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Abstract 

It is essential to establish simple, sensitive and accurate quantitative approaches for microRNAs (miRNAs) identifi-
cation due to its crucial roles in a variety of physiological and pathological processes. Herein, we propose a novel 
RCA-based colorimetric method for sensitive and reliable miRNA analysis. In this approach, cyclization of the padlock 
sequence by miRNA-21 initiates the RCA to produce numerous G-rich sequences. The generated G-rich sequences 
fold to G-quadruplex DNAzyme that is capable of catalyzing cysteine to cystine which could mediate the gold 
nanoparticle-based color reaction, outputting results that can be observed directly by naked eyes. Based on this, the 
approach exhibits a wide detection range with a low limit of detection of 4 fM. In addition, the dual target recognition 
endows the method a greatly improved selectivity.
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Introduction
MicroRNAs (miRNAs), a group of highly conserved 
single-stranded nucleotides that have evolved over time, 
are involved in a variety of physiological and pathological 
processes, including cell development, growth, and death 
(Diener et al. 2022; Mishra et al. 2016; Saliminejad et al. 
2019). Recent research has demonstrated that altered 
miRNA expression has a role in the development of acute 
pancreatitis (AP) (Daoud et al. 2019; Ge et al. 2022; Wang 
et  al. 2019). Indeed, it has been discovered that a num-
ber of miRNAs are dysregulated in a variety of cell types 
involved in AP and may serve as diagnostic biomarkers 
(Dey et al. 2021; Desai et al. 2021; Li et al. 2022). How-
ever, the characteristics of miRNAs, such as their short 
lengths, sensitivity to degradation, low quantity, and high 

sequence homology among family members, make it dif-
ficult to quantify miRNAs (Hua et  al. 2022). Therefore, 
it is essential to establish simple, sensitive and accurate 
quantitative approaches for miRNA identification.

Northern blotting (Martinho and Lopez-Gomollon 
2023; Zhang et  al. 2022), quantitative reverse-transcrip-
tion PCR (qRT-PCR) (Ban and Song 2022), and DNA 
microarray (Forte et  al. 2022) remain the conventional 
methods that are commonly used to detect miRNAs in 
clinical practices. These methods have the advantages of 
high sensitivity and less samples requirement. But each 
approach has its own inherent drawbacks, such as low 
throughput, difficult probe design, and high cost (Jet 
et  al. 2021). Strand-displacement amplification (SDA) 
(Wu et al. 2021), loop-mediated isothermal amplification 
(LAMP) (Gines et  al. 2020), rolling circle amplification 
(RCA) (Song et al. 2022; Xu et al. 2019), and ligase chain 
reaction (LCR) (Yan et al. 2022a) have all demonstrated 
excellent sensitivity and selectivity in the detection of 
miRNAs in recent years. Among them, the RCA method 
has attracted abundant attention due to its simple experi-
mental components, easy to operate characteristic, and 
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high amplifying efficiency. Based on this, various RCA-
based approaches have been proposed in recent years by 
integrating with different signal transducer. For exam-
ple, Ruixuan Wang et  al. developed a novel fluorescent 
method, termed RACE, for sensitive miRNA detection 
by combining the RCA with CRISPR-Cas9 system (Wang 
et  al. 2020). By employing the RCA method to produce 
long single-strand DNA sequence (ssDNA) and CRISPR-
Cas12a system for signal generation, a isothermal fluo-
rescent assay was developed and was successfully applied 
for miRNA detection with limit of detection (LOD) in 
fM level. However, these methods require cumbersome 
equipment to read the fluorescent signals, which is a 
huge challenge to be applied in resource-limited scenes. 
To avoid this limitation, colorimetric approaches have 
been developed for miRNA detection. In contrast to 
fluorescent assays, the results provided by colorimetric 
approaches could be directly observed by naked-eyes, 
greatly simplifying the result readout procedures (Hos-
seinzadeh et  al. 2020; Lan et  al. 2019). However, the 
RCA-based colorimetric approaches have the instinct 
drawbacks, including (i) the sensitivity need further 
improvement; (ii) the false of RCA to distinguish mis-
matched bases may lead to false-positive results. Exo-
nuclease, possessing the capability to specifically digest 
RNA sequences in DNA-RNA duplex (Yan et al. 2022b), 
inspired us to improve the RCA-based miRNA detection 
approaches.

