
Vol.:(0123456789)

Applied Biochemistry and Biotechnology
https://doi.org/10.1007/s12010-024-05022-1

ORIGINAL ARTICLE

Integration of RCA‑Based DNA Nanoscaffold with Target 
Triggered RNA‑Cleaving DNAzyme for Sensitive Detection 
of miRNA21

Yuan Li1 · Xuefei Lv1 · Hao Jiang1 · Xiaoqiong Li1 · Yulin Deng1

Accepted: 23 July 2024 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract
Cascaded amplification showed promising potential for detection of trace target miRNAs 
in molecular diagnosis and prevention of many diseases. In this study, miRNA21 was cho-
sen as the target, and rolling circle amplification (RCA)-based DNA nanoscaffold was inte-
grated with target triggered RNA-cleaving DNAzyme for sensitive detection of miRNA21. 
That is, the H1 probe was bound with the long-chain product of RCA to self-assemble 
into DNA nanoscaffold. Target miRNA21 triggered the hybridization chain reaction (HCR) 
located on the nanoscaffold, and led to rapid proximity of DNAzyme fragments modified 
at both ends of the H2 probe, which realized the cyclic cleavage of self-quenching sub-
strate probe efficiently, and the fluorescence signal was restored. The results demonstrated 
that the proposed assay was sensitive, 0.76  pM of miRNA21 can be detected. The pro-
posed assay was specific; only one-base mismatched miRNA21 can be effectively recog-
nized, other nucleic acid sequence and the serum matrix did not cause any interference. 
The proposed assay was accurate; recoveries from 82.1 to 115.0% can be obtained in the 
spiked fetal bovine serum (FBS). The flexible and programmable characteristics of DNA 
nanoscaffold and DNAzyme provide a confident and robust strategy for more sensitive 
nucleic acid detection, and can be developed to be a universal sensing platform for detect-
ing other miRNAs just needing modification on the corresponding sequence of H1 probe 
in HCR.

Keywords MiRNA · DNA nanoscaffold · DNAzyme · Isothermal cascaded amplification · 
RCA  · HCR · Sensitive detection

Introduction

MiRNAs have been widely found in various animal and plant cells, and play a key role 
in various biological activities, for example, proliferation, differentiation, and apoptosis 
[1–3]. It has been demonstrated that thousands of miRNAs regulated gene expression at 
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the post-transcriptional level. MiRNA participates in various regulatory pathways such as 
hematopoiesis and lipid metabolism [4, 5], and is closely related to the diagnosis, treat-
ment, and prognosis of various tumor diseases, hematopoietic damage, and other medical 
diseases [6, 7]. It has become a new and highly promising biomarker for disease diagnosis 
[8, 9]. Thus, more and more attention has been paid to developing various methods for 
miRNA detection.

Polymerase chain reaction (PCR) and its derivative technology digital PCR (dPCR) 
have high sensitivity and accuracy for miRNA detection, but they require tedious cDNA 
synthesis and primer design [10–12]. With in-depth development of a series of nucleic acid 
isothermal amplification techniques, revolutionary changes have been made in the field of 
nucleic acid detection dominated by PCR. Compared with PCR, isothermal amplification 
techniques significantly improved detection speed, reduced reagent cost, avoided precise 
instruments, and realized exponential amplification with a simple constant temperature 
incubation equipment [13–15].

The isothermal amplification techniques can be mainly divided into enzyme-mediated 
and enzyme-free isothermal amplification techniques. Rolling circle amplification (RCA) is 
a representative enzyme-mediated nucleic acid isothermal amplification technique, which 
is established based on the rolling circle replication in nature. Complete complementarity 
between the probe and the primer is necessary for RCA, which produces high specificity 
and can even identify single base alteration [16]. However, RCA commonly uses the tar-
get as a primer, which somewhat hampers the development of its sensitivity [17]. Hybrid 
chain reaction (HCR) is a representative enzyme-free isothermal amplification technique, 
which possesses good environmental adaptability and easy operation [18], and have been 
widely used in miRNA amplification and detection [19]. Unfortunately, HCR is a chemical 
equilibrium-based amplification method; its efficiency is still unsatisfactory compared with 
that of enzyme-based amplification techniques.

