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Abstract
MicroRNAs (miRNAs) serve a crucial role in numerous biological processes, such as acute 
pancreatitis development. Due to its low abundance and high similarity among homogene-
ous family members, sensitive and reliable detection of microRNA remains a formidable 
challenge. By combining the three-way junction-assisted rolling circle amplification (RCA) 
with the trans-cleavage of Cas12a, we propose a novel fluorescent technique for sensitive 
miRNA detection. In order to increase the amplification efficiency of RCA-based meth-
ods, catalytic hairpin amplification (CHA) is incorporated into the RCA process, playing 
the roles of specific target recognition and three-way junction formation. Consequently, the 
method demonstrated a six-orders-of-magnitude detection range and a LOD as low as 27 
aM, making it a promising method for the early diagnosis of various diseases.

Keywords MicroRNAs (miRNAs) · Rolling circle amplification (RCA) · Catalytic hairpin 
amplification (CHA) · Cas12a

Introduction

For the clinical diagnosis of diseases, the quantitative assessment of disease biomarkers 
must be sensitive and trustworthy. Being an endogenous short-stranded non-coding RNA, 
microRNAs (miRNAs) play a significant role in many physiological processes, including 
the post-transcriptional regulation of mRNAs and acute pancreatitis development [1–3]. 
The aberrant expression level of miRNA is closely associated with the development of pan-
creatitis and is capable of discriminating tissues with different biological behaviors [4, 5]. 
For example, several miRNAs are abnormally expressed in patients with pancreatitis and 
pancreatic tumors, such as miRNA-21-5p [6, 7]. Former researches have illustrated that the 
miRNA-21-5p is high expressed in patients with pancreatic cancer, which is identified as 
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a novel non-invasive biomarkers for the clinical diagnosis of pancreatic cancer [8]. How-
ever, sensitive and reliable detection of miRNAs from serum or other complicated samples 
remains a huge challenge due to that the low abundance of miRNAs and high similarity 
between homogenous family members.

Reverse transcription polymerase chain reaction (RT-PCR) [9, 10], northern blotting 
[11, 12], and miRNA microarrays [13] are currently the common techniques for miRNA 
detection. These techniques are criticized for a number of shortcomings even though they 
are frequently used in fundamental research and early clinical applications. For instance, 
the RT-PCR technique is sensitive and can be used for precise miRNA characterization, 
but it necessitates complex primer design, cumbersome thermal cycle equipment, and well-
educated trainers. Although northern blotting method is relatively simple, this method 
requires large amount of samples to run the assay. Recently, a variety isothermal methods 
have been developed, including rolling circle amplification (RCA) [14, 15], catalytic hair-
pin reaction (CHA) [16–18], primer exchange reaction (PER), and loop mediated isother-
mal amplification (LAMP) [19]. These methods have made some progress to the traditional 
miRNA detection approaches. Among them, the RCA method has attracted abundant atten-
tion due to its high efficiency in amplifying target sequences under constant thermal. Vari-
ous methods have been constructed on the basis of RCA for sensitive and accurate miRNA 
analysis. For example, Ruixuan Wang et  al. proposed a novel fluorescent miRNA detec-
tion approach by integrating the RCA and CRISPR-Cas9 system [20]. Gong Zhang et al. 
reported a method with enhanced miRNA detection sensitivity by integrating the RCA and 
trans-cleavage activity of CRISPR-Cas12a [21]. Although these techniques demonstrated 
good detection performance with a limit of detection at the fM level, the sensitivity for the 
RCA-based approaches still requires improvement. Many efforts have been made in recent 
years to improve the detection sensitivity of RCA-based approach, basically by involving 
enzymes (e.g., DSN enzyme) for signal amplification. However, using enzymes to assist 
signal amplification may conflict with the RCA process, leading to unstable detection out-
comes. Therefore, it is still significant to develop a highly sensitive and reliable approach 
for quantitative determination of miRNAs.

Herein, a novel fluorescent assay is proposed based on three-way junction-assisted RCA 
integrated with trans-cleavage of Cas12a for the detection of miRNA-21. In this method, 
a catalytic hairpin reaction that can realize enzyme-free assembly of double-strand DNA 
(dsDNA) is exploited to assist the cyclized of padlock sequences in RCA. Repeated sin-
gle-strand DNA sections are transcribed during the RCA process, activating the Cas12a 
enzyme’s trans-cleavage activity and resulting in the production of signals. Eventually, the 
proposed approach exhibits a low limit of detection at aM level, making it a promising plat-
form for the early diagnosis of various diseases.