Herein, we propose a novel RCA-based colorimet-
ric method for sensitive and reliable miRNA analysis. 
In this approach, target sequence cyclizes the padlock 
sequence to induce the RCA, in which process numerous 
G-rich sequences are produced. The generated G-rich 
sequences fold to G-quadruplex DNAzyme that is capa-
ble of catalyzing cysteine to cystine. Cystine mediates the 
gold nanoparticle (AuNPs)-based color reaction, output-
ting results that can be observed directly by naked eyes. 
By the elaborate design, the specificity of RCA is greatly 
improved due the dual recognition, including the cycli-
zation of padlock and exonuclease-I (Exo-I)/exonuclease-
III (Exo-III)-based digestion of target sequence. In all, 
the proposed approach exhibits a high sensitivity and 
selectivity to target miRNA detection, which would be a 
robust tool for clinical diagnosis.

Results and discussion
The working principle of the established RCA‑based 
colorimetric approach
The RCA-based colorimetric method’s basic concept 
is schematically given in Fig.  1. The RCA-based colori-
metric approach consists of two essential steps: the RCA 
reaction, also known as the target recognition-based liga-
tion initiated RCA reaction, and the cysteine catalytic 
oxidation-based color reaction. There are three main 
steps in the RCA reaction. The first is the target sequence 
(with miRNA-21 as an example) perfectly hybridizes with 

Fig. 1  The working mechanism of the established RCA-based approach
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the 5’ ends and 3’ ends of linear padlock probes, followed 
by their ligation and circularization by DNA ligase, which 
prevents mismatches (the first recognition). Secondly, 
exonuclease I (Exo-I) is added to the above-ligation mix-
ture to eliminate the unreacted padlock probes, and pre-
vent self-ligation amplification that may cause strong 
background signals in the following RCA amplification. 
Exonuclease III (it has characteristics similar to RNaseH) 
is employed to destroy miRNA, which is the second tar-
get recognition. The biotin-labeled capture probes serve 
as primers to start the RCA reaction. The RCA products 
are lengthy single-stranded DNAs (ssDNAs) with tandem 
reduplicated G-rich regions that are biotin labeled at the 
5′ terminus. This ssDNA product has been adhered to 
streptavidin-functionalized wells.

In the presence of hemin and K+, these G-quadruplex 
sequences in ssDNA products act as a G-quadruplex-
DNAzyme, accelerating the aerobic oxidation of cysteine 
to cystine and preventing Ag+ from binding to the 
C•G◦C triad, a crucial component of triplex DNA. On 
the contrary, Ag+ binds to C•G◦C triad that stabilizes 
the formation of triplex DNA between Oligo-1-modified 
AuNPs and Oligo-2, resulting in AuNP aggregation and a 
color change in the solution in a matter of minutes.

Proof‑of‑concept experiment of the RCA reaction and color 
reaction
In this approach, Exo-III is used to specifically remove 
the miRNA-21 in the cyclized padlock which constitute 
the second target recognition. To test the significant role 
of Exo-III in the RCA reaction, miRNA-21, which were 
labeled with FAM and BHQ at its two terminus, were uti-
lized. In the synthesized miRNA-21, FAM maintained a 
close distance with BHQ, and the signal were quenched 
by the BHQ. Upon the addition of Exo-III, miRNA-21 
sequences were digested, and FAM moiety was released 
to generate fluorescent signals (Fig.  2A). To investigate 
the synthesis of ssDNA product, a fluorescent assay was 
performed. In this assay, the biotin-labeled RCA prod-
uct was fixed on the surface of streptavidin-functional-
ized wells. To characterize the repeated G-rich sections, 
FAM-labeled C-rich probes were incubated with ssDNA 
RCA products which were fixed on the well (Fig.  2B). 
The result in Fig.  2C showed that the recorded fluores-
cent signals were low when T4 DNA ligase, primer, and 
phi29 polymerase absent in the RCA reaction. Only when 
all essential components were existed, a greatly elevated 
signal could be observed, indicating the successful per-
formance of RCA process and transcription of G-rich 
sections. The color reaction was demonstrated through 
recording the color change of the system.

