell cycle, differentiation, development, and metabolism
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[2-5]. Previous research has demonstrated that miRNAs in-
volved in various plant biological processes, such as leaf and
root development, flowering, and ripe fruit and various stress
responses [6]. However, due to its small size, low content,
high sequence similarity, and easy degradation, it makes
miRNA detection very challenging. Strikingly, various ana-
lytical methods have been developed, including northern blot-
ting analysis, microarrays, and real-time quantitative PCR de-
tection [7-9]. Although most of them are convenient and re-
liable, the sensitivity and specificity of these methods are not
satisfactory (detailed information compared in Table S1).
Therefore, a simple, convenient, low-cost, and ultra-sensitive
method for miRNA detection is desirable.

So far, several promising miRNA detection strategies have
been explored, including electrochemical [10, 11], colorimet-
ric [12], fluorescent [13—15], photoelectrochemical (PEC)
[16-18], and electrochemiluminescence (ECL) [19-21].
Compared with other optical methods, ECL shows its poten-
tial advantages through the intelligent integration of electro-
chemistry and spectroscopy. Noteworthy, Zhong et al. [22]
constructed an ECL biosensor based on self-catalytic CDs-
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Au-PEI@TiO, nanoparticles and target-triggered CHA and
successfully realized the sensitive detection of miRNA-21.
The detection limit of the constructed sensor is 0.03 fM, and
it also shows good results in actual sample applications. In
addition, Shao et al. [23] designed a ruthenium-based metal
organic framework (Ru-MOF) as a signal unit
electrochemiluminescence biosensor to detect miRNA-141.
The selectivity, stability, reproducibility, precision, and appli-
cation were validated and offer a new perspective and method
for tumor marker detection. Therefore, based on the advan-
tages of high sensitivity, low background signal, wide linear
range, controllable electrochemical potential, and good selec-
tivity, ECL biosensors have aroused great interest, and they
are widely used for the detection of various biomolecules.
Naturally, ECL is also a potentially excellent platform for
sensitive detection of miRNA and shows great advantage
and value in basic research and early clinical diagnosis in
the future.

However, with the development of science and technology,
higher requirements have been placed on existing ECL anal-
ysis methods. As we all know, in ECL sensors, selection of
luminescent nanomaterials is one of the important factors af-
fecting ECL performance. Recently, metal clusters (NCs), as a
kind of self-luminous nanomaterials with
electrochemiluminescence activity, have received widespread
attention [24, 25]. Due to the size and property of nanoclusters
between a single atom and nanoparticle, their optical property,
chemical properties, and electrical property are significantly
different from a single atom and large nanoparticle. More
importantly, due to the existence of quantum confined effect,
nanocluster exhibits an excellent optical property [26]. As a
kind of precious metal cluster, AgNCs can be used as a new
type of light-emitting reagent for future ECL biosensors due to
their good water solubility, low toxicity, inexpensive, and ex-
cellent stability [27, 28].

In recent years, due to its excellent electrical, electrochem-
ical, optical, and other properties, two-dimensional MoS,
nanosheets have been widely used in various aspects such as
optoelectronic devices, field effect transistors, sensors, and
biomedicine through different modifications and doping mod-
ifications. Molybdenum disulfide (MoS,) is a non-toxic and
environmentally friendly two-dimensional (2D) transition
metal disulfide. Considering that the morphology and size of
the electrode material are related to its electrochemical perfor-
mance, MoS, with different morphologies has been success-
fully synthesized. In terms of electrical performance, for thin
layer MoS,, the band gap can reach about 1.8 ¢V, so layered
MoS, is currently widely used to prepare low-power electron-
ic devices and other semiconductor power devices. In addi-
tion, due to their excellent electrical conductivity, biocompat-
ibility, and large specific surface area, MoS, show unique
advantages in the construction of ECL biosensors.
Therefore, not only the excellent electrical conductivity of

@ Springer

MoS, is used as the base material of ECL, but also the large
specific surface area of MoS, is used to load a large number of
AgNCs.