In order to satisfy the requirement for trace contents of target nucleic acid detection, 
several isothermal amplification techniques were cascaded by using the product of the 
previous round of amplification as the trigger for the subsequent round of amplification 
to further improve the sensitivity and efficiency. For example, RCA was cascaded with 
loop-mediated isothermal amplification (LAMP) to detect miRNA let 7a with the detec-
tion limit as low as 0.12  fM [20]. Catalytic hairpin assembly reaction (CHA) was com-
bined with HCR for miRNA-21 detection, and boost sensitivity in comparison to a single 
amplification by 5 orders of magnitude was realized [21]. However, some problems are still 
remained to be solved in cascaded isothermal amplification techniques, for example, the 
number of levels affects the amounts of amplification products accumulating in each layer, 
and the coexistence of multiple probes in solution might cause instability. Therefore, it is 
urgent to develop new cascade amplification technique-based universal methods for simple, 
specific, accurate, and sensitive miRNA detection.

As for detecting the amplified products of cascaded amplification techniques, a variety 
of methods have been developed, including electrochemical [22, 23], colorimetric [24], and 
fluorescent methods [25], and so on. In recent years, more attention has been paid to DNA-
zyme, which can be functioned as a tool for fluorescence signal generation. DNAzyme is 
fundamentally a nucleic acid and is stable and easy to be synthesized under a variety of 
environmental conditions. It performs the function of catalyzing the chemical processes of 
DNA breakage and oxidation [26]. More importantly, the sequence of DNAzyme can be 
designed and altered as necessary to match with various detection targets [27]. Until now, a 
variety of DNAzyme-based biosensor have been developed for the detection of small mol-
ecules [28, 29], proteins [30, 31], and viruses [32, 33]. It is certain that DNAzyme coupled 
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with cascaded amplification technique can play an important role in enhancing the detec-
tion performance.

In this study, miRNA 21 was chosen as the target. Most of the available evidence shows 
that the expression of miRNA 21 is maintained through transcriptional and post transcrip-
tional regulation, thus participating in the pathogenesis of diseases [34]. miRNA21 also 
appears to be regulated in the expression of various cancer genes, such as breast cancer 
[35] and liver cancer [36], and it is considered to be an anti-apoptotic factor for cancer gene 
expression. Until now, various methods based on isothermal amplification techniques have 
been developed for miRNA 21 detection. For example, Wang et al. developed a detection 
platform for miRNA21 based on hyperbranching chain reaction with the detection limit of 
2.14 pM [37]. MiRNA21 was also detected by integration CHA with HCR with a detec-
tion limit of 4 pM, and the reaction time was 5 h [38]. It can be found that there is still 
room for improvement in the probe design, the experimental operation, and the detection 
sensitivity. This study aims to develop a cascaded amplification technique-based platform 
for miRNA21 detection with high sensitivity, high accuracy, and high specificity, without 
complex probes design and complex experimental operations. In this strategy, the ampli-
fied product of RCA was used as the DNA nanoscaffold, HCR-formed complete DNA-
zyme was used for signal generation. In the presence of miRNA21, the self-assembled H1 
for HCR on RCA formed nanoscaffold was opened, and then H2 probes for HCR can be 
swiftly opened to form whole DNAzyme structure. By cleaving the fluorescence quenched 
substrate probe, the fluorescence signal can be restored, and miRNA 21 can be sensitively 
detected. In the proposed assay, the RCA-based DNA nanoscaffold can be prepared in 
advance to save reaction time, and simple modification on the corresponding sequence of 
H1 probe in HCR can realize the detection of other miRNA targets without changing RCA 
nanoscaffold and DNAzyme sequence.