The proof-of-concept experiment using UV–Vis 
absorption spectroscopy was carried out to examine 

the feasibility of this method. In the absence of target 
dsDNA, a surface plasmon resonance absorption peak 
for scattered Oligo-1-modified AuNPs at 525  nm was 
observed (Fig. 2D), and the solution color remained red 
(inset in Fig. 2D, image a). The absence of target dsDNA 
prevented AuNP assembly, which was attributed to Ag–S 
formation between Ag+ and cysteine, which prevented 
triplex DNA creation between Oligo-1 on AuNPs and 
Oligo-2. On the contrary, when target dsDNA was added, 
the absorbance at 525 nm dropped dramatically, accom-
panied by a color shift from red to blue.

Optimization of experimental conditions
The RCA reaction and a color reaction based on cysteine 
catalytic oxidation were used to construct the colori-
metric biosensor for miRNA-21 detection. Therefore, 
it was necessary to optimize the relevant factors that 
could impact the assay’s sensitivity, including the enzyme 
concentrations (T4 ligase, phi29 polymerase, Exo-I 
and Exo-III), K+, hemin, cysteine, and Ag+. The ratio of 
absorbance at 600 and 525 nm (A600/A525) was used to 
indicate the aggregation of AuNPs because the absorb-
ance of 525 nm steadily shifted and decreased along with 
the increase at 600 nm in the presence of target dsDNA. 
This method has the advantage of eliminating errors 
caused by variations in AuNPs concentration. From 
Fig. 3A, A600/A525 increased with the concentration of 
phi29 polymerase ranged from 0 to 1.5 U/L, reaching a 
plateau with more concentrations of phi29 enzyme. 1.5 
U/L of the phi29 polymerase was then employed in fol-
lowing experiments. Meanwhile, 1 U/L T4 DNA ligase, 1 
U/L Exo-I, and 0.5 U/L Exo-III were also determined to 
be used in the following experiments. In Fig. 3B, C, the 
effects of hemin and Ag+ were also examined. A600/A525 
increased as hemin and Ag+ concentrations rose, plateau-
ing at 2 μM and 15.0 μM, respectively. As a result, 2 μM 
and 60.0 mM were chosen as the ideal concentrations for 
Ag+ and hemin, respectively. The best K+ concentration 
was chosen to be 60.0  mM after further investigation 
revealed that A600/A525 increased as K+ concentration 
increased and reached a plateau at this level (Fig.  3C). 
The same method was also used to optimize other vari-
ables, including 16.0 M of cysteine (Fig. 3D).

Analytical performance of the RCA‑based colorimetric 
approach
After optimizing the experimental parameters, the per-
formance of the approach was investigated. The RCA-
based colorimetric method could clearly demonstrate 
color changes and absorbance responses to various con-
centrations of miRNA-21, as shown in Fig. 4A. Over an 
6-order-of-magnitude range from 10 fM to 1 nM, a linear 
association between A600/A525 values and logarithmic 
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concentrations of miRNA-21 was found. The limit of 
detection was calculated to be 4 fM using the linear cor-
relation equation Y = 0.1108*lgC + 0.1101 (Fig.  4B). The 
sensing platform provides highly specificity in addition 
to sensitivity. The miRNA-21 and its one-base (m1), 
two-base (m2), and three-base (m3) variants of the same 
concentration (100  pM) resulted in significantly differ-
ent A600/A525 values. The A600/A525 value achieved 
using 1 nM of m1 was equivalent to that obtained using 
10 fM of miRNA-21, while the value obtained using 1 nM 
of m2 was equivalent to that obtained using blank. There 
was no discernible A600/A525 value provided for the 
noncognate let-7a (Fig. 4C). To verify the applicability of 
the method to clinical sample analysis, artificial serum 

samples were created by diluting target miRNA into a 
commercially available serum solution. The correlation 
coefficient of 0.9943 in Additional file 1: Fig. S1 between 
the detection results and the initial quantities of miRNA-
21 indicates that the method is capable of detecting miR-
NAs from clinical samples.

Conclusion
Here, we present a quick and accurate colorimetric 
approach that relies on the aggregation of DNA-modified 
AuNPs brought on by G-quadruplex DNAzyme to detect 
miRNAs associated with acute pancreatitis. This platform 
has a solid linear relationship with the logarithmic con-
centrations of miRNA-21, possessing a record detection 

Fig. 2  Feasibility of the RCA reaction and color reaction. A fluorescence spectrum of the FAM-labeled miRNA when exonuclease-III (Exo-III) existed 
or not. B Schematic illustration of the fluorescent assay to test the RCA product. C FAM signals of the RCA product when primer, T4 DNA ligase, and 
phi29 enzyme were existed in the system or not. D Absorbance of the AuNPs before and after aggregation. Inserted is the color change of AuNPs, a, 
before aggregation; b, after aggregation
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limit of 4 fM using miRNA-21 as a model analyte. Addi-
tionally, the addition of RCA product changed the color 
of DNA-modified AuNPs probes into blue within 10 min, 
enabling quick and clear identification of miRNA-21. 
With respect to reaction time, sensitivity, and selectivity, 
this colorimetric platform exhibits potential for sensing 
miRNAs associated with acute pancreatitis.

