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ABSTRACT: MicroRNA (miRNA) has become a key indicator of
cancer diagnosis based on its abnormal expression levels. However,
high-performance monitoring of miRNA is still a difficult task
because of its low concentration, small size, and similarity of
sequences. Herein, an elegant and robust photoelectrochemical
(PEC) biosensor for miRNA-122 has been flexibly designed based
on the split mode between entropy-driven DNA signal
amplification and photocurrent expression. The entropy-driven
DNA circuit uses a multichain composite structure instead of a
DNA hairpin structure, leading to decrease the reversibility of each
step of the signal amplification system. Also, the unique increasing
entropy mechanism, rather than the free energy release from the
new base pairs forming, improves the reaction efficiency and enhances more thermal stability and strong specific identification
ability. Particularly, the biologically functionalized superparamagnetic Fe3O4@SiO2 complex endows this split mode PEC biosensor
with excellent specificity and enhanced efficiency of electrode fabrication. Additionally, this strategy of only the CdTe-signal DNA
modified on the ITO electrode for photocurrent readout overcomes the shortcomings of tediously long layer-by-layer assembly
process and multiple rinsing steps, leading to efficient improvement of the stability and reproducibility for the as-designed PEC
biosensor. This elegant strategy opens a new path for miRNA measurements with superior performance.

■ INTRODUCTION

MicroRNA (miRNA) can be a diagnostic indicator of cancer
based on its abnormal expression level.1,2 The early traditional
miRNA detection methods mainly include northern blotting,3

RT-PCR,4,5 and microarrays.6 Northern blotting has limited
sensitivity and requires complex operation and radioisotope
labeling, which seriously damages the environment. Although
the RT-PCR and microarray methods have relatively high
detection sensitivity, they are characterized by high production
costs or complex operating procedures.7 Recently, a variety of
signal amplification techniques combined with various signal
transducers such as fluorescence (FL),8−10 electrochemilumi-
nescence (ECL),11,12 and surface-enhanced Raman scatter-
ing13,14 have also been developed for highly sensitive
measurement of miRNAs. However, these methods have at
least one of the defects of enzyme inactivation, expensive
equipment, complex fabrication, and limited specificity.15−18

Therefore, it is desirable to develop a powerful sensor with
comprehensive performance for low-abundance miRNAs.
For more than a decade, photoelectrochemical (PEC)

assays19−24 have become a fascinating technique due to low
background noise and ultrasensitivity resulting from the
separated optical excitation and signal readout. In addition to
the sensitization strategies of photoelectric beacons such as

dye-sensitized semiconductors,25 heterojunction semiconduc-
tors,26−28 cation-doped semiconductors,29 Z-scheme
mode,30−32 and surface plasmon resonance-sensitized semi-
conductors,33 biosignal amplification techniques such as
enzyme-free catalytic hairpin assembly (CHA)34 and hybrid-
ization chain reaction (HCR)35,36 have also been integrated to
PEC sensors. In the light of CHA and HCR strategies driven
by free energy of DNA base pairs and request of a large
amount of DNA hairpin structures, these cause the reaction
system to be relatively sensitive to environmental conditions
and prone to nonspecific binding.37 Moreover, hairpin opening
through chain hybridization is a reversible process that limits
the application of these systems in complex biological systems.
To overcome these drawbacks, entropy-driven signal amplifi-
cation strategy based on dynamic DNA assembly is an
alternative.38 By using a multichain composite structure instead
of a DNA hairpin structure, this entropy-driven strategy helps
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to reduce the reversibility of each step in the signal
amplification system. The unique increasing entropy mecha-
nism, rather than the free energy release by forming new base
pairs, improves the reaction efficiency and ensures that the
base sequence remains unchanged during amplification.39