Materials and Method

Reagents and Materials

All the DNA sequences used in this study (Table 1) were synthesized by Sangon Biotech 
(Shanghai) Co., Ltd. (Shanghai, China). SplintR Ligase, phi29 DNA polymerase, and cor-
responding buffer were bought from New England Biolabs (Beijing, China). dNTPs were 
bought from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China). HEPES 
powder was purchased from Sigma-Aldrich (Shanghai, China). Unless otherwise indicated, 
all other chemical reagents were purchased from Sinopharm Chemical Reagent Co. Ltd. 
(Beijing, China). Solutions used in all experiments were obtained from ultra-pure water 
purified with a Milli-Q Water Purification System purchased from Merck Millipore (Bill-
erica, MA, USA).

Construction of RCA‑Based DNA Nanoscaffolds

The total RCA system was 10 μL included 0.2 μM lock probe and primer, 300 μM dNTP, 
1.5 U SplintR ligase, 0.4 U phi29 DNA polymerase, and 0.5 μL of corresponding buffer, and 
the rest was supplemented with TE buffer. The reaction system was incubated at 37 °C for 1 h 
and then deactivated at 65 °C for 20 min. Two microliters (μL) of 10 μM of H1 probe was 
then added to the 10 μL of 20-fold diluted RCA product and was kept at room temperature 
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for 30 min. H1 probe was then fixed with the long ssDNA produced by RCA to form DNA 
nanoscaffolds. The finished product was kept at 4 °C for further use.

Target Triggered RNA‑cleaving DNAzyme Reaction

To initiate the subsequent HCR reaction, 2 μL of a specific concentration of target miRNA21, 
2 μL of 10 μM H2 probe, and 2 μL of 10 μM substrate probe were introduced to the previously 
constructed RCA-based DNA nanoscaffold. After a successful reaction, DNAzyme fragments 
modified at both ends of H2 formed a complete structure of DNAzyme, and cleaved the flu-
orescence-quenched substrate probe, which contained ribonucleobase (rA) and was labeled 
with the fluorophore/black hole quencher (FAM/BHQ-1) at the 5′ and 3′ end, respectively. The 
finished reaction system was filled with HEPES buffer (1 M NaCl, 20 mM  MgCl2, pH 7.4) to 
a final volume of 100 μL, and was transferred to a 96-well plate with a black translucent bot-
tom for fluorescence intensity analysis (λex = 480 nm, λem = 520 nm) by multi-mode micro-
plate readers (Cytation 3) (BioTek Instruments, Inc, Winooski, USA).

Data Analysis

Data analysis was performed using GraphPad software, and the results were reported as 
mean ± standard deviation (SD) from three separate experiments.

Table 1  DNA sequences used in this study

Probe Target sequence (5′-3′)

MiRNA21 UAG CUU AUC AGA CUG AUG UUGA [39]
H1 ATC AGA CTG ATG TTG AAC TGA CTC AAC ATC AGT CTG ATA AGC TAA AAA AAA 

ACT CAT ACC ATAT 
H2 TCA TTC AGC GAT CCA AGT CAG TTC AAC ATC AGT CTG ATT AGC TTA TCA GAC TGA 

TGT TGA TTG GCA CCC ATG TAC AGT C
Padlock Probe P’ACC TCA TCT CTC ATA CCA TAT AAA TGC GCT AGG TAT ATA ACC TCA TAC CAT ATT 

ATA CAA CCT ACT 
Primer AGA TGA GGT AGT AGG TTG TATA 
Substrate Probe FAM-TGA CTG  TTrAGG AAT GAC-BHQ1 [38]
MiRNA Let7a UGA GGU AGU AGG UUG UAU AGUU [39]
MiRNA133a AGC UGG UAA AAU GGA ACC AAAU [40]
MiRNA155 UUA AUG CUA AUC GUG AUA GGGGU [40]
One base-

mismatched 
MiRNA21

UAG CUU AUC AGA CUG AUG UUCA [39]
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Results and Discussion

