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Abstract

MicroRNAs (miRNAs) are essential regulators of gene expression and are significantly involved in both preventing and
treating a range of diseases. To that end, we developed an ultra-sensitive detection method for miRNA-141 by integrating
exonuclease-assisted target recycling signal amplification with the CRISPR/Cas12a system. This method employs a vari-
able hairpin probe (HP) designed to hybridize with miRNA, which, under the action of exonuclease III (ExollI), cleaves
the hairpin probe and triggers target recycling signal amplification. This results in the formation of output DNAs (ODs)
containing multiple repeat sequences. The CRISPR/Cas12a system identifies these repeated sequences in ODs through its
crRNA component, which in turn triggers the trans-cleavage function of the Cas12a/crRNA complex. It leads to the cleav-
age of a fluorescently quenched reporter probe. Consequently, this process restores fluorescence, producing a significantly
enhanced fluorescent signal that facilitates the detection of miRNA-141, achieving a detection threshold down to 62 fM.
This detection approach can specifically differentiate miRNA-141 from other confounding substances and has effectively
identified low concentrations of miRNA-141 in actual sample human serum and diverse cancer cell lysates, showcasing its
capability for tracing various nucleic acid biomarkers at minimal levels.
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Introduction

Clustered regularly interspaced short palindromic repeats
(CRISPR) and associated Cas nuclease proteins are exten-
sively utilized across various scientific disciplines [1, 2]. The
derived RNAs (crRNA, sgRNA) produced from CRISPR
transcription and processing assembles with Cas proteins
to form the CRISPR/Cas complex, which is capable of
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recognizing and cleaving invading nucleic acids. The crRNA
and sgRNA are programmable, allowing them to recognize
and bind to a wide range of target nucleic acids. This acti-
vates the cutting activity of Cas enzymes, making them
highly versatile [3]. Currently, diagnostic systems based on
Cas9 [4, 5], Cas12a [6, 7], Cas13a [8], and Cas14a [9] have
been established to detect various target molecules. The
revolutionary CRISPR/Cas system has not only played a sig-
nificant role in gene editing [10, 11], but also demonstrates
significant promise in developing biosensors for detecting
nucleic acids and small molecules, attributed to its high
precision and user-friendliness [12—-14]. Cas12a, a single
RNA-guided protease, exhibits both cis-cleavage and trans-
cleavage capabilities. Its trans-cleavage activity refers to the
nonspecific cleavage of surrounding ssDNA after the crRNA
binds to dsDNA or ssDNA. Guided by crRNA, Cas12a can
recognize dsDNA targets that contain a short T-rich PAM
(5'-TTTN-3’) sequence [15, 16]. The outstanding sensi-
tivity and specificity of Casl2a significantly enhance the
diversity of sensor designs based on this system. CRISPR/
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Cas12a has demonstrated significant promise in detecting
tumor biomarkers.

MiRNAs are important endogenous non-coding small
RNA molecules, typically composed of 21-25 nucleotides
[17]. As a novel class of biomarkers, miRNAs are closely
associated with the occurrence and development of diseases
such as cancer [18, 19]. Compared to other RNA types,
miRNAs exhibit better chemical stability, making them sig-
nificant biological markers for early cancer diagnosis and
treatment prognosis [20, 21]. Therefore, achieving rapid and
accurate detection of miRNAs holds considerable clinical
significance. However, in practical detection, the low expres-
sion abundance and short sequences of miRNAs pose chal-
lenges. Existing detection methods often suffer from long
reaction times and susceptibility to interference from com-
plex biological environments, making the rapid and ultra-
sensitive detection of miRNAs a great challenge.