Compared to those above amplification strategies, an
entropy-driven DNA circuit also provides more thermal
stability and strong specific identification ability for analysis.
In addition, it can be designed flexibly based on specific targets.
Recently, the energy transfer-based PEC sensor for miRNA-
141 has been proposed by the combination of entropy-driven
strategy and magnetic beads.40 The application of magnetic
beads helps to enhance the selectivity of the PEC biosensor by
multiple extractions of the byproducts. However, this design is
still complex in electrode fabrication, and also it cannot
completely avoid the interference of target detection by
coexisting species in complex biological samples. To address
this issue, with the assistance of an external magnetic force, we
reported that the target was identified and extracted by the
superparamagnetic Fe3O4@SiO2@TiO2 particles function-
alized by the probe, and the resulting composite was used
for electrode modification and then the photocurrent measure-
ment could be carried out in pure phosphate-buffered saline
solution (PBS).41 Herein, Fe3O4@SiO2 is a nonconductor that
prevents photogenerated electrons from being transferred to
the ITO electrode and then reduces the photocurrent,
resulting in limited sensitivity. Consequently, after magnetic
enrichment and extraction in the liquid phase, further
separating Fe3O4@SiO2 from PEC signal expression is a
potential way to construct a highly sensitive and specific PEC
biosensor.
Herein, an elegant and robust PEC sensor for miRNA-122 as

a model has been developed based on the separation of
entropy-driven DNA circuit and signal expression (Scheme 1).
Low-abundance miRNA-122 can efficiently trigger the
increasing entropy system, and a large amount of output

DNAs can be identified and facilely extracted by super-
paramagnetic Fe3O4@SiO2 probe DNA. The resulting Fe3O4@
SiO2 probe DNA-output DNA composite was further utilized
to capture CdTe-signal DNA in the flask based on the
Watson−Crick base-pairing rule. Only in the presence of
miRNA-122, the liberated output DNA could act as a bridge to
promote the formation of Fe3O4@SiO2 probe DNA-output
DNA-signal DNA-CdTe composite, which can be extracted by
an external magnetic force and result in the proportional
reduction of CdTe-signal DNA in the flask and then the
decreased photocurrent. The magnetic separation of bio-
logically functionalized Fe3O4@SiO2 particles helps forming an
elegant and split mode PEC biosensor with only a one-step
electrode assembly procedure, which endues the advantages of
the as-designed PEC biosensor with excellent selectivity and
sensitivity, high efficiency of electrode preparation, flexibility,
and simplicity. Moreover, in addition to the controlled
monodisperse functional nanomaterials used in the as-designed
PEC sensor, this elegant strategy avoids the layer-by-layer
assembly and multiple electrode rinsing steps, endowing the
PEC biosensor with excellent stability and reproducibility.
Additionally, the unique entropy-driven signal amplification
strategy and the deliberate separation of the insulator Fe3O4@
SiO2 from the photocurrent readout make the miRNA-122
PEC biosensor ultrasensitive. This exclusive strategy can be
flexibly designed for a variety of miRNAs.

■ EXPERIMENTAL SECTION
Preparation of Fe3O4@SiO2 Probe DNA. The mixture

containing 500 μL of Fe3O4@SiO2, 30 mL of ethanol, and 50
μL of APTES was heated at 80 °C for 3 h under nitrogen
condition, and the resulting product was washed twice with
ethanol and water, respectively. Then, the generated Fe3O4@
SiO2−NH2 particles were redispersed in 500 μL water.
Meanwhile, 200 μL of 0.1 mol L−1 EDC and NHS was
added in 500 μL of 1.5 μmol L−1 probe DNA solution, and
reacted for 3 h at 25 °C, and then the above Fe3O4@SiO2
suspension was scattered into the mixture and reacted at 25 °C
for 4 h. Afterward, the resulting product was washed three
times with water and then redispersed in 500 μL buffer
solution for the following use.

Preparation of CdTe-Signal DNA. The mixture contain-
ing 200 μL of 0.1 mol L−1 EDC and NHS was added in 500 μL
of 3.6 μmol L−1 CdTe QD solution and reacted at 25 °C for 3
h. Then, 500 μL of 1.5 μmol L−1 signal DNA was added and
stirred at 25 °C for 4 h. Afterward, it was stored at 4 °C.

Construction of the PEC Biosensor. First, the mixture
containing 50 μL of 1.2 μmol L−1 output strands, byproduct
strands, and scaffold strands was heated at 95 °C for 5 min and
then cooled to 4 °C for 1 min for the following use. Then, 50
μL of the resulting substrate complex (0.4 μmol L−1) was
added in the same volume of a certain concentration of target
and reacted at 25 °C for 2 h. As a result, a four-stranded
metastable complex M1 was formed by a toehold-mediated
strand displacement reaction. Subsequently, M1 was converted
to M2 with the release of output DNA. Next, 50 μL of 0.4
μmol L−1 fuel DNA was added in the system and reacted at 25
°C for 2 h. The introduction of fuel DNA enables the
generation of waste complex, target, and byproduct. Mean-
while, the regenerated target triggers the next round of
reaction. After the entropy-driven signal amplification process,
50 μL of the prepared Fe3O4@SiO2 probe DNA complex was
scattered into the above system and reacted at 25 °C for 2 h.