Principle of RCA‑Based DNA Nanoscaffold Integrated with Target Triggered 
RNA‑Cleaving DNAzyme Assay

The principle of RCA-based DNA nanoscaffold integrated with target triggered RNA-
cleaving DNAzyme assay for sensitive detection of miRNA21 was shown in Fig. 1. Firstly, 
a long strand of ssDNA with hundreds or thousands of repeat units is formed by RCA reac-
tion, and a sequence complementary to the end of H1 stem is designed at one end of the 
padlock probe. Then, H1 probe was added to bind with RCA products and DNA nanoscaf-
fold was formed. More importantly, RCA-based DNA nanostructures can be prepared and 
stored in advance for further use.

In the presence of target miRNA, it hybridizes with the 3′ end of H1 probe, opens its 
original stem-loop structure, and exposes the sticky end. The exposed sticky end of H1 
probe in turn hybridizes with the 3′ end of H2 probe and opens the stem-loop structure. 
After cycles of repeated ring-opening and hybridization, a large number of H1 and H2 
probes alternately bind and extend into linear double-stranded DNA products. The process 
will lead to the rapid proximity of DNAzyme fragments modified at both ends of H2 probe 
to form a complete structure of DNAzyme. The formed intact DNAzyme captures fluoro-
phore/black hole quencher (FAM/BHQ-1) labeled self-quenched substrate probe, cleaves 

Fig. 1  The principle diagram of RCA-based DNA nanoscaffold integrated with target triggered RNA-cleav-
ing DNAzyme assay
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its central adenine ribonucleotide (rA), and the fluorescence is restored. By measuring the 
restored fluorescence intensity, target miRNA concentration can be sensitively detected. 
The proposed assay can realize the detection of other miRNA targets just needing modi-
fication on the corresponding sequence of H1 probe in HCR without any change on DNA 
nanoscaffold and DNAzyme sequence.

Optimization of Experimental Conditions

More and more experimental factor model designs have been developed, such as Box-
Behnken Design (BBD) [39], Full Factorial Design (FFD) [40], Central Composite Design 
(CCD) [41], etc. Among them, CCD can evaluate the effects of individual factor and their 
interactions, reducing the numbers of tests. Thus, a single factor optimization strategy was 
adopted in the present study to optimize some important influencing factors on the con-
struction of RCA-based DNA nanoscaffold and target triggered RNA-cleaving DNAzyme.

Optimization of the Conditions for RCA‑Based DNA Nanoscaffold Formation

Previous studies showed that both the length and concentration of RCA products had a 
certain dependence on the reaction time [42, 43], thus the effect of RCA reaction time 
was evaluated. As shown in Fig.  2A, with the reaction time prolonging from 0.5 to1  h, 
the fluorescence intensity was enhanced. After this time point, the signal began to gradu-
ally weaken. One reason for this phenomenon might be that when the RCA product chain 
reaches a certain length, continued extension will increase the probability of arbitrary 
binding of H1 probe with RCA products, which is not conducive to the tight and orderly 
hybridization of H1 probe with H2 probe in HCR reaction, reduces the reaction efficiency, 
and finally weakens the fluorescence intensity. Another possible reason might be that with 
the reaction time increasing, the longer RCA product will self-assemble to form a certain 
adhesion structure [44, 45], which will sterically block the DNAzyme arranged on the 
upper edge of the formed DNA nanoscaffold, affects the cleavage efficiency of DNAzyme, 
and finally weakens the fluorescence intensity. Thus, 1 h was chosen as the optimal time for 
RCA reaction.