MiRNA-141, a small regulatory molecule, is key in reg-
ulating specific miRNA activities, influencing cell prolif-
eration, differentiation, and apoptosis [22-25]. Abnormal
expression of miRNA-141 has been found in prostate cancer
[26], lung cancer [27], liver cancer [28], and gastric cancer
[29, 30], highlighting its potential as an important biomarker
for early cancer monitoring. However, due to its inherent
sensitivity, low abundance, and high sequence homology,
achieving high sensitivity and selectivity in the detection of
miRNA-141 is particularly challenging. Thus, establishing
an accurate method for monitoring miRNA-141 is vital for
cancer diagnosis and prognosis. In recent years, fluorescence
analysis methods based on nanomaterials have been recog-
nized as powerful tools for detecting microRNAs due to their
high sensitivity [31].

For instance, Liu et al. [32] designed a gold nanopar-
ticle (AuNPs)-based target-triggered catalytic hairpin
assembly (CHA) for detecting miRNA-21. Zhang et al.
[33] developed an AuNPs-based DNA walker for the
analysis of bladder cancer-related exosomal miR-133b and
miR-135b. Although these sensing methods exhibit excel-
lent analytical performance, the requirement for preparing
nanomaterials may increase the complexity of the analysis.
Zhou et al. [34] constructed a simple yet versatile Exo
III powered cascade DNAzyme amplifier with an ultralow
background for highly sensitive and selective microRNA
assay in vitro and even in living cells. Wang et al. [35]
propose a novel Exo III-propelled DNAzyme cascade for
sensitive and highly efficient miRNA analysis. However,
the activity of most DNAzymes depends on specific metal
ions [36]. DNAzymes may nonspecifically interact with
other nucleic acids, leading to unintended gene silencing
or other biological effects [37]. CRISPR-Cas12a can effec-
tively identify the presence of specific nucleic acid tar-
gets and small changes in sequences, which is particularly
important for nucleic acid identification [38]. Chen et al.
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[39] Using miRNA targets as spacer RNA and another
single-stranded DNA as the activator, split Casl2a sys-
tem-based fluorescence and rapid lateral flow assays were
developed with specificity and novelty. However, they
lack target signal amplification. This study employed the
CRISPR/Casl2a system and exonuclease-assisted target
recycling signal amplification methods for miRNA detec-
tion analysis, enhancing sensitivity and accuracy.

Hence, we designed a detection method for miRNA-141
based on the CRISPR/Cas12a system and an exonuclease-
assisted target recycling signal amplification strategy. This
method involves constructing an HP complementary to the
target miRNA-141. Upon the presence of the target, the
HP attaches to the target miRNA, creating a blunt-ended
hairpin structure. Exo III then cleaves the HP from the 3'
blunt end, releasing the target and allowing for further
reactions, thereby enabling cyclic signal amplification.
Subsequently, a large amount of ODs is generated. These
multiple repeat sequences of ODs can bind to and activate
the trans-cleavage activity of Casl2a/crRNA, leading to
the cleavage of a fluorescently quenched reporter probe,
leading to a significantly enhanced fluorescent signal for
ultra-sensitive detection of miRNA-141. Furthermore,
this method successfully detects low levels of miRNA-
141 in actual sample human serum and various cancer
cell lysates.

Experimental
Reagents and materials

Gel-Red nucleic acid dye was purchased from Biyutian
Biotechnology Co., Ltd. Agarose G-10 from Biowest,
Spain. Exolll and Cas12a were obtained from New Eng-
land Biolabs, USA. Cell culture medium 1640 and Dul-
becco’s Modified Eagle Medium (DMEM) were purchased
from Thermo Fisher Scientific (Suzhou) Instruments Co.,
Ltd; fetal bovine serum (FBS), trypsin digestion solution,
and penicillin—streptomycin were obtained from Sigma,
USA; human prostate cancer cells (22Rv1), human cervi-
cal squamous cell carcinoma cells (SiHa), human breast
cancer cells (MCF-7), and human microglial cells (HMC3)
were obtained from the Cell Bank of the Chinese Academy
of Sciences (Shanghai, China). 5 X TBE (Tris-Boric acid
and EDTA) was purchased from Solarbio Biotechnology
Co., Ltd (Beijing, China). Tris~EDTA, the HPLC-purified
DNA, and RNA were synthesized by Sangon Biotech-
nology Co., Ltd (Shanghai, China). The DNA and RNA
sequences are listed in Table 1. The index of significant
abbreviations is listed in Table S1.
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Table 1 Sequence of the used