Scheme 1. (A) Schemes of Entropy-Driven DNA Signal
Amplification System and (B) PEC Signal Readout for
miRNA-122
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Then, the resulting Fe3O4@SiO2 probe DNA-output DNA
complex was extracted by an external magnetic force. After
washing twice, it was scattered into 50 μL of the prepared
CdTe-signal DNA solution and reacted at 25 °C for 2 h.
Following, the resulting Fe3O4@SiO2 probe DNA-output
DNA-CdTe-signal DNA complex was extracted with the
assistance of an external force, and 20 μL of the supernatant
(the reduced concentration of CdTe-signal DNA solution) was
cast on a clean ITO electrode. After drying at 25 °C, the
prepared electrode was utilized for the photoelectric signal
measurement in 0.1 mol L−1 PBS (pH 7.0). For the controlled
experiment, the operating steps are the same with above except
for the absence of target miRNA-122.

■ RESULTS AND DISCUSSION

Characterization of the Synthesized Nanomaterials.
The morphologies and structures of the functional nanoma-
terials were imaged by HRTEM (Figure 1). As shown in
Figure 1A, the mean size of the prepared Fe3O4 colloidal
nanocrystalline clusters is about 90 nm in diameter. After the
coating of SiO2, the size increases to ∼165 nm in diameter
(Figure 1B and Figure S1). Also, Figure 1C shows that the
average size of CdTe QDs is approximately 3.0 nm. In order to
further determine the structure of the above materials, XRD
patterns have been performed (Figure 1D). As is shown, curve
a shows that the diffraction peaks at 18.3 (111), 30.1 (220),
35.4 (311), 43.1 (400), 53.4 (422), 56.9 (511), 62.5 (440),
and 74.9° (622), which are consistent with those of the
magnetite Fe3O4 phase (JCPDS 19-0629). Compared to curve
a, there is a new wide peak that appears at 16−29° (curve b),
suggesting the coating of colloidal SiO2 (JCPDS 29-0085).41

The structure of the resulting Fe3O4@SiO2 was also confirmed
by XPS characterization (Figure S3). Additionally, the
superparamagnetic characteristics of Fe3O4 and Fe3O4@SiO2
particles were proved by magnetic hysteresis loops (Figure S4).
Curve c in Figure 1D shows that the diffraction peaks at 26.70,
43.80, and 51.60° can be assigned to (111), (220), and (311)
planes of CdTe QDs.42 Also, the UV−vis absorbance and
fluorescence emission spectra of CdTe QDs were recorded
(Figure S2). These indicate that the CdTe QDs have been
successfully prepared.

Construction and Evaluation of Entropy-Driven
Signal Amplification System. The low-abundance target
(T) can efficiently trigger the entropy-driven signal amplifica-
tion system (Scheme 1). Specifically, the scaffold strand
comprises a single-stranded toehold, termed as 4*, which can
be combined with T and generate a four-stranded metastable
complex M1, which is achieved by replacing domain 3 on O.
Consequently, a new three-strand complex M2 was formed
since T is fully bound with the scaffold strand. When F was
introduced to completely bind with the scaffold strand in M2,
B was regenerated simultaneously. Meanwhile, T was also
released to trigger a new round of entropy-driven signal
amplification process. The whole system is driven by increasing
entropy because there is no change in the number of base pairs
for each individual catalytic cycle.
Native polyacrylamide gel electrophoresis (PAGE) was

utilized to examine the conversion process of target triggering
the three-chain-structured substrate (Scheme 1). As shown in
Figure 2, the purified scaffold strand, B, and O show sharp and
neat bands in lane 1, lane 2, and lane 3, respectively. After the
reaction of the same concentration of the scaffold strand, B,
and O, a toehold-mediated strand migration appeared (lane 4),
indicating the formation of a three-chain structured substrate.
Compared to the band in lane 4, two additional bands
occurred in lane 5 in the presence of a low concentration of T
(0.01×), indicating that part of the three-chain-structured
substrate was converted to waste complex M2 and O. Also,
compared to the bands in lane 5, by the trigger of the same
concentration of F, the newly generated two bands can be
assigned to the residual F and B. The bands of the M3 and S
cannot be separated due to their similar amount of DNA bases
(lane 6). Also, the band of the released T cannot be observed
due to the trigger of next entropy-driven signal amplification
process.