As previously mentioned, the RCA product contains hundreds or thousands of bind-
ing sites to H1 probe. If the amount of H1 probes is insufficient, continuing to open the 
structure of H1 probes by H2 probes is likely to be blocked. However, too many H1 probes 
may be free in solution and compete for H2 probes to undergo HCR reaction. Thus, the 
optimal ratio of the padlocked probe to H1 probe was needed to be investigated. The results 
were shown in Fig. 2B. With the ratio of padlock probe to H1 probe decreasing from 1:10 
to 1:1000, the fluorescence intensity of the assay showed a tendency of increase and then 
decrease, and at the ration of 1:200, the highest fluorescence intensity can be obtained. 
Thus, 1:200 was chosen as the optimal ratio of padlock probe to H1 probe in the following 
experiment.

In addition, the ratio of H1 to H2 probe in HCR reaction was also optimized considering 
the signal output through the DNAzyme fragment at both ends of the adjacent H2 probe. 
From the results shown in Fig. 2C, it can be found that with the increase of the ratio of 
H1 probe to H2 probe from 1:1 to 4:1, the obtained fluorescence intensity was decreased. 
Thus, 1:1 was chosen as the optimal ratio of H1 probe to H2 probe, and was used in the fol-
lowing experiment.
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Optimization of the Conditions for Target Triggered RNA‑Cleaving DNAzyme

The factors that might affect the cleavage rate of DNAzymes were optimized herein, 
including the reaction temperature, cleavage time, substrate probe concentration, and mag-
nesium ion  (Mg2+) concentration.

The effect of a series of temperature gradients from 15 to 50 °C on the detection was 
investigated, and the result was shown in Fig.  3A. It showed that with the temperature 
increasing from 15 to 25  °C, the fluorescence intensity was enhanced, which indicated 
that the hydrolysis rate of RNA phosphodiester bond by DNAzyme was accelerated. How-
ever, when the temperatures were higher than 25 °C, the obtained fluorescence intensity 
showed a decreasing tendency, indicating the reaction efficiency of DNAzyme was weak-
ened. As we know, RNA cleaving DNAzyme is able to catalyze the deprotonation of 2′-OH 
(hydroxyl group at position 2 C) on ribose in the presence of metal ions, producing oxygen-
ated anions, which in turn react with adjacent phosphate groups, resulting in phosphodies-
ter bond hydrolysis of the RNA substrate, producing 2′, 3′ -cyclic phosphate and 5′ -OH 
groups, achieving the cleavage of the RNA substrate [46–48]. Although higher temperature 

Fig. 2  Optimization of the conditions for RCA-based DNA nanoscaffold formation. A The effect of RCA 
reaction time on fluorescence signal intensity. B The effect of the ratio of padlock probe and H1 probe on 
fluorescence signal intensity. C The effect of the ratio of H1 probe and H2 probe on fluorescence signal 
intensity. Target miRNA21 concentration was 50 pM
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can promote the collision frequency between molecules, the increased rate of phosphodi-
ester hydrolysis counteracts the increased rate, thus affecting the cleavage efficiency of the 
overall reaction. Thus, 25 °C was chosen as the optimal reaction temperature, which was 
also a typical reaction temperature for HCR reaction [49–51].

The efficiency of DNAzymes is highly dependent on the cleavage time [38, 52, 53], 
so the effect of reaction time was investigated, and the results were shown in Fig. 3B. It 
can be seen that with the prolonging of the reaction time, the obtained fluorescence signal 
intensity showed an increasing tendency, but before 3 h, the increase level was faster, and 
after this time point, the increase level was tended to be slower. In order to save the whole 
reaction time, 3 h was chosen as the suitable reaction time for DNAzymes cleavage. The 
sensitivity and specificity of the proposed assay were partially guaranteed by the entire 
assembly of DNAzyme fragments and their cleavage activity. However, it might be noted 
that direct cleavage of self-assembly DNAzyme fragments sacrifices some reaction time 
when compared to the intact DNAzyme to some extent [52–54].

