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A sensitive miRNA detection method based on a
split-T7 switch modulating CRISPR/Cas12a
system†

Dayong Li,a Wenting Cheng,a Feifan Yin,a Yanheng Yao,a Zhongyun Wang*c and
Yang Xiang *ab

This study presents a novel method for sensitive miRNA detection

based on a split-T7 switch modulating CRISPR/Cas12a system. By

integrating the split-T7 promoter-mediated transcription with the

CRISPR/Cas12a system, this method can achieve femtomolar

detection of the target miRNA within 1 h and successfully analyze

miR-21 in samples from various cell lines, demonstrating its

potential for clinical applications.

MicroRNA is an endogenous noncoding RNA with a length of
approximately 19–24 nucleotides, which plays an important role
in a series of life activities by regulating gene expression.1,2

Different types of diseases display their unique miRNA expression
characteristics.3–5 In addition, there are also trace amounts of
circulating miRNAs in biological fluids such as blood and
saliva.6,7 As the main technology for miRNA detection, polymerase
chain reaction (PCR) can guarantee sensitivity and specificity, but
it still relies on expensive thermal cycling devices and takes a
long time, which greatly limits its application in miRNA real-time
detection.8–11

Clustered regularly interspaced short palindromic repeat
and associated protein (CRISPR/Cas) has been widely used in
the field of in vitro diagnosis because of its unique target gene
recognition ability and trans-cleavage activity.12–15 Among
them, the CRISPR/Cas12a system has received much attention.
The CRISPR/Cas12a can recognize and bind specific target DNA
with the help of CRISPR RNA (CrRNA). Moreover, the binding of
the target can activate the trans-cleaving activity of Cas12a
protein, and then arbitrarily cut ssDNA in the surrounding
environment.16–18 Based on this property, researchers have

combined it with isothermal amplification technology to
develop a series of new methods for miRNA detection.19–21

However, these methods often require the design of a CrRNA
for detecting target genes and activating the CRISPR/Cas12a
system by amplifying a specific DNA sequence and binding it
with CrRNA.22,23 Nevertheless, the high synthesis cost, suscepti-
bility to degradation, as well as requirements for stringent
storage and transportation conditions significantly restrict
the application of these methods. In addition, these methods
usually need to amplify the initial sequence of miRNA first, and
due to the short sequence of miRNA itself, it is difficult to
design primers in the process of reverse transcription and
amplification, and it is easy to cause insufficient specificity.

In this work, we integrated the split-T7 promoter-mediated
transcription with the CRISPR/Cas12a system to propose an
innovative general-purpose strategy for detecting miRNAs.24,25

We constructed a unique three-way junction structure. Under
the influence of the approach binding effect, the appearance of
the target miRNA can induce the self-assembly of the three-way
junction to form a complete transcription template, and then
directly transcribes the CrRNA of the downstream CRISPR/
Cas12a system under the action of T7 RNA polymerase. Finally,
the CRISPR fluorescence system was activated to achieve
fluorescence analysis of the target miRNA. By combining
transcription and the CRISPR/Cas12a system, we solve the
problem of CrRNA synthesis and use in CRISPR/Cas12a detec-
tion technology, and improve the detection sensitivity by means
of double signal amplification. Furthermore, the use of the
three-way junction structure can effectively avoid the amplifica-
tion of miRNA itself and solve the problems of primer design
and lack of specificity caused by short miRNA sequences in
other amplification methods. We used this method to achieve
rapid detection of miR-21 within 1 h with a detection limit as
low as 43.9 fM, and other miRNAs could be detected by simply
replacing the sequence of the recognition region. In addition,
the method can successfully analyze miR-21 in different tumor
cell lines. Its rapid, sensitive and universal characteristics
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fully indicate that the method has great clinical application
potential.