Thermodynamic Calculation of Increasing Entropy
System. As shown in Figure 3, the reaction equation gives
expression to the whole increasing entropy process with the
parameters marked. The reaction process controlled by
thermodynamic theory is verified by the following formulas.
In the diluted solution, for this reaction, the change in Gibbs
free energy is

Figure 1. (A) HRTEM images of Fe3O4, (B) Fe3O4@SiO2, and (C) CdTe particles. (D) X-ray diffraction (XRD) spectra of panels (a−c).
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G H T SΔ = Δ − Δ (1)

Herein, ΔH and ΔS represent the change of system enthalpy
and entropy, respectively. T refers to the thermodynamic
temperature. The sum of the base pairs remains the same
throughout the reaction system, and as a result ΔH ≈ 0.
Consequently, the reaction is driven by an increase in the
entropy (TΔS) of the released molecule.
Then, in this increasing entropy system, the final

concentration of each species can be calculated. The following
formula gives the change of Gibbs free energy.

G G G G G G RT QlnB O W S F
0 0 0 0 0Δ = Δ + Δ + Δ − Δ − Δ +

(2)

ΔGX
0 is the standard free energy of the X species under

standard conditions, and its unit is expressed in kcal/mol. Also,
the value can be obtained by the free software Nupack.43

G G G G G 13.49 kcal/molB O W S F
0 0 0 0 0Δ + Δ + Δ − Δ − Δ = −

(3)

When the reaction is balanced, this means that the value of ΔG
is 0, and the Q value of 3.13 can be calculated according to eqs
2 and 3.
Herein, Q represents the reaction quotient, and it can be

depicted by Q = {([B]/c0)([O]/c0)([W]/c0)}/{([S]/c0)([F]/
c0)}, where c0= 1 mol L−1. The initial concentrations of S and F
are 100 nmol L−1, and the final concentration of O is X, and
then the following equation can be listed.

X
X

(10 )
10 (100 )

3.13
9 3

9 2[ − ]
=

−

−

Consequently, X is calculated to be 99.98−99.99 nmol L−1

by bisection technique. This means that the system conversion
rate is over 99.98%, regardless of reaction time.

PEC Working Mechanism. Based on the construction and
evaluation of entropy-driven signal amplification system by
PAGE and thermodynamic calculation, the PEC working
mechanism can be proposed (Scheme 1). Specifically, after 5
pmol L−1 target miRNA-122 efficiently triggers the entropy-
driven signal amplification process, a great deal of released
output DNA was hybridized onto the Fe3O4@SiO2 probe
DNA composite (Figure S5A). With the assistance of an
external magnetic force, the resulting Fe3O4@SiO2 probe
DNA-output DNA complex was extracted and washed several
times with buffer solution. Then, it was scattered into the
CdTe-signal DNA (Figure S5B) solution for hybridization. As
a result, the concentration of CdTe-signal DNA solution was
decreased since the resulting Fe3O4@SiO2 probe DNA-output
DNA-CdTe-signal DNA complex was extracted by an external
magnetic field (Figure 4B). This resulted in the decrease of
CdTe-signal DNA complex modified on the ITO electrodes
and then the decreased photocurrent response (101.3 nA). For
the controlled experiment (Figure 4A), in the absence of target
miRNA-122, the system does not produce output DNA acting
as a bridge, which prevents the Fe3O4@SiO2 probe DNA from
capturing CdTe-signal DNA. In other words, low-abundance
miRNA-122 can efficiently trigger the increasing entropy
system, and a large amount of the liberated output DNAs can
be identified and extracted by superparamagnetic Fe3O4@SiO2
probe DNA with the assistance of an external magnetic field.
The resulting composite Fe3O4@SiO2 probe DNA-output
DNA scattered in the CdTe-signal DNA solution can further
form the Fe3O4@SiO2 probe DNA-output DNA-signal DNA-
CdTe composite based on the Watson−Crick base-pairing
rule. After further magnetic extraction, the concentration of the