The concentration of the substrate probes was also optimized. As shown in Fig.  3C, 
with the increasing of the substrate probe concentration from 0.1 to 0.4 μM, the fluores-
cence intensity of the proposed assay was enhanced, but when the concentration was higher 

Fig. 3  Optimization of the conditions for target triggered RNA-cleaving DNAzyme activity. A The effect of 
reaction temperature on the activity of the formed RNA-cleaving DNAzyme. B The effect of reaction time 
on the activity of the formed RNA-cleaving DNAzyme. C The effect of substrate probe concentration on 
the activity of the formed RNA-cleaving DNAzyme. D The effect of  Mg2+ concentration on the activity of 
the formed RNA-cleaving DNAzyme. Target miRNA21 concentration was 50 pM
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than 0.4  μM, the fluorescence intensity decreased. The phenomenon might indicate that 
increasing the substrate probe concentration will allow DNAzyme to fully exhibit its cleav-
ing activity and increase fluorescence signals; however, after reaching to a certain level, it 
will increase the background noise and reduce the signal-to-noise ratio. Thus, 0.4 μM was 
selected as the optimal substrate probe concentration.

Almost all the currently known DNAzymes rely on metal ions for cleavage [38, 55, 56]. 
 Mg2+ are able to form metal ion-nucleic acid complex coordination structures with specific 
residues in the active site of the enzyme, such as acidic residues, thereby stabilizing the 
conformation of the enzyme and participating in intermediate steps of the catalytic reaction 
[57, 58]. Thus, the effect of different concentrations of  Mg2+ on the cleavage of DNAzyme 
was investigated herein (Fig.  3D). The obtained results showed that with an increase of 
 Mg2+ concentration from 0 to 50 mM, the fluorescence signal intensity showed a tendency 
of increase and then decrease, and the highest fluorescence intensity was obtained at  Mg2+ 
concentration of 10 mM. In the presence of  Mg2+ concentration higher than 10 mM, the 
fluorescence intensity decreased rapidly. The results indicated that too high concentrations 
of  Mg2+ may interact with the negative charge in the structure of DNAzyme, resulting in 
the conformational changes or instability of DNAzyme, thereby weakening the binding to 
the substrate probe, and further reducing the catalytic activity. Thus, 10 mM was selected 
as the optimal  Mg2+ concentration.

Analytical Performance of RCA‑Based DNA Nanoscaffold Integrated with Target 
Triggered RNA‑Cleaving DNAzyme Assay

Sensitivity of the Proposed Assay

Under the optimized experimental conditions, a gradient concentration of miRNA21 (1 pM 
to 100 pM) was detected by the proposed assay. The results shown in Fig. 4 indicated that 
with the increase of miRNA21 concentration, the intensity of fluorescence signal was 
enhanced, and a good linear relationship of y = 2055x + 1691  (R2 = 0.9589) can be obtained 
between the fluorescence intensity and the logarithm of miRNA21 concentration ranging 
from 1 to 100 pM. According to the principle of 3σ, the detection limit was calculated to be 
0.76 pM. The sensitivity of the proposed assay herein was super or comparable with that of 
other cascading methods as shown in Table 2.

Fig. 4  The linear relation-
ship between the fluorescence 
intensity and the logarithm of 
miRNA21 concentration
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Specificity of the Proposed Assay

In order to evaluate the specificity of the proposed assay, miRNA21, miRNA21 mis-
matched one base, miRNAlet-7a, miRNA133a, and miRNA155 at the concentration of 
50 pM were used as targets for detection. The results shown in Fig. 5 indicated the fluo-
rescence intensity of miRNA21 was high, but the fluorescence intensity of miRNAlet-7a, 

Table 2  Comparison of the analytical performance of different cascading amplification methods