As shown in Scheme 1, the actual detection process of
the method is mainly divided into two steps: target-induced
transcription process and CRISPR fluorescence analysis. We
designed three DNA probes as target recognition elements including
S1, S2 and S3. Among them, S1 mainly includes three functional
regions: transcriptional template sequence (pink region), T7
promoter sequence (purple region) and partial recognition
sequence of target miRNA (blue region). S2 contains a partial
sequence of the T7 promoter (purple region), which comple-
ments S1 to form a double strand. The sequences on S3 are
mainly the partial T7 promoter sequence (purple region) and
partial target miRNA recognition sequence (blue region). When
there is no target, the Tm value of the complementary region of
S3 and S1 is too small, and S1 cannot be complementary to S3
at the reaction temperature of 37 1C, so S1, S2 and S3 cannot be
combined to form a complete T7 promoter, and the transcrip-
tion reaction cannot proceed at this time. When the target
miRNA appears, the target binds to the target recognition
region of S1 and S3, respectively, which leads to the proximity
of S1 and S3. At this time, S1 and S3 can stably bind together
with S2 to form a three-way junction with complete T7 promoter
sequence. Subsequently, T7 RNA polymerase binds to the pro-
moter and transcribes a large number of RNA products. The
transcription sequence (pink region) on S1 is pre-designed as a
complementary sequence to the CrRNA of the downstream
CRISPR/Cas12a system, so that the final transcribed RNA pro-
duct can be directly used as the CrRNA. After transcription,
CrRNA binds to Cas12a protein and initiates the trans-cleavage
activity of Cas12a protein under the action of activation DNA. By
cutting the fluorescent reporter, a significant fluorescence signal
is generated, so as to realize the detection of target miRNA.

The complete T7 promoter is a 20-nucleotide dsDNA sequence
that can be specifically recognized by T7 RNA polymerase to initiate
transcription. In our design, the presence of the target miRNA can
induce the three-way junction self-assembly of the DNA recognition
probe to form a stable T7 promoter with a nick. Then the input
signal of upstream miRNA is converted into the output signal of

downstream RNA through the transcription reaction mediated by
the split-T7 promoter, which is the most critical step in the whole
detection process. Therefore, we first investigated the influence
of the split location of the T7 promoter on the analysis effect. We
designed four groups of recognition probes for a synthetic DNA
target and assembled them into T7 promoter transcription tem-
plates containing different split sites, including S2/S18, S4/S16, S6/
S14 and S8/S12 (Fig. 1A). Then the CRISPR fluorescence analysis
system was combined to analyze the final detection effect. As
shown in Fig. 1B, when the split site is two nucleotides away from
the 50 end of the promoter (S2/S18 type), strong fluorescence signals
are generated regardless of the presence or absence of the target,
and the signal-to-noise (S/N) ratio is extremely low. However, when
the split position moved two nucleotides to the 30 end (S4/S16 type),
the background signal decreased significantly, and the S/N ratio
was the highest. In addition, when the split site continues to move
to the 30 end (S6/S14 and S8/S12 types), the background signal
gradually increases, and the S/N ratio decreases sharply. Based on
these results, we selected type S4/S16 split promoter probes for
subsequent studies.

The successful self-assembly of the three-way junction struc-
ture determines the effective formation of the transcriptional
promoter. In the design of this method, the complementary
overlapping regions of S3 and S1 probes are too short and
the Tm value is low, so they can approach to form a complete
three-way junction structure only in the presence of the target.
Here, we optimize the length of the complementary regions of
S3 and S1. As shown in Fig. 1A and C, we compared the
detection effect by adding additional nucleotide sequences to

Scheme 1 Schematic illustration of the proposed method for miRNA
analysis.

Fig. 1 Construction and optimization of the three-way junction structure.
(A) Schematic diagram of the three-way junction structure and compar-
ison of four different types of split-T7 promoter sequences (S2/S18, S4/
S16, S6/S14, S8/S12). (B) Comparison of the detection results of four
different three-way junction structures. (C) Optimization of the length of
complementary overlapping regions of S1 and S3. The concentration of S1,
S2 and S3 for each type of split-T7 promoter sequences is 10 nM. The
concentration of the target is 100 pM. The transcription is performed at
37 1C for 20 min, then at 70 1C for 5 min. The CRISPR reaction time is
10 min. Error bars: standard deviation (SD), n = 3.
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the S4/S16 type probes. The results showed that when the
complementary length was 5–6 nucleotides, the detection effect
was the best and the S/N ratio was the highest. However, when the
complementary length reached 7 nucleotides, the background
signal increased significantly and the S/N ratio decreased.
Therefore, we set the complementary length of S3 and S1 probes
as 5 nucleotides.