Figure 2. Native PAGE characterization of the DNA amplifier system.
Lane 1: scaffold: 5 μmol L−1 × 5 μL; lane 2: byproduct: 5 μmol L−1 ×
5 μL; lane 3: output: 5 μmol L−1 × 5 μL; lane 4: scaffold: 5 μmol L−1

× 5 μL + byproduct: 50 μmol L−1 × 0.5 μL + output: 50 μmol L−1 ×
0.5 μL; lane 5: scaffold: 5 μmol L−1 × 5 μL + byproduct: 50 μmol L−1

× 0.5 μL + output: 50 μmol L−1 × 0.5 μL + target: 0.5 μmol L−1 × 0.5
μL (0.01 ×); lane 6: scaffold: 5 μmol L−1 × 5 μL + byproduct: 50
μmol L−1 × 0.5 μL + output: 50 μmol L−1 × 0.5 μL + target: 0.5 μmol
L−1 × 0.5 μL (0.01 ×) + fuel: 50 μmol L−1 × 0.5 μL. Reaction time =
2 h.

Figure 3. Reaction equation of the entropy-driven DNA signal
amplification system with thermodynamic parameters marked.

Figure 4. Photocurrent responses of the as-designed PEC biosensor (A) without and (B) with 5 pmol L−1 miRNA-122.
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CdTe-signal DNA in the flask was decreased, and a certain
amount of them modified on ITO electrodes would result in
photocurrent decrease in a proportional manner. Therefore, it
can be concluded that low-abundance target miRNA-122 can
be monitored based on this unique working mechanism.
Analytical Performance. The as-designed PEC biosensor

was utilized for the measurement of target miRNA-122 based
on the separation of entropy-driven signal amplification and
photocurrent expression. As shown in Figure 5A, the

photocurrent decreases gradually as the concentration of target
increases. The calibration curve is obtained by linear fitting,
resulting in a dynamic range between 100 amol L−1 and 5 pmol
L−1 (Figure 5B) with a detection limit of 94.2 amol L−1 at 3 S/
N, which is almost advantageous over all those electro-
chemical,15,44−46 ECL,47 fluorescence,48,49 high-performance
liquid chromatography−fluorescence (HPLC-FL),50 and
PEC51−53 approaches (Table 1). The ultrasensitivity mainly
benefits from the entropy-driven signal amplification system
and the inherent characteristics of PEC analytical technique.
Moreover, compared to the conventional PEC sensor

designs,20−24 the as-designed PEC biosensor possesses good
performance in efficiency, flexibility, and simplicity, which
benefits from the split mode design that avoids the various
modified materials layer-by-layer assembly on the surface of
electrodes.
The stability of this PEC biosensor was evaluated by four

consecutive “off−on−off” light radiations (Figure 5C). As is
shown, the photocurrents almost remain the same in the
absence and presence of 5 pmol L−1 miRNA-122, indicating
the stability of the as-designed PEC biosensor. Also, when the
PEC biosensor was not in use, it was stored at 4 °C. When
measured weekly, the photocurrent was almost unchanged in
the first three weeks, and it still can maintain 95.1% of the
initial value after five weeks, suggesting that the PEC biosensor
holds excellent long-term stability (Figure S6), which benefits
from the split-type design and then only the CdTe-signal DNA
modified on the ITO electrode for signal readout. The
reproducibility of the PEC biosensor was also assessed by
seven freshly prepared PEC biosensors. The relative standard
deviation (RSD) of 5.3% can be worked out from the
calibration curves in Figure 5B, suggesting that the PEC
biosensor is repeatable. These benefit from the controlled
monodisperse functional nanomaterials and one-step electrode
assembly, which overcomes the shortcoming of multiple
rinsing steps for the modified electrodes.22,25,35,36

Selectivity is a significant parameter, and it has been
evaluated by adding the individual coexisting species with
500 times the concentration of miRNA-122 (1 pmol L−1)
(Figure 5D). As is shown, the changed photocurrent was no
more than 5.2%, indicating that the as-designed PEC biosensor
has excellent specificity. It benefits from magnetic separation of
biologically functionalized superparamagnetic Fe3O4@SiO2,
the Watson−Crick base-pairing rule, and the rationally
designed split mode between entropy-driven signal amplifica-
tion and photocurrent readout. Also, the entropy-driven signal
amplification system contributes to remain the base number
unchanged, which is in favor of improving the specificity of the
PEC biosensor.39,40