Material and Methods

Materials and Reagents

The oligonucleotides sequences used in this research were adapted from former reports. 
The details of the oligonucleotides sequences are listed in Table S1. The sequences were 
bought and purified by Sangon Biotechnology Co., Ltd. (Shanghai, China). TE buffer con-
taining 10 mM Tris and 1 mM EDTA was purchased from Sangon Biotechnology Co., Ltd. 
(Shanghai, China). The T4 DNA ligase, phi29 enzyme, Cas12a enzyme, and NEB buffer 2 
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that contains 500 mM NaCl, 100 mM  MgCl2, 100 mM Tris–HCl, and 10 mM dithiothreitol 
(DTT) were obtained from New England Biolabs Inc. (Beijing, China).

Assembly of the Detection Probe and Feasibility of CHA

Assembly of Detection Probe

Ten microliter of Chain i sequences (20 μM) was diluted in 40 μL TE buffer. The solution 
was annealed 90 °C for 10 min. Then, the solution was gradually cooled to room tempera-
ture. Ten microliter of treated Chain i (4 μM) was then mixed with 10 μL Chain ii (4 μM). 
The mixture was then incubated at 30 °C for 30 min.

Fluorescent Assay to Test the CHA

Ten microliter of FAM-labeled detection probe (4  μM) was mixed with 10 μL miRNA-21 
(100 nM) in a tube containing 80 μL NEB buffer 2. After being incubated at 30 °C for 30 min, 
the fluorescence intensities of the mixture when miRNA-21 existed or not were measured. Ten 
microliter of FAM-labeled detection probe (4 μM) was mixed with 10 μL miRNA-21 (100 nM) 
and 10 μL H2 probe (400 nM) in a tube containing 70 μL NEB buffer 2. The mixture was incu-
bated at room temperature for 30 min, and the fluorescence signal was recorded.

miRNA Detection

Ten microliter of detection probe (0.4  μM), 5 μL target miRNA, and 10 μL H2 probe 
(0.4 μM) were mixed in a tube containing 25 μL NEB buffer 2 and 50 μL DEPC water. The 
mixture was incubated at room temperature for 20 min. Afterwards, 2 μL T4 DNA ligase 
was added in the mixture and incubated at 37 °C for 30 min. Then, the mixture was heated 
to 70 °C to degrade the T4 DNA ligase. Two microliter of phi29 enzyme was then added in 
the mixture. After being incubated at 37 °C for 60 min, 2 μL Cas12a enzyme, 2 μL sgRNA, 
and 0.8 μL of 10 μM reporter probe were added to the mixture and incubated at 37 °C for 
60 min. Then, fluorescence measurement was performed.

Fig. 1  The working mechanism of the established approach for sensitive miRNA analysis
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Statistical Analysis

All of the data were presented as means standard deviations. The two-tailed Student’s t test with 
a significance level of P < 0.05 was used to compare the differences between two groups. To 
enhance the statistical accuracy, technical and sample replications were conducted.

Results and Discussion

The Working Mechanism of the Established Approach

The principle of the proposed approach is illustrated in Fig. 1. In this method, a detec-
tion probe is designed to be composed of two chains (Chain i and Chain ii). Chain i 

Fig. 2  Assembly of detection probe and feasibility of CHA. A Fluorescence spectrum of FAM-labeled 
Chain ii before and after assembly. B Illustration of the fluorescent assay to test the CHA process. C Fluo-
rescence intensities of the FAM-labeled detection probe when target miRNA and H2 probe exited or not, 
P < 0.05
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hybridizes with Chain ii through the complementary sections (c and c’). Target miRNA 
can bind with the d section in the detection probe and gradually disassociates the e 
sequence from the d section. The disassociated e sequence can unfold the H2 probe to 
induce catalytic hairpin reaction, releasing miRNA for a next signal recycle and form-
ing a dsDNA product with a three-way junction tail. The a’ section in the three-way 
junction tail can bind with the a section in Chain i to form a cyclized padlock for RCA 
under the assistance of T4 DNA ligase. With the phi29 enzyme-based chain exten-
sion, a long ssDNA product with repeated b’ sections is produced. The b’ sequences 
in the ssDNA product can be identified by Cas12a enzyme, activating trans-cleavage 
activity of Cas12a enzyme to cut surrounding ssDNA probes (reporter). Eventually, 
the reporter probe, whose two terminals were labeled with fluorescent moiety and 
corresponding quenching moiety, is cut, leading to the re-appearance of fluorescence 
signals.

