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MicroRNAs (miRNAs) play a significant role in diverse biological processes. The abnormal expression of miRNAs
is related to the development of cancers and various diseases. It is of great importance to sensitively and
accurately detect miRNAs for early disease diagnosis and treatment. Here, a new fluorescence strategy was
initially proposed for the enzyme-free sensing of let-7a by combining the strand displacement reaction (SDR)

with the hybridization chain reaction (HCR). The sensor was successfully applied to the detection of the let-7a
gene with a wide linear range from 25 pM to 250 nM and a limit of detection (LOD) of 9.01 pM. The fluores-
cence intensity has a good linear relationship with the logarithm of the target concentration. In addition, the
biosensor allowed for the highly sensitive detection of the target genes even in complex human serum samples.
With simple operation yet improved detection capability for let-7a, the developed fluorescent biosensor thus
shows great potential for early clinical diagnosis as well as biological research.

1. Introduction

Liquid biopsy is based on the analysis of tumor-specific markers in
blood samples and provides great help in the diagnosis and guidance of
cancer treatment. Liquid biopsy has the advantages of easy sampling,
noninvasiveness, simplicity, and provision of molecular information [1,
2]. Liquid biopsy originates from the analysis of circulating tumor cells
(CTCs). In the clinic, research on circulating tumor DNA (ctDNA) and
circulating tumor RNA (ctRNA, including microRNA) has also attracted
increasing attention [3,4]. MicroRNAs (miRNAs) are endogenous, short,
noncoding RNAs of approximately 18-22 nucleotides that play a sig-
nificant role in different physiological processes [5,6]. For example,
miRNAs can regulate cell proliferation, differentiation, apoptosis and
metabolism [7,8]. Much evidence shows that miRNAs can regulate gene
expression and can be tumor suppressors or oncogenes [9]. The
expression of miRNAs is related to many diseases and cancers. For
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example, miRNA concentration changes are related to the occurrence
and development of cardiovascular diseases, neurodegenerative dis-
eases, autoimmune diseases and various types of cancers [10]. MiRNAs
have been used as biomarkers in the early diagnosis of diseases (espe-
cially cancers) [11].

Let-7 miRNA was first discovered in Caenorhabditis elegans and acts
as a time regulator of cell development. The let-7 miRNA family has 12
members (from let-7a to let-7i). Among them, let-7a is being studied in
depth because of its large research potential and representativeness
[12]. Let-7a is one of the crucial tumor suppressors [13] and an
important disease marker [14]. Abnormal expression of let-7a causes a
variety of cancers [15]. The low expression of let-7a is related to poor
differentiation of normal cells and can lead to the development of
aggressive cancers, such as prostate cancer [16], gastric cancer [17]and
cervical cancer [18].

The accurate detection of the concentrations of certain miRNAs in
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the body can help us further understand the pathogenesis of certain
cancers [19]. However, due to the strong sequence homology, low
concentration and easy degradation of miRNAs, they are not easy to
detect with high sensitivity [20,21]. For the purpose of improving the
detection sensitivity, isothermal amplification technology has been
developed and has been demonstrated to be a promising strategy for
nucleic acid detection [22]. Isothermal amplification has aroused great
interest in the study of miRNAs because of its advantages of fast
amplification speed, high detection sensitivity, and accurate detection
[9]. Such methods include hybridization chain reaction (HCR) [23-25],
rolling circle amplification [26-28], duplex-specific nuclease amplifi-
cation [29], strand displacement amplification [30,31], loop-mediated
isothermal amplification [32] and recombinase polymerase amplifica-
tion [33]. Moreover, various techniques have been used to realize sen-
sitive measurement of isothermal amplification products, such as
fluorescence detection [11], surface-enhanced Raman spectroscopy
[34], colorimetric analysis [35], electrochemical measurement [36],
chemiluminescence detection [37] and other technologies.

The most commonly used methods for detecting miRNAs are
Northern blotting [38,39], RT-PCR [40] and miRNA microarrays [41].
These methods have been successfully applied to detect miRNAs in
preliminary clinical applications and basic research [9]. However, they
still need to be greatly improved [42]. For instance, Northern blotting is
a relatively simple method, but it requires a large amount of total RNA
for each assay run, and it is not sensitive enough for analysis of miRNA at
low levels [43]. Although RT-PCR has high sensitivity and specificity,
this method is relatively complicated because of the need to design
special primers and because it involves error-prone enzyme amplifica-
tion [40]. Additionally, current microarray technology can perform
high-throughput measurements but requires a large amount of initial
materials and shows limited sensitivity [42,44]. Therefore, it is still of
great importance to develop a simple, rapid, and highly sensitive and
selective method for detecting miRNAs. Herein, a biosensing method
with these features is proposed for the first time for the detection of
let-7a based on a novel twin-stage amplification strategy that integrates
SDR with HCR. The experimental results show that a detection limit
lower than 10 pM was obtained under the optimal conditions, which
makes our method one of the most sensitive sensing systems compared
with many other representative techniques.