To assess the practicality of the PEC biosensor applied in
human serum samples, the standard addition method was
selected to carry out the recovery experiment (Figure S7). The
implementation is consistent with the construction of PEC
biosensors, except that human serum replaces the standard
solution of the same volume. The results showed that the
recovery ranges from 93.7 to 102.1%, and the RSD is between
4.37 and 4.79% (Table 2), indicating that the accuracy of the

Figure 5. (A) Photocurrent responses of the as-designed PEC
biosensor for various concentrations of miRNA-122: 0, 1 × 102, 5 ×
102, 1 × 10,3 5 × 103, 1 × 104, 5 × 104, 1 × 105, 5 × 105, 1 × 106, 5 ×
106, 1 × 107, and 5 × 107 amol L−1. (B) Corresponding calibration
curve. (C) Photocurrent responses of the as-designed PEC sensor (A)
in the absence of and (B) presence of 5 pmol L−1 miRNA-122 with
continuous “off−on−off” light irradiation for four cycles. (D)
Photocurrent responses of the as-designed biosensor in the presence
of 1 pmol L−1 miRNA-122, 500 pmol L−1 miRNA-155, miRNA-196a,
miRNA-20b, and miRNA-10b.

Table 1. Comparison of Different Measurement Methods of miRNAs

method linear range limit of detection references

electrochemical 1 × 10−16 ∼ 1 × 10−7 mol L−1 5.3 × 10−17 mol L−1 44
electrochemical 1 × 10−16 ∼ 1 × 10−9 mol L−1 1 × 10−16 mol L−1 45
electrochemical 1 × 10−16 ∼ 1 × 10−10 mol L−1 1 × 10−16 mol L−1 46
ECL 1 × 10−14 ∼ 1 × 10−8 mol L−1 1.5 × 10−15 mol L−1 47
FL 5 × 10−10 ∼ 5 × 10−8 mol L−1 7.2 × 10−11 mol L−1 48
FL 1 × 10−13 ∼ 1 × 10−9 mol L−1 4.4 × 10−14 mol L−1 49
HPLC-FL 1 × 10−15 ∼ 1 × 10−10 mol L−1 3.9 × 10−16 mol L−1 50
PEC 1 × 10−15 ∼ 1 × 10−10 mol L−1 3.1 × 10−16 mol L−1 51

1 × 10−15 ∼ 1 × 10−11 mol L−1 2.9 × 10−16 mol L−1

PEC 1 × 10−15 ∼ 1 × 10−10 mol L−1 4.7 × 10−16 mol L−1 52
PEC 5 × 10−16 ∼ 5 × 10−12 mol L−1 1.3 × 10−16 mol L−1 53
PEC 1 × 10−16 ∼ 5 × 10−12 mol L−1 9.42 × 10−17 mol L−1 this work
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as-designed PEC biosensor is competent for the practical
setting.

■ CONCLUSIONS
In summary, a flexible and rational split mode of entropy-
driven amplifiers and photocurrent readout has been selected
for the development of miRNA-122 PEC biosensing. The
entropy-driven amplification system has been confirmed by
PAGE characterization and thermodynamic calculation. This
entropy-driven strategy efficiently reduces the reversibility of
the signal amplification process due to the application of a
multichain composite structure. Also, the exclusive increasing
entropy endows the PEC analysis with advantages of high
reaction efficiency, more thermal stability, and strong
specificity. In particular, this unique split mode successfully
overcomes the drawback of tediously long layer-by-layer
assembly of electrode materials. Herein, the functionalized
superparamagnetic Fe3O4@SiO2 complex plays a key role for
the separation of entropy-driven DNA amplifiers and signal
readout, leading to the improved selectivity of the PEC
biosensor and the efficiency of the electrode fabrication.
Additionally, this unparalleled strategy achieves the signal
readout by only the photoelectric beacon assembled on the
ITO electrode. This contributes to the enhanced stability,
reproducibility, as well as the sensitivity for the novel PEC
biosensor. This well-designed split mode PEC biosensor will
provide a new perspective for measuring various miRNAs.
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