Fluorescent Assays to Test the Assembly of Detection Probe and Feasibility of CHA 
Process

The assembly of the detection probe is crucial for the specific target recognition and inducing 
the CHA process. Thus, we firstly tested the assembly of the detection probe via a fluorescent 
assay. In this fluorescent assay, FAM moiety and BHQ were labeled on the 3’ terminal of 
Chain i and the 5’ terminal of Chain ii. Before assembly, the FAM signal was high, which 
would decrease after the assembly of detection probe because the FAM signal was quenched 
by BHQ, indicating the successful assembly of detection probe (Fig. 2A). To investigate the 
CHA process, FAM and BHQ are labeled on the terminal of Chain i and Chain ii as illustrated 
in Fig.  2B. In the present of target miRNA, the recorded fluorescence intensity increased, 
implying that the hairpin structure of Chain ii was unfold. Upon the addition of H2 probe, 
the fluorescence signals elevated significantly, suggesting the formation of a signal recycle 
(Fig. 2C) and performance of the CHA process.

Fig. 3  Feasibility of the approach when essential experimental components existed or not. A Fluorescent 
intensities of the reporter probe (100 nM) with different incubation time. B Fluorescent spectrum of the 
whole sensing system when T4 DNA ligase, phi29 enzyme, and Cas12a enzyme were exited or not
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Feasibility of the Whole Sensing System

The trans-cleavage activity of Cas12a enzyme was analyzed quantitatively using a fluo-
rescent assay in order to determine the cleavage efficiency of Cas12 enzyme. The trans-
cleavage activity of Cas12a enzyme is successfully activated in a time-dependent manner, 
as shown in Fig.  3A, where the recorded fluorescent signal at 10  min was significantly 
higher than that in the control group and steadily increased with the increase of incubation 
time. The detection performance of the established technique was then examined in both 
the presence and absence of numerous crucial experimental components. T4 DNA ligase 
and the phi29 enzyme helped the RCA process, which produced a significant amount of 
ssDNA and caused the Cas12a enzyme to engage in trans-cleavage activity. As a result, 
when T4 DNA ligase and phi29 enzyme were absent in this system, the observed fluores-
cence intensity at 520 nm in the spectrum was low. The Cas12 enzyme controls the sig-
nal generation in the meanwhile. The result in Fig. 3B demonstrate that when the Cas12a 

Fig. 4  Optimization of experimental parameters. Fluorescence intensities of the approach with differ-
ent concentration ratio between T4 DNA ligase and phi29 enzyme (A), different concentration of Cas12a 
enzyme (B), different concentration of H2 probe (C), and different incubation time (D). P < 0.05 (***)
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enzyme was absent in this system, the fluorescence intensities at 520 nm in the recorded 
spectrum were low. A significantly increased fluorescence intensity was only seen when all 
the necessary experimental components were present in the system, indicating the feasibil-
ity of the approach.

Optimization of Experimental Conditions

The ratio of T4 DNA ligase to phi29 enzyme concentration, the amount of Cas12a enzyme, 
the concentration of H2 probe, and the incubation duration was all modified in order to 
improve the detection performance. The concentration ratios between T4 DNA ligase and 
phi29 enzyme were tuned with constant 1U/L T4 DNA ligase. When the concentration ratio 
was between 0.5:1 and 2:1, the result in Fig. 4A indicates a steadily increasing fluorescence 