oligonucleotides® Oligonucleotide

Sequences (5'-3")

miRNA-141
HP

crRNA
reporter probe
IM-1

1IM-2

2M-1

2M-2

M

™
miRNA-21
miRNA-122

TAACACTGTCTGGTAAAGATGG

CTGTTAGGTAGGTAGATAAATGGGAACTCGCGACTCT
ACCTACCTAACAGTTTACCAGACAGTGTTA

UAAUUUCUACUAAGUGUAGAUUCUACC UACCUAACAG
FAM-TTATT-BHQ1

TAACACTGTCTAGTAAAGATGG
TAACACTGTCTGGTAAAGGTGG
TAACACTCTCTGGTAGAGATGG
TAACACTGTCAGGTAAAGATCG
TAACICTGTATGGCAATGATGC
GAAGACAGTCTCGTTAACATGC
TAGCTTATCAGACTGATGTTGA
TGGAGTGTGACAATGGTGTTTG

The italic part of the base is the specific binding sequence between the hairpin probe and miRNA-141.
The HP sequence underlined section is ODs. The bold black part of the base is the binding sequence
between ODs and crRNA within the sequences. Underscores indicate mismatched base positions. T bases

replaced the U bases of miRNA-141

Solution preparation

DNA stock solution: first, put the DNA powder centrifuge at
5000 rpm for 5 min. After centrifugation, add Tris—-EDTA
to the DNA centrifuge tube to dissolve it, forming a final
concentration of 100 pM DNA stock solution. Denature the
HP chain at 95 °C for 5 min, cool to room temperature to
obtain stable hairpin probes. Divide the stock solution and
denatured hairpin probes into centrifuge tubes, and store
them in a — 20 °C freezer for later use.

MiRNA detection procedures

Initially, Cas12a (50 nM) and crRNA (150 nM) were com-
bined in 1 x NEBuffer" 2.1 buffer and allowed to incubate at
37 °C for 15 min to obtain the Cas12a/crRNA complex. The
sensing analysis for miRNA-141 consists of two main pro-
cesses: exonuclease-assisted target recycling signal ampli-
fication and the recognition and cleavage by the CRISPR/
Cas12a system. Exonuclease-assisted target recycling reac-
tion: in a reaction tube, 5.0 pL of HP (2 pM), 10.0 pL of
different concentrations of miRNA, 8.0 pL of Exo III (1 U/
pL), 4.0 pL of NE Buffer 1, and 13.0 pL of ddH,O were
combined and incubated in a 37 °C water bath for 80 min.
Recognition and Cleavage by the CRISPR/Cas12a System:
the enzyme-cleaved reaction mixture, along with 6.0 pL of
Cas12a/crRNA, 5.0 pL of the reporter probe (2 pM), and
6.0 pL. of NE Bulffer 1, were incubated at 37 °C for 60 min.
Finally, the mixture was diluted with ddH,O to a total vol-
ume of 100 pL for fluorescence measurement. The fixed
excitation wavelength is 490 nm, and the emission spectrum
in the range of 515-620 nm (slit=>5 nm) is collected with
the RF-7000 Hitachi spectrophotometer.

Agarose gel electrophoresis experiment

First, 2.5 g agarose G-10 was weighed into a conical bot-
tle, then 100 mL of the prepared 0.5 X TBE solution was
added, microwave oven was heated for 3 min, and 10 pL
gel red nucleic acid dye was added, shake well, and poured
into the glue making mold for 30 min to make 2.5% agarose
gel. Secondly, 0.5 X TBE buffer was added to the electro-
phoresis tank, and 10 pL final reaction solution was added
to each sample adding hole, and electrophoresis separated
for 60 min at a voltage of 100 V. Finally, the agarose gel was
placed under the Alphalmager HP gel imaging system to
observe the electrophoretic results, and the photo-analysis
was performed according to the size of the exposure.