Experimental section
Materials and apparatus
Additional file 1: Table S1 displays these sequences that 
are used in this approach, such as the probes and bio-
tin-labeled primer sequence. All oligonucleotides were 
purchased from Sangon Biotech Co., Ltd. (Shanghai, 
China). We bought phi29 DNA polymerase, dNTPs, 
T4 DNA ligase, Exonuclease I, and Exonuclease III 
from New England Biolabs Co., Ltd. (Beijing, China). 
Streptavidin, 96-well plates, biotin-secondary antibody, 

and AuNPs were obtained from Thermo scientific Co., 
Ltd (Beijing, China). All other chemicals were in ana-
lytical grade.

Preparation of plates
The 96-well plates were first filled with biotin-second-
ary antibody (0.25  g well1), which was then incubated 
for 3 h at 37 °C. After removing extra biotin-secondary 
antibody, washing buffer was used to wash the 96-well 
plates. To avoid non-specific adsorption, 200 μL of 0.5% 
skim milk (w/v) was added to the 96-well plates. The 
96-well plates were washed with washing buffer after 
being incubated at 37  °C for 1  h. The 96-well plates 
were then filled with 1 g of streptavidin and incubated 
at 37  °C for 1  h. The 96-well plates were then washed 
with washing buffer while being kept at 4  °C after any 
extra reagent was decanted.

Fig. 3  Optimization of experimental parameters. A600/A525 ratio of the approach with different concentrations of enzymes (A), hemin and Ag+ 
(B), K+ (C), cysteine (D)
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RCA reaction
The target sequence and the linear padlock probes were 
denatured at 95  °C for 5  min before being gradually 
cooled to room temperature. 1 U of T4 DNA ligase was 
then added after the mixture had been incubated at 50 °C 
for 60  min. For 60  min, the ligation mixture was incu-
bated at 30  °C. Then, each reaction received 1 L of an 
exonuclease mixture containing 1 U of exonuclease I and 
0.5 U of exonuclease III. The mixed solution underwent 
a 1-h incubation period at 37  °C, followed by a 15-min 
inactivation period at 95 °C. The above-mentioned prod-
ucts were then introduced to RCA reaction system along 
with 10 μL phi 29 DNA polymerase buffer, 1 mM biotin-
labeled primer, 1.5 U phi29 DNA polymerase, 1  mM 
dNTPs for 90  min and inactivated at 65  °C for 10  min. 
For additional examination, the end results—long, 

reduplicated single-strand DNA sequences—that had 
been biotin labeled at the 5′ terminus were employed.

Color reaction
The RCA product was heated for 10 min at 90 °C before 
being cooled off gradually to room temperature. After 
the appropriate amount of potassium acetate (KOAc) 
was added to the DNA solution at room temperature, the 
G-quadruplex structure was formed. In order to stabilize 
the hemin/G-quadruplex-based DNAzyme in Tris-OAc 
buffer (10 mM, pH 8.0), the G-quadruplex-based DNA-
zyme was incubated with hemin at room temperature 
for approximately 1 h. Then, the mixture was incubated 
with mild cysteine for 30  min. Afterward, the mixture 
were incubated for 10 min with 3.7 nM Oligo-1 modified 

Fig. 4  Detection performance of the established approach. A A600/A525 values of the approach when detecting different concentrations of 
miRNA-21. B Correlation between the calculated A600/A525 values and the concentrations of miRNA-21. C A600/A525 values of the approach 
when miRNA-21 and mismatched miRNAs
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AuNPs and a specific amount of Oligo-2. Using a UV–Vis 
spectrophotometer, the color absorption spectrum was 
estimated.
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The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40543-​023-​00390-5.

Additional file 1. Fig. S1. The correlation between the calculated miRNA-
21 concentration by the method and the initial concentration of miRNA-
21. Table S1. Sequences of oligonucleotides used in this research.
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