After a series of investigations, we took miR-21 as the model
target to verify the feasibility of this method for miRNA detec-
tion. We first used polyacrylamide gel electrophoresis to test
whether miR-21 can trigger three-way junction self-assembly of
DNA recognition probes. As shown in Fig. S1A (ESI†), the target
miR-21 can not only stably bind to S1 and S2 complexes, but
also hybridize with the target recognition sequence of S3.
In addition, in the absence of target miR-21, S1, S2, and S3
could not self-assemble to form a three-way junction transcrip-
tion template. However, when the target miR-21 and the DNA
probe were present at the same time, stable bands with higher
molecular weights appeared in lane 6, which proved that the
target could successfully trigger the three-way junction self-
assembly of the DNA recognition probe. Next, we performed gel
electrophoresis analysis on the transcripts of the three-way
junction transcription template, as shown in Fig. S1B (ESI†).
Compared with the transcription template in lane 1, many new
bands were generated in lane 2. In addition, compared with the
synthetic CrRNA in lane 3, bands also appeared at the position of
CrRNA in lane 2, indicating that the split-T7 promoter can
effectively initiate the transcription and transcribe the corres-
ponding CrRNA products. Finally, we introduced the CRISPR/
Cas12a fluorescence system to verify the feasibility of this
method for the detection of miR-21. The results of fluorescence
spectroscopy in Fig. S1C (ESI†) showed that only when the target
miRNA was present could significant fluorescence signals be
generated, while no obvious signals were generated in other
parallel controls. In conclusion, the above experimental results
fully prove the feasibility of this method for miRNA detection.

In order to improve the detection performance of this
method, we optimize some experimental conditions. We first
optimized the concentration of DNA probes. As shown in Fig.
S2A (ESI†), when the concentration of DNA probes was 5 nM,
the S/N ratio was the largest, so we set the concentration of DNA
probes to 5 nM. Subsequently, we optimized the concentration
of T7 RNA polymerase, and the experimental results showed
that 20 U of RNA polymerase could achieve the best detection
effect (Fig. S2B, ESI†). In addition, we found that the signal
intensity reached the highest level when the concentration of
magnesium ions (Mg2+) exceeded 10 mM (Fig. S3A, ESI†). Next,
we explored the temperature of the transcription reaction, as
shown in Fig. S3B (ESI†). The best effect was achieved when the
reaction temperature was 37 1C. Finally, we optimized the time
of transcription. As shown in Fig. S3C (ESI†), the fluorescence
signal peaked at about 30 min and then tended to stabilize.

Next, we tested the sensitivity of the method to detect miR-
21 under optimal conditions. We used this method to analyze
the fluorescence spectra and signal intensities in samples
containing different concentrations of the target. As shown in

Fig. 2A and B, the fluorescence signal intensity gradually
increased with the increase of target concentration, showing a
positive correlation between the two. Moreover, there is a good
linear relationship between fluorescence intensity and the loga-
rithm of target concentration in the range of 100 fM–1 nM
(Fig. 2C). After derivation, the corresponding equation is calcu-
lated as y = 4849.29x� 5905.82, and the detection limit is 43.9 fM.
Compared with some previously proposed miRNA detection
methods, the analytical performance of this method has obvious
advantages (Table S2, ESI†).

The sequence homology of miRNA poses a challenge to the
specificity of detection methods. We tested the specificity of the
method by setting up control groups of single-base mutant
miR-21 (1 M), double-base mutant miR-21 (2 M), let-7a and
miR-17. As shown in Fig. 2D, compared with miR-21, the
fluorescence intensity of 1 M decreased by more than 60%,
while there was no significant difference between 2 M and the
blank control. In addition, two non-homologous miRNA con-
trols (let-7a, miR-17) also did not show significant signals.
These results show that the method has good selectivity.