Another, it is important to amplify detection signal to im-
prove the performance of ECL biosensors for detecting the
expression level of miRNA. As a simple and effective strate-
gy, the co-reactant attracts more attentions, which can effec-
tive amplify the ECL signal, such as S,04> and
trimethylamine. In general, S,05> is transformed into SO4~
by electrochemical reduction, and the produced SO, can be
excited by injecting holes into the highest occupied molecular
orbital, thereby reacting with negatively charged molecules,
leading to ECL intensity significantly enhanced [29, 30]. The
stronger ECL response can be produced with generating more
SO, . Therefore, the increasing co-reactant amount to
achieve signal amplification is a problem that needs to be
solved urgently. However, due to the limited solubility of
S,04%" and the non-absolutely linear relationship between
the concentration of S,0g> and the amount of SO, it is
restricted to improve the ECL intensity by increasing the con-
centration of S,0¢> . To solve it, Ma et al. [31] proposed the
concept of co-reaction accelerators, that is, a class of substance
that have a promoting effect on the ECL co-reaction system,
which can accelerate the reduction of S,05> to generate more
SO, thereby further increasing the generation of the excited
state of the molecule to emit light. Based on it, Sun et al. [32]
designed a new near-infrared electrochemiluminescence reso-
nance energy transfer strategy for enzyme-free amplified
DNA detection that used semicarbazide (Sem) as a co-
reaction accelerator to promote the ECL reaction rate of Cu-
Zn-In-S NCs and the S,05>~ system for significantly boosting
the ECL intensity. Noteworthy, semicarbazide (Sem) is a co-
reaction accelerator, which can greatly promote the reaction
between ECL probe and co-reaction, increasing the ECL in-
tensity [33]. This means that the synergistic reaction acceler-
ator can increase the ECL reaction rate of the co-reactant and
the luminophore. Sem could accelerate the reduction of S,0g?
-, resulting in the generation of more oxidant intermediates of
SO, the amount of excited states of luminophor could be
increased to further amplify the ECL signal. Therefore, the
introduction of co-reaction promoters can provide an effective
method for signal amplification; this will be a potential signal
amplification strategy for the development of biosensor.

Experimental section
Regents and instruments
The used reagents and instruments, the synthesis process for

Cu-MOF, AgNCs@MoS,, and Hy,-(AuNPs-Sem)@ Cu-MOF
were introduced in Supplementary Material.
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Biosensor fabrication

The bare GCE electrode (d=3 mm) was firstly polished to
obtain a mirror-like surface using a 0.3-um Al,O; slurry.
Then, the GCE was washed with deionized water and ethanol
for 3 times. After dried under N, blowing, 10 puL of 1.5 mg/
mL AgNCs@MoS, dispersion was casted onto GCE, which
was dried under the irradiation of infrared lamp. The prepared
electrode was noted as AgNCs@MoS,/GCE. Subsequently,
10 pL of probe immobilization buffer containing 0.1 pM hair-
pin DNA probe (H,) was dropped onto the electrode, which
was incubated for 4 h at room temperature under humid con-
dition. This prepared electrode was labeled DNA/
AgNCs@MoS,/GCE. After that, 10 uL of different concen-
trations of the target miRNA was added dropwise onto the
electrode and incubated at 37 °C for 2 h under humid condi-
tions. The electrode was labeled DNA-RNA/AgNCs@MoS,/
GCE. Finally, 10 pL of 1x DNA hybridization buffer contain-
ing Hyp-(AuNPs-Sem)@Cu-MOF solution was added
dropwise to the above electrode surface and reacted for 2 h
in a moist environment at 37 °C. This electrode was labeled
Hy,-(AuNPs-Sem) @ Cu-MOF/DNA-RNA/AgNCs@MoS,/
GCE. Between each modification process, the prepared elec-
trode was rinsed with washing buffer. The modified electrode
was immersed in 10 mL of detection solution for detection, the
voltage scan range was —2—0 V, the scan rate: 100 mV/s, and
the photomultiplier tube: 900 V.