Serum sample analysis

For the assay of miRNA-141 in human serum, the targets
of 0.4,5.0,5.0x 10% and 1.0 10° pM were added to 1% of
the human serum sample, and the other experimental steps
were the same as miRNA detection procedures. The calcula-
tion method for Found (pM) is to subtract the serum blank's
fluorescence value from the spiked serum's fluorescence
value and then substitute it into the linear equation. Recov-
ery (%) =Found (pM)/Added (pM) X 100%.

Cell culture and cell lysate preparation

22Rvl1, SiHa, and HMC3 cells were grown in RPMI1640
medium, and MCF-7 cells’ culture medium was DMEM
medium with 10% FBS and 100 U/mL of penicillin and
streptomycin. Cells were cultured at 37 °C in a cell incuba-
tor with 5% CO,, respectively. The actual samples used in
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Scheme 1 Schematic illustration of (A) exonuclease-assisted target recycling signal amplification. (B) Activation process of CRISPR/Cas12a

system

the analysis of complex samples in this experiment are cell
lysates of various cell lines. The cell suspension was centri-
fuged at 4 °C with 1000 r/min for 5 min, removed the culture
medium, washed it once with PBS buffer, and then added
1 mL PBS buffer to resuspension the cells. Cells density
were determined by counting with the Denovix CellDrop BF
cell counter. The cells were centrifuged at 4 °C with 1000 r/
min for 5 min, removed the PBS buffer, and then added 200
pL PBS buffer to resuspension the cells. Then, the cells were
crushed by ultrasonic for 15 min in the ice water bath. After
breaking, the cell homogenate was centrifuged at 4 °C with
12,000 r/min for 20 min. The supernatant was taken as the
cell lysate sample and stored at — 20 °C for reserve.

Results and discussion

The detection principle of microRNA sensing
method

The method for sensitive detection of miRNA-141, which
relies on enzymatic cleavage of target recycling reactions
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and subsequent recognition and cleavage by the CRISPR/
Casl12a system, is depicted in Scheme 1. Scheme 1A is the
enzymatic cleavage of target recycling reactions. The design
of the HP features a 3' protruding to prevent degradation by
Exo III while allowing recognition by the target miRNA-
141. When the target is present, the HP binds to the target
miRNA, forming a 3’ blunt end HP/miRNA-141 hybridiza-
tion complex. Exo III specifically cleaves the HP/miRNA-
141 hybridization complex in the 3’ to 5’ direction, progres-
sively removing single nucleotides and releasing the target.
The released target continues the reaction, enabling cyclic
signal amplification. Following Exo III cleavage, a ODs con-
taining multiple repeat sequences is formed. Scheme 1B,
ODs is recognized by the crRNA of the CRISPR/Cas12a
system, activating the trans-cleavage activity of Casl2a/
crRNA. This results in the cleavage of the fluorescently
quenched reporter probe, restoring fluorescence and generat-
ing a sharply amplified fluorescent signal for the ultra-sensi-
tive detection of miRNA-141. Conversely, when the target is
absent, the 3' protruding of the HP cannot be cleaved by Exo
III, preventing the formation of ODs with repeat sequences.
Consequently, the trans-cleavage activity of the CRISPR/
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Cas12a system is not activated, and the quenched reporter
probe only displays very low fluorescence.