2. Experiment
2.1. Materials and reagents
The oligonucleotides sequence designed of this experiment was

adapted from previously reports [45,46]. Oligonucleotides were syn-
thesized by Sangon Biotechnology Co., Ltd. (Shanghai, China), and their
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sequences are shown in Table 1. All nucleic acid strands were dissolved
and diluted with 1 x TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) to the
concentration required for the experiments. NEB buffer 2 (10 x , 100
mM MgClp, 500 mM NaCl, 10 mM dithiothreitol (DTT), 100 mM
Tris-HCl, pH 7.9) and a low-molecular-weight DNA ladder were pur-
chased from New England Biolabs Inc. (Beijing, China). SYBR Green I
was ordered from Dingguo Changsheng Biotechnology Co., Ltd. (Beijing,
China). SYBR Green II was ordered from Shanghai Acmec Biochemical
Co., Ltd. In addition, all chemical reagents were of analytical reagent
grade and used without further purification. All solutions used in the
experiments were prepared by Milli-Q water (18.4 MQ).

2.2. Apparatus

Fluorescence measurements were performed on an LS 55 fluores-
cence spectrometer (PerkinElmer, USA). The excitation wavelength was
set to 492 nm, and the fluorescence emission range recorded was from
450 nm to 650 nm. Polyacrylamide gel electrophoresis experiments
were carried out with a gel electrophoresis apparatus (Bio-Rad, USA).
The applied voltage was set to 90 V, and the electrophoresis time was 90
min. Gel imaging of the polyacrylamide gel obtained in the experiment
was performed by a ChemiDoc XRS (Bio-Rad, USA), and the image ob-
tained was processed using imaging software.

2.3. Gel electrophoresis analysis

Twelve percent nondenaturing polyacrylamide gel electrophoresis
(PAGE) was used to test the feasibility of the biosensor proposed in our
work. To verify that C1 could be released by SDR. We use 1 x NEB buffer
2 to configure the Single-stranded samples of C1, C2, C3 and assistant
probe. The formation of the complex of C1, C2 and C3 was based on the
incubation of C1, C2 and C3 in 1 x NEB buffer2 at 37 °C for 1 h. C2 was
released by adding the target gene to the complex of C1, C2 and C3, and
incubating at 37 °C for 1 h. In order to further release C1, the target gene
and assistant probe were added to the complex of C1, C2 and C3, and
incubated at 37 °C for 1 h. Then, these samples were mixed with 6 x
loading buffer and 100 x SYBR Greenll and incubated in the dark for 10
min. Next, the resultant reaction mixture was transferred into gel wells
of freshly prepared PAGE gels (12%), and electrophoresis was per-
formed in 0.5 x TBE buffer for 90 min at 90 V. The gel was imaged using
a ChemiDoc XRS (Bio-Rad, USA) imaging system.

For analyze HCR, the reaction products mixed with 6 x loading
buffer and 100 x SYBR Green I and incubated in the dark for 10 min.
Then, the resultant reaction mixture was transferred into gel wells of
freshly prepared PAGE gels (12%), and electrophoresis was performed
in 0.5 x TBE buffer for 90 min at 90 V. The gel was imaged using a
ChemiDoc XRS (Bio-Rad, USA) imaging system.

Table 1
The oligonucleotide sequences used in this study.
Items Sequence (5'-3)
Trigger probe Cl TCTCAAGGATCACCGCATCTCTCAGAGAC
c2 CCACATACATCATATTCCCTTGAGGTAGTA
GGTTGT
C3 AACTATACAACCTACTACCTCAAGGGGTCTCTGAGAGATGCGG
Assistant probe CCGCATCTCTCAGAGACCCCTTGAGGTAGTAGGTTGT
HCR probe H1 TGAGAGATGCGGT-FAM-GATCCTTGAGACTAAGTTCTCAAGGAT-BHQ-CACCGCAT
H2 TCTCAAGGAT-FAM-CACCGCATCTCTCAATGCGGT-BHQ-GATCCTTGAGAACTTAG
Analytes Let-7a UGAGGUAGUAGGUUGUAUAGUU
Let-7b UGAGGUAGUAGGUUGUGUGGUU
Let-7c UGAGGUAGUAGGUUGUAUGGUU
miRNA-141 UAACACUGUCUGGUAAAGAUGG

miRNA-21

UAGCUUAUCAGACUGAUGUUGA
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2.4. Fluorescence detection of the microRNA let-7a