Fig. 5  Analytical performance of the established approach. A Fluorescence spectrum of the approach when 
detecting different concentrations of miRNA-21. B Correlation equation between the recorded fluorescence 
intensities and the concentrations of target. C Fluorescence intensities of the approach when detecting dif-
ferent miRNAs. P < 0.05 (***)
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signal, and no additional increments are seen with a higher concentration ratio. Thus, 2: 1 
was chosen for the ensuing studies. The amount of Cas12a enzyme is significant for cutting 
the reporter probe and generating fluorescent signals. As shown in Fig. 4B, the highest flo-
rescence value is obtained at the Cas12a concentration of 2 U/L, which was therefore used 
as the optimal concentration in the following experiments. Another significant element that 
influences the CHA process of the sensing system is the H2 probe concentration. The H2 
probe cannot successfully substitute miRNA to start the entire CHA when its concentra-
tion is too low. It will, however, also produce a significant background fluorescence signal 
if its concentration is too high. As seen in Fig. 4C, the fluorescence intensity increases as 
the concentration of the H2 probe increases and decreased with more H2 probe. The H2 
probe’s concentration was 0.4 μM, at which point the fluorescence intensity peaked. As a 
result, 0.4 μM was chosen as the ideal concentration. Additionally, the incubation time has 
a direct impact on the sensing system’s analytical capabilities. The fluorescence signal of 
the approach progressively rises as the incubation time ranged from 10 to 60 min, as shown 
in Fig. 4D, and no overt fluorescence rise is noticed. Hence, 60 min was determined to be 
the ideal duration.

Analytical Performance of the Established Approach

The analytical performance of the established approach for the detection of miRNA-21 in 
a series of buffer samples was verified under the obtained optimized experimental param-
eters. As shown in Fig. 5A, the recorded fluorescence signals elevated with the concentra-
tion of miRNA-21 increase from 100 aM to 100 pM. A good linear relationship between 
obtained fluorescence intensities and the logarithm of miRNA-21 concentration is shown in 
Fig. 5B. The regression equation was Y = 152.5969lgC + 1060.1388 (R2 = 0.9968), where Y 
is the measured fluorescence intensity value and C is the concentration of miRNA-21. The 
proposed approach is one of the most sensitive miRNA sensing systems when compared 
to many existing techniques, with a limit of detection (LOD) of 27 aM. Accurate analysis 

Fig. 6  Correlation between the 
calculated miRNA concentra-
tions by the proposed approach 
and by RT-PCR



3123Applied Biochemistry and Biotechnology (2024) 196:3115–3125 

1 3

of target miRNA is also a great challenge due to the high similarity between family mem-
bers. To investigate the selectivity of the established approach, two interfering miRNAs 
(let-7b, miRNA-155) and two synthesized miRNAs that have one or two bases mismatched 
with miRNA-21 (mis-1 and mis-2) at the same concentration were analyzed. The result 
in Fig. 5C shows that the samples containing target miRNA exhibited the highest fluores-
cent response. The fluorescence signals produced by the interfering miRNAs were approxi-
mately 19% and 15% of those produced from the target, respectively. In addition, the fluo-
rescence responses of mismatched sequences were 34% and 22% of those produced from 
the target. The above results demonstrated the high selectivity of the proposed approach.

Analysis of Human Serum Samples

To test the feasibility of the established approach in analyzing target miRNA from clini-
cal samples, the synthesized miRNA-21 was diluted to different concentrations by the 
commercial serum solutions to prepare samples. The method and RT-PCR method were 
exploited to detection miRNA-21 in the prepared samples. The result in Fig.  6 shows a 
high correlation between the calculated miRNA concentrations by the proposed method 
and by RT-PCR indicating that the sensing system maintained its specific molecular recog-
nition ability for the target gene even in real human serum.

Conclusion

We depict here a novel and sensitive biosensor for the amplified fluorescent detection 
of miRNA-21 by integrating three-way junction-assisted RCA and trans-cleavage of 
Cas12a. Based on the CHA, RCA, and attached signal amplification via the trans-cleav-
age activity of Cas12a enzyme, the method exhibited a wider detection range of six 
orders of magnitude and a LOD as low as 27 aM. The recorded fluorescence intensity of 
the approach possessed a good linear relation with the logarithm of the target concentra-
tion. Additionally, the detection results from clinical samples by the method were also 
highly consistent with that detected by RT-PCR. Due to its high sensitivity and selec-
tivity, we believe this biosensor has a great deal of potential for routine monitoring of 
target genes of interest in a variety of domains, such as clinical diagnosis and biological 
research.
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