Feasibility experiment

Initially, the feasibility of this method for microRNA
detection was further validated by measuring the fluores-
cence intensity. As shown in Fig. 1, the reporter probe is
modified with a FAM fluorescent group on one side and a
BHQI1 quenching group on the other, resulting in fluores-
cence quenching of the reporter probe. When the target is
absent, the fluorescence emission intensity of the mixture
containing HP + reporter probe + Exo III+ Cas12a/crRNA
is very weak, indicating that Cas12a remains in an inactive
state. When a target concentration of 10 pM is added to
this mixture, it triggers the enzyme-cleaved circular reac-
tion, producing multiple repeat sequences of ODs, which
in turn activate the trans-cleavage activity of Casl2a. This
results in the cleavage of the quenched reporter probe and
an enhancement of the fluorescence signal, demonstrating a
significant difference in fluorescence. Furthermore, when the
target concentration is increased to 1 nM, the fluorescence
signal is stronger compared to that at 10 pM, confirming the
feasibility of the method.

Additionally, to further validate the exonuclease-assisted
target recycling reaction and the recognition and cleavage
by the CRISPR/Cas12a system, agarose gel electrophoresis
experiments were conducted, and the results are shown in
Fig. 2. Lane 1 is the band of the HP strand, and the position
of the lane 2 band does not change after adding Exo III,

1400 d [ a: reporter probe
b: miRNA141(0pM)
1200 4 c: miRNA141(10pM)
——d: miRNA141(InM)
~ 1000 1
=
=
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=
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Fig. 1 Fluorescence analysis of different treatments: curve (a)
reporter probe; curve (b) miRNA141 (0 pM)+HP+reporter
probe + Cas12a/crRNA + Exolll; curve (c) miRNA141
(10 pM)+HP +reporter probe +Exolll +Cas12a/crRNA; curve (d)
miRNA141 (1 nM) + HP +reporter probe + Exolll 4+ Cas12a/crRNA

HP + + + +
MiRNA-141 = = + +
Exo III - + - +

-

Reporter probe = - - -

CrRNA = - = =

+ + + +
++ + + + +

Casl2a = - - =

Fig.2 Gel electrophoresis analysis. Lane M: DNA marker; lane
1: HP; lane 2: HP+Exolll; lane 3: HP+miRNA-141; lane 4:
HP +miRNA-141+Exolll; lane 5: HP+reporter probe+Ex
olll +Casl2a+crRNA; lane 6: miRNA-141+HP+reporter
probe + Exolll 4+ Cas12a+ crRNA

indicating that the 3' protruding end of HP can resist enzyme
degradation. When added with miRNA-141 but without
Exolll, a large bright band appeared in the high base region
in lane 3. In lane 3, the band appears at a higher base weight
than in lane 1, suggesting that the target is bound to the hair-
pin probe, forming an HP/miRNA-141 hybridization com-
plex. Lane 3 has a band below 25 bp, the miRNA-141 band.
Then, the large band disappeared after Exo III was added
to lane 4, which indicates that the HP/miRNA-141 double
strand was digested by Exo III, resulting in a slightly lower
base number of strands. The HP/miRNA-141 double strand
was digested by Exo III to form a new bright band that was
the ODs strand. In lane 4, bands below 25 bp are fragments
of miRNA-141 produced by enzymatic digestion. In lane 5,
the two bands are HP and crRNA. However, after adding
miRNA-141 in lane 6, the HP band and crRNA band disap-
peared compared with lane 5, indicating that HP and target
combined to form HP/miRNA-141 hybrid complex. Exo
III degrades the complex and releases the target. ODs bind
with Cas12/crRNA to form an active enzyme, the reporter
probe is recognized and cut by the CRISPR/Cas12a system,
leaving the fragments produced after enzymatic digestion.
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Therefore, it is verified that the strategy of hybridization and
enzyme digestion of DNA is viable.