The H1 and H2 probes were annealed at 95 °C for 5 min in a metal
bath and then cooled to room temperature (~25 °C) to ensure a stable
structure before use. Subsequently, 0.6 uL of 10 pM C1, 1 pL of 10 pM C2,
1 pL of 10 pM C3, 2 pL of 10 x NEB buffer 2 (100 mM MgCly, 500 mM
NaCl, 10 mM dithiothreitol (DTT), 100 mM Tris-HCI, pH 7.9) and 12.1
pL of ultrapure water were mixed and incubated at 37 °C for 1 h. Next,
0.8 pL of 10 pM assistant probe and 0.5 pL of the target let-7a at certain
concentrations were added to the reaction solution, followed by 1 h
incubation at 37 °C. Then, 1 pL of 10 pM H1 and 1 pL of 10 pM H2 were
added to the reaction system and incubated at 37 °C for 1 h to allow the
HCR to react completely. Finally, 180 pL of ultrapure water was added to
the resulting reaction mixture, and then fluorescence measurement was
performed.

3. Results and discussion
3.1. Working principle for let-7a gene detection

The detection principle of this new sensing system is illustrated in
Scheme 1. As shown in Stage 1, the trigger probe for the SDR has a three-
stranded structure consisting of C1, C2 and C3. In the absence of the
target DNA, the trigger probe retained its original three-stranded
structure, the subsequent HCR reaction could not be carried out, and
the fluorescence intensity of the system was very weak. When the target
DNA was introduced, the hybridization reaction between the functional
domain d of the target sequence and the functional domain d* of C3
occurred to form the intermediate four-stranded structure. As a result, a
rapid displacement reaction occurred to allow C2 to be released and the

Talanta 230 (2021) 122158

functional domain b* of C3 to be exposed. C3 could bind the assistant
probe to trigger the release of C1. At the same time, the target DNA was
regenerated and could bind a new trigger probe to start the next round of
SDR, resulting in the release of abundant C1. As shown in Stage 2, C1
could cause H1 to be opened through the toehold-mediated SDR. The
newly exposed sticky sequence in H1 was hybridized with H2 to expand
H2, and the newly released sticky sequence in H2 was hybridized with
another H1. This process was repeated to form a nanowire, and the
fluorescent group on the nanowire detached from the quenching group,
leading to a significant fluorescence recovery that was positively pro-
portional to the concentration of the target gene in the sample.

3.2. Feasibility analysis of the let-7a gene detection system

First, the feasibility of the sensor for let -7a was evaluated. As shown
in Fig. 1A, when only H1 and H2 were present, a very low fluorescence
signal value could be observed (curve f). However, when C1 was added,
a strong fluorescence signal was obtained (curve a). It indicates that C1
was required to trigger HCR. In the presence of the let-7a gene, a similar
strong fluorescence signal was also observed (curve b). This was because
the target gene could initiate the SDR and make C1 be produced in large
quantities. When the target gene was introduced, the target gene could
bond with C1. As a result, a rapid displacement reaction occurred to
allow C2 to be released and the functional domain b* of C3 to be
exposed. C3 could bind the assistant probe to trigger the release of C1. At
the same time, the target DNA was regenerated and could bind a new
trigger probe to start the next round of SDR, resulting in the release of
abundant C1. A large amount of C1 effectively triggers the HCR. When
no target existed in the sensing system, a low fluorescence response was
obtained (curve c). Therefore, the data prove that C1 was produced from
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Fig. 1. (A) Fluorescence responses obtained from different mixtures: (a) H1, H2 and C1; (b) C1, C2, C3, H1, H2, target and assistant probe; (c) C1, C2, C3, H1, H2 and
assistant probe; (d) C1, C2, C3, H1, H2, target; (e) C2, C3, H1, H2, target and assistant probe; (f) H1 and H2. 12% nondenaturing polyacrylamide gel electrophoresis
analysis. (B) M: marker; a: C1; b: C2; c: C3; d: assistant probe; e: C1, C2, C3; f: C1, C2, C3 and target; h: C1, C2, C3, target and assistant probe. (C)M: marker; a: C3 and
target; b: C1, C2 and C3; c: C3 and assistant probe; d: C1, C2, C3 and target; e: H1, H2, C1, C2, C3 and assistant probe; f: H1, H2, C1, C2, C3, target and assistant
probe. [C1] = 0.3 pM, [C2] = 0.5 pM, [C3] = 0.5 pM, [H1] = 0.5 pM, [H2] = 0.5 pM, [target] = 0.5 pM and [assistant probe] = 0.4 pM.