Results and discussion
Detection strategy

A signal-on ECL biosensor was fabricated based on
AgNCs@MoS, as electroluminescent materials, 820827 as a
co-reaction reagent, and semicarbazide (Sem) as a co-reaction
promoter. The detection mechanism is shown in Scheme 1.
First, MoS, nanosheets were prepared by the hydrothermal
method, and then, the light-emitting active material of
AgNCs were in situ reduced on MoS, nanosheet surface to
prepare AgNCs@MoS,, which was employed as a light-
emitting nanocomposite. Then, H,-(AuNPs-Sem)@ Cu-MOF
composite was prepared as an ECL co-reaction accelerator. To
construct the ECL biosensor, the hairpin probe H, was assem-
bled on the AgNCs@MoS,/GCE surface through the interac-
tion of Ag with the —SH at the 3'-terminal of probe H,. At this
state, the hairpin probe DNA H, was closed. However, when
target miRNA was introduced, the hairpin probe DNA H, was
unfolded and the fragment at its 5'-terminal kept un-hybridi-
zation. Afterwards, the un-hybridized sequence of H, was
further hybridized with Hy,, making the (AuNPs-Sem)@Cu-
MOF composite immobilized on the electrode surface to im-
prove the ECL signal. Moreover, the hybridized miRNA can

be gradually released to execute another hybridization with
H,, achieving a circulation hybridization. As a result, a low
amount of target miRNA can lead to immobilize more
(AuNPs-Sem)@Cu-MOF on the electrode surface, realizing
the cyclic hybridization signal amplification.

Herein, Sem in the (AuNPs-Sem)@Cu-MOF is a co-
reaction accelerator that can make the co-reactant S,0g> pro-
duce more active substances SO, , which further boosted the
production of excited states of AgNCs to emit light. It is re-
ported that the larger the amount of the SO, were produced,
the stronger the ECL response of the NCs could be achieved.
According to the literature, the possible luminescence mech-
anism of AgNCs in the presence of co-reactant S,04” is as
follows [34]:

AgNCs + e —-AgNCs™
Szng_ +e -S04 + SO42_
$,08% 4+ e —S04" + S04*

AgNCs " —AgNCs + hv

AgNCs and S,04> simultaneously acquire one electron to
produce AgNCs™ and SO, intermediates. AgNCs™ and SO’
- further interact to generate excited-state AgNCs*, which
releases energy for luminescence, thereby returning to the
ground state. The schematic illustration of the ECL biosensor
preparation process and possible luminescence mechanism
has been shown in Scheme 1. Obviously, the addition of
Sem increases the ECL signal of AgNCs and Sem is likely
to react with the co-reactant K,S,05 instead of the
luminophore AgNCs as follows [31]:

Sem—e —Sem'™—Sem” + H
Sem’ + S,04%> —Sem™ + S04~

Sem loses electrons and is oxidized and further generates
Sem’ through deprotonation, and then interacts with K,S,0g
to produce more SO, for AgNC to luminescence.

Among them, Cu-MOF can provide a large surface area for
Sem loading, and the large amount of Sem introduced greatly
enhanced the ECL signal of the co-reaction system. As the
concentration of miRNA increases, the more (AuNPs-
Sem)@Cu-MOF is introduced, and the stronger ECL signal
of the sensor is achieved. Therefore, based on the relationship
between miRNA concentration and ECL signal, miRNA can
be detected.

Characterization of materials

The MoS, nanosheets were characterized by SEM, XRD, and
Raman spectroscopy. The corresponding description was rep-
resented in the Supplementary Material. From the TEM of
AgNCs@MoS, (Fig. 1a), it can be seen that the particle size
of the nanosilver cluster is about 5 nm and is evenly loaded on
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Scheme 1 a Fabrication of Hy,-
(AuNPs-Sem)@Cu-MOF
composite. b Schematic
illustration of the preparation of

ECL biosensor. ¢ Possible
mechanism for the ECL system.