Optimization of experimental parameters

To ensure optimal sensing performance of the method,
we investigated various factors, including the concentra-
tion of Exo III, reaction time for Exo III, concentration
of Cas12a/crRNA, and enzyme reaction time for Cas12a/
crRNA. The concentration of microRNA-141 is 1 nM. As
depicted in Fig. S1A, the fluorescence intensity notably
rose with higher concentrations of Exo III in the range
of 2-10 U/pL, reaching a plateau at 8 U/pL. Thus, the
optimal concentration of the enzyme was determined to
be 8 U/pL. We also explored the impact of Exo III reac-
tion time on the yield of ODs. As illustrated in Fig. S1B,
as the reaction time for Exo III was extended from 20 to
100 min, the fluorescence intensity continually increased,
stabilizing afterward. Therefore, we selected 80 min as
the optimal reaction time for Exo III. The amount of
Casl12a/crRNA enzyme determines the efficiency of its
trans-cleavage activity, so we further examined the effect
of Casl2a/crRNA concentration on fluorescence signal
intensity. Figure S1C shows that as the concentration of
Casl2a/crRNA increased from 1 to 3 nM, the fluorescence
intensity continued to rise. However, further increases in
Cas12a/crRNA concentration did not result in additional
enhancement of the fluorescence signal, indicating that
an appropriate increase in Casl2a/crRNA concentration
helps achieve optimal fluorescence intensity while con-
serving enzyme usage. Next, we investigated the cutting

A
— 0 pM
1600 y l —0.2 pM
/ \ —— 0.4 pM
14004, »\\ —— 1 pM
10 pM
1200 \ 50 pM
2 \ —— 100 pM
i il \ a ——250 pM
2 V il \ ~——500 pM
3 988 \ 1nM
S ; 5nM
S 6001 ™ ——10 M
2 !
400 1
200 -
04—

560 580 600 620
Wavelength/nm

Fig.3 A Fluorescence spectra corresponding to 0, 200 fM, 400 M,
1 pM, 10 pM, 50 pM, 100 pM, 250 pM, 500 pM, 1 nM, 5 nM, and10
nM of target miRNA-141 (from a to 1) detected by the method. B The
curve of the relationship between targets concentration and (F — F).
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time of Casl2a/crRNA. As illustrated in Fig. S1D, the
fluorescence intensity increased with prolonged cutting
time up to 60 min, after which no significant changes were
observed. Thus, 60 min was chosen as the optimal cut-
ting time. In summary, the optimal parameters determined
were: Exo III concentration of 8 U/pL, Exo III reaction
time of 80 min, Cas12a/crRNA concentration of 3 nM, and
Cas12a/crRNA cutting time of 60 min.

Sensitivity analysis of miRNA detection

After establishing the optimal experimental parameters,
we examined the change in fluorescence intensity with
varying concentrations of miRNA-141 and evaluated the
analytical performance of the amplification strategy for
detecting miRNA-141. Figure 3A displays the character-
istic emission spectra corresponding to different target
concentrations. The results indicate that as the target con-
centration increased from 0 pM to 10 nM, the fluores-
cence intensity consistently rose. Figure 3B displays the
linear equation is Y =279.7139X +242.7505 (Y =F - F,,
X =log,y ¢) and the linear correlation coefficient is
R?=0.995. We observed a linear relationship between
fluorescence intensity and the logarithm of miRNA-141
concentration. Finally, using this fitting equation and the
3o method, we determined the detection limit to be 62 fM.
Compared to previously reported CRISPR/Cas12a detec-
tion methods (Table S2), our designed sensing method
demonstrates significantly enhanced sensitivity for detect-
ing microRNAs.

B
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1400 -
1200 -
1000 -
&= 800
600

400 -

200 ~

0 L0gy Gy s.ser (PmOUL)

T T T T T T

0 2 4 6 8 10
The concentration of miRNA-141 (nmol/L)

The illustration shows the standard curve and linear equation for
detection of miRNA-141. The data were expressed as meanz+SD
(n=3)
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Specificity analysis

To investigate the specificity of this method for detecting
miRNA-141, we selected miRNA-21, miRNA-122, and
base-mismatched sequences as interference sequences.
Among these, miRNA-21 and miRNA-122 served as random
control sequences, while the IM-1, IM-2, 2M-1, 2M-2, 5M,
and 7M mismatched sequences contained mutated bases in
the domain of miRNA-141. As shown in Fig. 4, the fluo-
rescence signals of miRNA-21, miRNA-122, and base mis-
match sequences are much weaker than those of samples
containing target miRNA-141. Additionally, the mixtures of
miRNA-141 and other controls displayed fluorescence inten-
sities similar to the target miRNA-141. This indicates that
the sensing method maintains strong specificity for miRNA-
141 even in high concentrations of interference sequences.