the SDR in the presence of the target gene (curve b). When there was no
C1, a very low fluorescence signal value could be observed (curve e), it
proves once again that C1 is indispensable for the occurrence of HCR.
When there was no assistant probe, low fluorescence signal can be
observed (curve d). After analysis, this is due to the lack of assistant
probe, which caused C1 to fail to be released from the trigger probe.
When no target existed in the sensing system, a low fluorescence
response was obtained (curve c). Therefore, the data prove that C1 was
produced from the SDR in the presence of the target gene (curve b). It
should be noted that a low fluorescence signal was also obtained from
H1 and H2, which may have been caused by a small amount of C1 in the
mixture. However, the fluorescence was much lower than that obtained
in the case of the target analysis. Highly sensitive detection of let -7a
could still be expected by using the proposed sensing system.
Moreover, electrophoresis experiments were also performed to
further verify the feasibility of our sensor system. As shown in Fig. 1B ,
the obvious bands of lanes a-d performed the oligonucleotides of C1, C2,
C3 and assistant probe, respectively. When a complex was generated
based on the hybridization of C1, C2 and C3, a bright band could be
obtained (lane e). In the presence of target gene, it could react with the
complex formed by the hybridization of C1, C2 and C3. In this process,
Cl1, C3 and the target formed a new compound, and C2 was released.
And then, the hybrid C1, C3 and target could further reacted with

assistant probe to the hybrid between assistant probe and C3 with
releasing of C1 and target. Therefore, in the lane h, you will see the C1
band, and the released C1 will trigger the step 2 of the HCR. In addition,
because the target participates in the cycle, no target band is seen in the
lane h.

Fig. 1C shows the gel electrophoresis diagram obtained from
different samples. For the samples in lane a and lane c, although they
contained different components, their base amounts were similar, so a
bright band can be seen at positions with a base amount of 25 bp to 50
bp. Two distinct bands can be seen in lane b. The composition of the
sample in lane d had more target sequences than the composition of the
sample in lane b. It can be seen that the number of bands in lane d was
obviously different from that in lane b, and the bands at positions of 100
bp to 150 bp were also significantly darker than those in lane b because
the added target sequence triggered the SDR. The difference between the
components contained in lane e and lane f was the addition of the target
gene. A weak HCR band can be seen in lane e. This result occurred
because when there was no target gene, there was also a small amount of
C1 that triggered the HCR. When the target was added, a clear HCR band
was observed in lane f, which illustrated the successful construction of
the sensor system.
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3.3. Optimization of experimental conditions

Before the evaluation of the new biosensor, the main experimental
conditions, including the C1 concentration, assistant probe concentra-
tion and HCR reaction time, were optimized. The signal-to-noise ratio
(F/Fp) was used as the response signal, where F and Fy are the fluores-
cence intensity of the reaction system in the presence or absence of the
target gene, respectively.

As shown in Fig. 2A, the C1 concentration had a large effect on the
response signal of the sensing system. A C1 concentration that is too low
or too high will lead to a decrease in the F/F value. This effect is based
on the fact that the HCR reaction is not complete in the presence of a C1
concentration that is too low, while the high background fluorescence
signal of the system could be produced at a C1 concentration that is too
high. The highest F/F, value was obtained at the C1 concentration of 0.3
pM, which was therefore used as the optimal concentration in the
following experiments.

The concentration of the assistant probe is another important factor
that affects the signal amplification of the sensing system. When its
concentration is too low, the assistant probe cannot effectively replace
C1 to trigger the complete HCR. However, if its concentration is too
high, it will also lead to a high background fluorescence signal. As shown
in Fig. 2B, as the concentration of the assistant probe increases, the F/F
value increases first and then decreases. When the concentration of the
assistant probe was 0.4 pM, the F/F, value reached its maximum.
Therefore, the optimal concentration of the assistant probe was selected
to be 0.4 pM.

In addition, the HCR time also directly affects the analytical per-
formance of the sensing system. As shown in Fig. 2C, as the HCR time
was increased from 10 min to 60 min, the fluorescence signal (intensity)
of the sensing system gradually increased, and no obvious fluorescence
increase was observed when the time was prolonged. Therefore, 60 min
was chosen as the optimal time for the HCR in all experiments.