the MoS, nanosheets. Through EDS mapping (Fig. 1b), it can
be seen that the Mo, S, and Ag elements are evenly distribut-
ed, which further proves the successful preparation of
AgNCs@MoS,. In addition, the prepared Cu-MOF was char-
acterized by SEM and FT-IR. Figure 1c presented the SEM
image of Cu-MOF with a cube structure. The particle size is
about 300 nm. The FT-IR spectra of Cu-MOFs were shown in
Fig. 1d. Notably, the absorption peaks of 3230 and 2937 cm '
belonged to stretching vibration of the N-H bond in the -NH,
[35]. The peaks at 1613 cm ™' and 1371 cm™ " was attributed to
C-O (carboxy) asymmetric stretching and asymmetric bend-
ing vibrations; the peak at 3412 cm ™' was ascribed to the O-H
group (carboxy) stretching vibration, which demonstrated the
existence of the -COOH and -OH groups in Cu-MOFs. In
addition, several absorption bands at 1089 and 1412 cm !

@ Springer

were ascribed to the C-O-C and C-N stretching or bending
vibrations, respectively [36, 37]. It further testified that Cu-
MOFs had been prepared successfully.

Characterization of the modified electrodes

The fabrication process of the biosensor was monitored by
EIS in 5 mM [Fe(CN)s]> " (1:1) solution containing
0.1 M KCl with the frequency range from 10" to 10° Hz.
The results were illustrated in Fig. 2a. The bare electrode
(curve A) exhibited a small semicircle in the high-frequency
region, indicating a low interfacial electron transfer resistance
(Rep)- When AgNCs@MoS, was fixed on the electrode sur-
face (curve B), the R value was enhanced. It can be attributed
to the negative charge on the surface of MoS,, which inhibited
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Fig. 1 a TEM image of
AgNCs@MoS,. b TEM image
and the EDS mapping of
AgNCs@MoS,. ¢ SEM image of
Cu-MOF. d FT-IR spectrum of
Cu-MOF
1613 \
1412 1371
4000 3000 2000 1000 0

the diffusion of a electronegative redox probe. When the hair-
pin probe (H,) (curve C) and miRNA (curve D) were sequen-
tially assembled on the electrode surface, the impedance in-
creased gradually, which was caused by the electrostatic re-
pulsion between the negatively charged phosphate backbone
on the nucleic acid and the redox probe. The introduction of
Hp-(AuNPs-Sem) @Cu-MOF (curve E) further hindered the
electron transfer, leading to the further increase of the R
due to the large volume and poor conductivity of Cu-MOF

-1
Wavenumber / cm

preventing the diffusion of [Fe(CN)¢]>"*. The impedance
change before and after the electrode modification indicates
the successful modification of the electrode.

To verify the feasibility of the developed method for
miRNA detection, the ECL response of various modified elec-
trodes were measured and compared. As seen in Fig. 2b, the
AgNCs@MoS,/GCE electrode (curve A) showed an initial
and stable response, indicating that AgNCs@MoS, compos-
ites possess good luminous performance. When H, (curve B)
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Fig. 2 a The Nyquist plot of the bare GCE (A), AgNCs@MoS,/GCE
(B), DNA/AgNCs@MoS,/GCE (C), DNA-RNA/AgNCs@MoS,/GCE
(D), and Hp-(AuNPs-Sem)@Cu-MOF/DNA-RNA/AgNCs@MoS,/
GCE (E). b ECL intensity of AgNCs@MoS,/GCE (A), DNA/
AgNCs@MoS,/GCE (B), DNA-RNA/AgNCs@MoS,/GCE (C), and