Methodology Target Signal LOD Time Reference

HCR-CHA Standard DNA Fluorescence 5 pM 16 h [59]
CHA-HCR-DNAzyme miRNA 21 Fluorescence 5 pM 4 h [60]
CHA-RCD mRNA Fluorescence 9 pM 8 h [61]
RCA-DNAzyme miRNA 21 Fluorescence 4 pM 6 h [62]
HCR-PMD miRNA let-7a Electrochemistry 1 pM 2 h [63]
HCR-DNAzyme HIV Fluorescence 0.5 nM 80 min [64]
CHA-HCR Standard DNA Fluorescence 5 pM 3.5 h [65]
Cas13a-RCA EV miRNA Fluorescence 90 fM 3 h [66]
RCA-based DNA 

Nanoscaffold and 
DNAzyme

miRNA 21 Fluorescence 0.76 pM 4 h This work

Fig. 5  Specificity evaluation of 
the proposed assay by detecting 
different miRNA
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miRNA133a, miRNA155, and miRNA21 mismatched one base was very low, and was 
almost similar with that of the blank group. In addition, the mixture of miRNA21 and 
miRNA133a was also detected; the result showed that the fluorescence signal intensity 
of the mixture was almost equal to that of miRNA21 separately. All the obtained results 
demonstrated that the proposed assay based on RCA-based DNA nanoscaffold and target 
triggered DNAzyme was specific for miRNA21. The detection was not interfered by other 
nucleic acid sequences, and only one-base mismatched miRNA21 can also be effectively 
recognized.

Accuracy of the Proposed Assay

In order to evaluate the accuracy of the proposed assay, low (1  pM), medium (50  pM), 
and high concentration (100 pM) of miRNA21 were spiked in 20-fold diluted fetal bovine 
serum (FBS) and were detected. The recovery was calculated according to the found and 
the spiked concentration of miRNA21. The results were shown in Table 3. It can be found 
that the recoveries were ranged from 82.1 to 115.0%, and the coefficient of variation (CV) 
of intra-assay and inter-assay were ranged from 9.6 to 12.4% and 11.2 to 15.6%, respec-
tively. All the results demonstrated that the proposed assay was accurate and precise. It 
further indicated the proposed assay was specific, and the serum matrix did not cause any 
interference for the detection. The proposed assay was suitable for sensitive miRNA 21 
detection in serum.

Conclusions

Integration of RCA-based DNA nanoscaffold with target triggered RNA-cleaving DNA-
zyme, an assay for simple, specific, sensitive, accurate, and precise detection of miRNA21 
was developed in the present study. Under the optimal conditions, 0.76 pM of miRNA21 
can be detected, and only one-base mismatched miRNA21 can be effectively recognized. 
Other non-target miRNA and serum matrix did not cause any interference for miRNA21 
detection.

Compared with other cascaded isothermal amplification techniques, RCA products were 
used as the DNA nanoscaffold, the immobilization of H1 probes on the RCA scaffold can 
increase the local concentration and significantly improve the reaction efficiency, while 
DNAzyme can cycle to produce a fluorescence signal under stable conditions. In addition, 
the proposed assay can realize the detection of other miRNA targets without changing the 
RCA nanoscaffold and DNAzyme sequence, just needing modification on the correspond-
ing sequence of H1 probe in HCR. Moreover, in practical application, the RCA-based DNA 
nanoscaffold can be prepared in advance and stored for further use; once target miRNA, 
H2 probe, and substrate probe were added simultaneously, the HCR reaction on the 

Table 3  The precision and 
accuracy of the proposed assay 
for detection of miRNA 21 
spiked in fetal bovine serum

No Spiked (pM) Found (pM) Recovery (%) CV intra-
assay 
(%)

CV inter-
assay 
(%)

1 1 0.8 82.1 10.5 14.7
2 50 57.5 115.0 9.6 11.2
3 100 111.2 111.2 12.4 15.6
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nanoscaffold will be triggered, which was convenient for rapid detection without complex 
operation. The integration of RCA-based DNA nanoscaffold with target triggered RNA-
cleaving DNAzyme provides new ideas for more sensitive nucleic acid detection based on 
isothermal amplification techniques, which will play a vital role in clinical diagnosis.
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