Next, we tested the detection stability of this method. We
selected 10% serum and 10% culture medium as complex
substrates for comparison with ordinary buffers. As shown in
Fig. 2E, the changes of fluorescence signals in the three
different analysis environments were basically the same, with
no significant difference. In addition, we conducted recovery
experiments on different substrates and obtained recoveries
ranging from 93.8% to 106% (Table S3, ESI†). These results
show that the method can maintain good stability in complex
biological substrates. Finally, we verify the generality of the

Fig. 2 (A) Fluorescence spectra corresponding to different concentra-
tions of miR-21 (excitation wavelength: 485 nm; emission wavelength:
525 nm). (B) Fluorescence intensity generated by different concentrations
of miR-21 (0, 100 fM, 1 pM, 10 pM, 100 pM, 1 nM, 5 nM, 10 nM, and 20 nM).
(C) Linear relationship between fluorescence intensity and the logarithm of
miR-21 concentration (100 fM, 1 pM, 10 pM, 100 pM, and 1 nM). The y-axis
refers to the fluorescence intensity, the x-axis refers to the logarithm of
miR-21 concentration. (D) Selectivity study of the method. The concen-
tration of miR-21, single-base mutant miR-21 (1M) and double-base
mutant miR-21 (2M) is 100 pM, and the concentration of miR-17 and let-
7a is 1 nM. (E) Stability test of the method (normal reaction buffer, 10%
serum and 10% culture medium). (F) Validation of the generality of the
method. Fluorescence spectra corresponding to the 100 pM let-7a target
and blank group. The transcription time is 30 min. The CRISPR reaction
time is 20 min. Error bars: standard deviation (SD), n = 3.
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method. We selected let-7a as the target for verification. As
shown in Fig. 2F, the effective analysis of let-7a can be achieved
by simple substitution of the recognition sequence, indicating
that this method can be used for the general detection
of miRNA.

Previous studies have shown that miR-21 is highly expressed
in breast cancer cells. To further illustrate the practical applica-
tion potential of this method, we cultured the breast cancer cell
line (MCF-7) and human embryonic kidney cell line (HEK293T),
and used this method to detect miR-21 in the two different cell
lines. As shown in Fig. 3A, the fluorescence signal obtained from
breast cancer cell samples was significantly stronger than that of
human embryonic kidney cell samples, indicating that the
expression of miR-21 in MCF-7 was higher than that in
HEK293T. In addition, as shown in Fig. 3B and Fig. S4 (ESI†),
we compared the detection results of this method with gold
standard RT-qPCR, and the results were highly consistent,
proving that this method has great clinical application potential.

In this study, we have integrated the split-T7 promoter-
mediated transcription with the CRISPR/Cas12a system to
establish a rapid and sensitive method for miRNA analysis.
The innovative design of the split-T7 promoter structure in this
method directly converts the target recognition signal into self-
assembly of the transcription template, eliminating the need
for primer design and reverse transcription in miRNA detec-
tion. By coupling the split-T7 promoter with the CRISPR/Cas12a
system, the method can initiate the downstream CRISPR/
Cas12a system through a specific CrRNA product. This not
only addresses cost concerns associated with traditional
CRISPR detection methods that use CrRNA but also achieves
double cascade amplification. Our method enables sensitive
detection of miR-21 within 1 h, with a detection limit as low as
43.9 fM, offering distinct advantages over other miRNA detection
methods. Furthermore, our method exhibits excellent selectivity
and stability, capable of identifying single-base mutations and
maintaining stability in complex biological substrates. Lever-
aging the extensibility of the three-way junction structure allows
for universal detection of different miRNA by simply modifying
the recognition sequence. We have successfully applied this

method to analyze miR-21 in samples from various cell lines,
demonstrating its potential for clinical applications.
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