Hp-(AuNPs-Sem)@Cu-MOF /DNA-RNA/AgNCs@MoS,/GCE (D). ¢
DNA-RNA/AgNCs@MoS,/GCE (A), Hy-(AuNPs-Sem)@ Cu-MOF/
DNA-RNA/AgNCs@MoS,/GCE (B), H,-AuNPs@Cu-MOF/DNA-
RNA/AgNCs@MoS,/GCE (C), and Hy-(AuNPs-Sem) /DNA-RNA/
AgNCs@MoS,/GCE (D)
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and miRNA (curve C) were successively modified on the
electrode, the ECL intensity was further decreased, which is
an attribute to the reduction of electron transfer efficiency due
to the steric hindrance of nucleotides. However, when
Hy-(AuNPs-Sem)@Cu-MOF was further modified on the
electrode surface, the ECL intensity improved significantly
(curve D). It can be greatly attributed to semicarbazide, which
can be seen in Fig. 2¢. In Fig. 2c, the role played by Sem and
Cu-MOF in the sensor were further verified through experi-
ments. The ECL response intensity of curve B is significantly
higher than curve c; it is indicated that Sem plays a vital role in
signal amplification in the sensor process and can be an ex-
cellent signal amplification technology. In addition, the ECL
response intensity of curve B is significantly higher than that
of curve D, which is mainly due to the larger specific surface
area of Cu-MOF, which can load a large amount of Sem and
probe Hy, to achieve the purpose of increasing signal specific-
ity. Therefore, when only Sem and Cu-MOF exist at the same
time, ECL signal is the strongest, which proves that they are
an indispensable part of the sensor and play an important role
in signal amplification. These results also confirm the detec-
tion feasibility of the developed method.

Optimization of assay conditions

The following parameters were optimized: MoS, concentra-
tion (A), H, concentration (B), miRNA hybridization time
(C), and Hy, hybridization time (D). Respective data and fig-
ures (Fig. S2) are given in the Electronic Supplementary

Material. The optimal condition obtained by the experiment
is the MoS, concentration of 1.5 mg/mL, H, concentration of
0.1 uM, miRNA hybridization time of 100 min, and H;, hy-
bridization time of 120 min.

Detection performance

To testify the analytical performance of the biosensor, the
ECL intensity of different concentrations of miRNA-162a
was measured and compared. As shown in Fig. 3a, under
optimal experimental conditions, the ECL intensity enhanced
when increasing miRNA-162a concentration from 10 to
5000 fM. In this detection range, the logarithmic value of
miRNA-162a concentration is linear with the ECL intensity.
The linear regression equation is /gy = 1434loge (fM) + 2517
and the linear correlation coefficient R = 0.9948 (Fig. 3b). The
detection limit was calculated to be 28.1 aM (30) (detail in
Supplementary Material). Compared with previous work, as
listed in Table 1, this experiment shows certain advantages
and attractiveness. (1) Firstly, ECL technique possesses the
advantages of weak background interference, miniaturization
of'the instrument, and simple operation method. (2) Secondly,
this ECL biosensor exhibited a reasonable linear range and
low detection limit. (3) The ECL material employed is
MoS,@AgNCs, which has excellent electrical conductivity
and luminescence properties and has a certain attractiveness.
Moreover, using semicarbazide as a co-reaction promoter to
promote the ECL reaction rate between the luminophore
AgNCs and its co-reactant (S,04") for signal amplification,

Fig. 3 a ECL response of the
biosensor with different
concentrations of miRNA-162a.
A-G 0, 10, 50, 100, 500, 1000,
and 5000 fM. b The linear
relationship between the ECL
intensity and the logarithm value
of miRBA-162a concentration. ¢
The histogram for the ECL inten-
sity of the biosensor fabricated
with various miRNAs. A 0
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Table 1 Comparison of detection

performance for miRNA Method Linear Detection Electrode Recovery (%) RSD (%)  Refs.
detection range (pM) limit (pM)  construction
time (h)

Electrochemistry ~ 0.001-1000 4x1074 13 97.5-103.2 - [38]

Fluorescence 0.01-10 73%107° — - - [39]

PEC 0.001-10 5%107* 16 90-103.3 2.1-6.3 [40]

ECL 0.1-100 33x1072 4 - - [41]

ECL 0.05-100,000 5x107> 21-25 - - [42]

ECL 0.01-5 1.07x107° 8 96.49-108.33  3.12-5.1  Thiswork

the signal amplification strategy has a certain novelty. (4) The
applicability of this method was testified by investigating the
effect of heavy metal on the expression of miRNA content in
maize seedling leaves.