3.4. Analytical performance

Under the optimum experimental conditions, the analytical perfor-
mance of the proposed biosensor for the detection of let-7a in a series of
buffer samples was studied. As shown in Fig. 3A, the fluorescence in-
tensity increased steadily as the concentration of let-7a changed from 25
pM to 250 nM. Fig. 3B shows a good linear relationship between the
fluorescence intensity and the logarithm of let-7a concentration. The
regression equation is y = 152.5969x + 1060.1388 (R?> = 0.9968),
where y represents the fluorescence intensity value, and x represents the
logarithm of the let-7a concentration (10g(Ciet.72)). The limit of detection
(LOD) was calculated to be 9.01 pM, which makes our new method one

Table 2
Comparison of different methods to determine miRNAs.
Analysis method Detection Linear LOD Reference
technique range

Catalyzed Hairpin Fluorescence 0.5-50 nM 72 pM [471
Assembly

Double-strand Fluorescence 5 5.0 nM [48]
displacement nM-1000

nM

Triplex hybridization Colorimetry 50 pM - 10 27.1 [49]
chain reaction nM pM

o-Fe;03 nanoparticle- Fluorescence 0.8 nM - 0.8 nM [50]
induced 60 nM
fluorescence
quenching

G-quadruplex-based Colorimetry 10nM -1 4.5 nM [51]
signal Quenching pM

Hybridization chain Electrochemistry 30 pM -7 11 pM [52]
reaction nM

One-Step Enzyme- Fluorescence 25 pM - 9.01pM  This work
Free strategy 250 nM
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of the most sensitive miRNA sensing systems compared with many other
techniques (Table 2).

3.5. Specificity

Highly specific analysis of miRNA remains a great challenge because
of the high sequence similarity and small size of family members. For
instance, the let-7 miRNA family members are highly homologous since
their sequence lengths are the same (only 22 bases) and differ by one or
two nucleotides. The selectivity of the sensor proposed in this work was
investigated by analyzing two homologous miRNAs (let-7b, let-7¢) and
two kinds of nonhomologous miRNAs (miRNA-141 and miRNA-21) at
the same concentration. The relative corresponding fluorescence in-
tensity obtained is presented in Fig. 4. It can be seen that the test sample
containing the target let-7a gene produced the highest fluorescence
signal. The signals generated by homologous genes (let-7b, let-7c) and
nonhomologous genes (miRNA-141 and miRNA-21) were approxi-
mately 32%, 44%, 8%, and 10% of those produced from the target gene,
respectively. Let-7b and let-7c have the same base length as the target
gene let-7a. Let-7b and let-7c differ in length by only two and one base
from the target let-7a gene, respectively.

Therefore, let-7b and let-7c can still bind similarly to the target to the
trigger probe, causing C1 to be released and triggering the HCR reaction.
The difference is that let-7b and let-7c cause C1 to be released to a lesser
extent than the target gene. Therefore, the HCR response is weakened to
some extent. This is the main reason why let-7b and let-7c show rela-
tively high signals but are still distinguishable from the target let-7a. The
base sequences of miRNA-141 and miRNA-21 do not match that of the
target; however, due to the high background signal of the control so-
lution, the relative response signal obtained by miRNA-141 and miRNA-
21 is relatively high. These results indicate that the proposed miRNA
detection method has sequence specificity and can distinguish fully
complementary targets from mismatched strands.

3.6. Analysis of human serum samples

To verify the accuracy and practicality of the developed biosensor for
let-7a detection, a series of let-7a-spiked diluted (1%) human serum
samples were assayed according to general procedures. As shown in
Fig. 5, a similar linear detection range from 100 pM to 250 nM was
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[target] = 0.5 pM and [assistant probe] = 0.4 pM.

attained, except the fluorescence intensity value recorded for each an-
alyte level was relatively lower than that measured from the corre-
sponding buffer sample, suggesting the good practicality of the new
method. Importantly, the data showed that the sensing system main-
tained its specific molecular recognition ability for the target gene even
in real human serum.

4. Conclusions

We successfully developed a novel, enzyme-free biosensor for the
amplified fluorescence detection of let-7a via twin-stage amplification
based on SDR and HCR. This sensing system offers a wide linear
detection range of four orders of magnitude and a LOD as low as 9.01
pM. The fluorescence intensity has a good linear relationship with the
logarithm of the target concentration. Moreover, the highly sensitive
and specific detection of the target genes, even in complex human serum
samples, was also well demonstrated. Because of its simplicity and good
sensitivity and selectivity, we believe that this proposed biosensor may
hold great potential to be tailored for routine monitoring of target genes
of interest in various fields, including clinical diagnosis and biological
research.
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