Actual sample analysis

Finally, we discussed the practical application of CRISPR/
Casl2a system and exonuclease-assisted target recycling sig-
nal amplification in biological environment. Figure 5 shows
the fluorescence spectra of miRNA-141 analyzed in serum
free and serum samples. Although the fluorescence intensity
of the system in serum is biased, there was no significant
interference with the analysis of the target. The experi-
ment tested the serum with different targets concentrations
(Table S3). The recovery range was 97.50-115.40% with
RSD of 3.45-9.51% for three parallel tests. There was no
obvious interference in the analysis of targets, demonstrating
the biosensor method’s high accuracy in complex biological
samples.
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Fig.4 Selectivity investigation of the microRNA-141 sensing system.
The concentrations of microRNA-21, microRNA-122, and the base-
mismatched sequences were all 1 nM
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Fig. 5 Exonuclease-assisted target recycling signal amplification bio-
sensor in buffer and serum samples

To confirm the method’s applicability to real samples,
we assessed miRNA-141 levels in 1000 cells pL~! diverse
cancer cell lysates, including 22Rv1, MCF-7, SiHa, and
HMC3. As shown in Fig. S2, the fluorescence signal from
the HMC3 cell lysate incubated samples showed only a
slight increase compared to the blank control. In contrast,
the expression of miRNA-141 gradually increased in SiHa,
MCF-7, and 22Rv]1 cells. Notably, miRNA-141 was overex-
pressed in 22Rv1 cells, resulting in the highest fluorescence
intensity observed in the sample solution analyzed by fluo-
rescence spectrophotometry [40]. Figure 6A presents a bar
graph of fluorescence intensity increases with the number
of miRNA-141 cells in the range of 10 to 10° cells pL=".
Figure 6B shows a linear plot of fluorescence intensity
from different quantities of cell lysates, demonstrating a
logarithmic linear correlation between normalized fluores-
cence intensity and the number of 22Rv1 cells, consistent
with previously reported findings [41, 42]. The linear equa-
tion is Y =266.1252X — 153.8612 (Y =F — F), X=log,,
N, R>=0.9674). The results shown here demonstrate that
the developed method has the potential for estimating the
microRNA expression in cells with good reliability and for
providing comprehensive and dependable information for
early diagnosis of microRNA-related cancers.

Conclusions

In summary, we have developed a method for detecting
microRNA in cancer cell lysates utilizing the CRISPR/
Cas12a system and exonuclease-assisted target recycling
signal amplification. In our design, Exo III cleavage triggers
a cyclic signal amplification reaction, resulting in the forma-
tion of ODs containing multiple repeat sequences. These
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Fig.6 A Histogram of fluorescence intensity of different quantities of cell lysates. B Linear graph of fluorescence intensity produced by different

amounts of cell lysate. The data were expressed as mean +SD (n=3)

repeat sequences can activate the trans-cleavage activity of
CRISPR/Cas12a, resulting in the cleavage of the reporter
probe and restoring its quenched fluorescence, allowing for
highly sensitive analysis of miRNA-141 in human prostate
cancer cells. By integrating the signal amplification capabili-
ties of a dual amplification strategy, the detection limit for
miRNA-141 is as low as 62 fM. Furthermore, this method
has been validated for use in actual sample human serum,
various real cancer cell lysates and selective analyses, indi-
cating its potential as a universal tool for detecting trace
levels of DNA or RNA biomarkers in biomedical and bio-
logical applications. This fluorescence biosensing method
shows promising application potential.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s44211-025-00755-3.
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