Selectivity is one of the critical factors for the performance
of a biosensor. To verify the selectivity of the method, we
selected miRNA-156d, miRNA-169a, miRNA-166e,
miRNA-172a, single-base mismatched miRNA, and three-
base mismatched miRNA as interferences to evaluate the sen-
sor selectivity. To perform it, the change of the ECL intensity
(AECL =ECL; — ECL,) of the biosensor was compared,
where ECL; was the ECL intensity of DNA/
AgNCs@MoS,/GCE incubated with different miRNAs and
Hy-(AuNPs-Sem)@Cu-MOF as described in “Reagents and
instruments,” ECL, was the ECL intensity of DNA/
AgNCs@MoS,/GCE. As illustrated in Fig. 3c, the AECL
for miRNA-162a was greatly higher than other miRNAs, in-
dicating that the fabricated biosensor can distinguish the target
miRNA-162a from other miRNAs. The result proved the re-
markable selectivity of the biosensor.

Stability is an important parameter for the biosensor, so it
was also assessed. The ECL intensity of the biosensor had no
significant change under 10 continuous cyclic scans (RSD =
0.85%, Fig. 3d). The above result indicated that the biosensor
had superior stability.

Detection of miRNA-162a in samples

With the development of society, more and more pollut-
ants enter the environment, causing increasingly serious
environmental pollution and food security problems.
Heavy metal pollution is currently one of the severe en-
vironmental pollution problems in the world. Plumbum
(Pb), as one of the important toxic heavy metal elements,
has become a major environmental problem threatening
ecological security and food security, and it has three
causes (carcinogenic, teratogenic, and mutagenic) to or-
ganisms. Excessive Pb will have a certain effect on the
growth of plants, and its effects include reduced plant

germination rate, poor growth, and reduced fruits. At the
same time, it can accumulate in plants through plant roots
and can enter humans and animals through the food chain
to endanger their health. miRNAs play a crucial role in
plant growth and development. miRNA is also involved
in plant stress pathway, such as salt stress [43—45]. Thus,
to investigate the practical applicability of this method,
miRNA-162a content in the genomic RNA of maize seed-
ling leaves treated with different concentrations of heavy
metal ions (Pb>*) was measured by this biosensor. As
shown in Fig. 4, the expression level of miRNA-162a
enhanced with increasing Pb>* concentration, indicating
that Pb(Il) ion can affect miRNA expression, which may
affect plant growth and development. To testify the accu-
rateness of the biosensor, the detection results were also
compared with that by qRT-PCR technology. As illustrat-
ed in Fig. 4, almost no significant difference was obtained
in the results of the two methods, indicating the superior
practicability of the biosensor. This quick and easy meth-
od can help researchers better understand the miRNA reg-
ulatory network and may provide a new marker for the
evaluation of the ecotoxicological effects of Pb>* pollut-
ants towards plants.

1 I our method 100 mg/L
. 200 | M qRT-PCR
g
E 150
N
=
=
5 100+
>}
=
S
504
0-

a b [ d e f

Fig. 4 Influence of various concentrations of Pb>" on miRNA-162a ex-
pression in maize seedling leaves
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Conclusions

A sensitive ECL biosensor was fabricated for miRNA-162a
detection, where semicarbazide was employed as the co-
reaction accelerator to promote the ECL reaction rate of
AgNCs, and peroxydisulfate (S,04%7) was used as the co-
reactant for boosting signal amplification. This biosensor plat-
form shows attractive features: (i) the AgNCs@MoS, com-
posite exhibited excellent electron transmission characteristics
and large specific surface area, making it a promising candi-
date for the development of ECL biosensors and (ii) Cu-
MOFs are used as the carrier of semicarbazide, and a large
amount of semicarbazide is introduced into the sensor to act as
a novel ECL co-reaction accelerator for signal amplification.
Due to the above merits, this method presents acceptable an-
alytical performance. Moreover, the effect of heavy metal on
miRNA-162a content in maize leaves was successfully
assessed, indicating the potential applicability of this method.
However, the detection of miRNA in genome and in vivo is
still insufficient in this work. Further optimizing the construc-
tion time of the sensor, and realizing the detection of miRNA
in vivo, and realizing the detection of miRNA more quickly
and efficiently will be the most important work in the future.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00604-020-04678-w.
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