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Abstract

Aberrant expression of microRNAs (miRNAs) has been shown to be linked to several crucial biological processes,
including as carcinogenesis, metastasis, and progression. The advancement of innovative miRNA detection tech-
nologies can enhance the early detection of malignancies by merging with conventional diagnostic methods,

such as ultrasound technology. Herein, we reported a simple, sensitive, and label-free miRNA detection method

by integrating the proximity-catalytic hairpin assembly (proximity-CHA) and DNAzyme-assisted signal amplification.
Compared with traditional CHA, in which the signal amplification efficiency is greatly limited by the concentration

of hairpin probes, the proposed method possesses a greatly improved signal amplification efficiency. The target
facilitated the non-enzymatic CHA-driven sequential formation of DNAzyme nanostructures, resulting in the effective
DNAzyme-facilitated cleavage of a substrate modified with a fluorophore and quencher, leading to the production
of an intensified fluorescence signal. The proximity-CHA-DNAzyme system possesses appealing analytical characteris-
tics, making it highly promising for the analysis of many analytes in clinical research domains.
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Introduction

MicroRNAs (miRNAs) are short RNA molecules that
naturally occur in cells and consist of approximately
19-22 nucleotides. They play a role in regulating cell
proliferation, differentiation, and death (Ferragut Car-
doso et al. 2021; Ho et al. 2022; Saliminejad et al. 2019).
The advancement of molecular biology and other tech-
nologies has proven the correlation between abnor-
mal miRNA expression and the onset and progression
of several diseases (Osaki et al. 2015; Tutar 2014). One
important group of miRNAs is miRNA-21, which has

*Correspondence:

Yehong Xu

Yehong_Xu@yeah.net

! Medical Ultrasound Center, Northwest Women’s and Children'’s Hospital,
Xi'an 710061, Shaanxi, China

2 Department of Obstetrics, Northwest Women's and Children’s Hospital,
No. 1616 Yanxiang Road, Qujiang New District, Xi'an 710061, Shaanxi,
China

@ Springer Open

alterations in its expression levels that significantly con-
tribute to the development of tumors (Zhou et al. 2018;
Shah et al. 2016). These mutations can either promote
or suppress the growth of cancer cells. Uterine fibroids
(UFs) are non-cancerous growths that occur most fre-
quently in the female reproductive system (Ciebiera et al.
2020). Although ultrasonography is commonly used as
the initial imaging method, the development of new bio-
markers is crucial for assessing the malignancy of tumors
(Cruz and Buchanan 2017). Hence, it is imperative to
devise simple, rapid, economical, and highly responsive
techniques for miRNA detection.

However, miRNAs are often at low levels in cells,
particularly in early-stage cancer cells, making it diffi-
cult for classic non-amplified sensing systems to detect.
Various signal amplification systems utilizing enzymes,
such as polymerase chain reaction (PCR) (Takei et al.
2020; Hu et al. 2021; Zhao et al. 2015) and rolling circle
amplification (RCA) (Tian et al. 2019; Wang et al. 2020;
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Zhang et al. 2020; Zhang et al. 2018), have been devel-
oped. Nevertheless, the traditional PCR method neces-
sitates temperature cycling, which poses difficulties
for doing examination within living cells. The isother-
mal RCA approach requires enzymes that may be vul-
nerable to the intricate cellular milieu in their vicinity
(Zhang et al. 2018; Qiu et al. 2017). Hence, additional
endeavors are required to advance the development of
novel isothermal signal amplification techniques that do
not rely on enzymes, such as hybridization chain reac-
tions (HCR) (Long et al. 2024; Wang et al. 2022), cata-
lytic hairpin assembly (CHA) (Ma et al. 2021; Wu et al.
2021), and DNAzyme catalytic reactions (Yang et al
2022). Many of the existing methods necessitate the
isolation of miRNA from cells before analysis, which
prevents real-time monitoring of intracellular miRNA.
These enzyme-free methodologies offer potential meth-
ods for bioanalysis applications because to their advan-
tages in simplicity, robustness, and thermal stability. Of
all the enzyme-free amplification methods, CHA stands
out as a unique isothermal reaction driven by free energy.
In this reaction, an initiator facilitates the cross-open-
ing of two DNA hairpins, resulting in the production
of multiple double-stranded DNA (dsDNA) molecules.
The notable characteristics of CHA, such as its uncom-
plicated design and minimal interference, allow for its
wide-ranging use in the amplified detection of diverse
nucleic acids (e.g., DNA and RNA), tiny molecules (e.g.,
adenosine), and proteins (e.g., thrombin). However, tra-
ditional CHA-based biomarker detection techniques lack
sufficient detection efficiency. There are two alternative
strategies that can improve CHA-based amplifying meth-
ods, including (i) the proximity of the hairpin probe can
significantly improve the chain replacement efficiency in
CHA process; (ii) integrate with other signal amplifica-
tion strategies to improve detection sensitivity.

Catalytic DNA molecules, such as DNAzymes, are
gaining increasing attention as amplifying labels for bio-
sensing events (Zeng et al. 2022; Gong et al. 2022). The
ability to include functional and structural information
into DNA sequences, combined with the reduced ten-
dency of nucleic acids to bind non-specifically, makes
them highly versatile for a broad range of applications in
domains such as bioanalysis and biomedicine (Nie et al.
2022; Hosseinzadeh et al. 2020). Compared to protein
enzymes, DNAzymes possess inherent advantages in
terms of their design flexibility and cost-effectiveness.
DNAzymes have been successfully utilized in the devel-
opment of several label-free techniques (Zhang et al
2017; Zhou et al. 2016).

Herein, an enzyme-free isothermal proximity-CHA-
DNAzyme system was developed for nucleic acid analysis
by coupling the CHA circuit with a DNAzyme-mediated
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amplifier as well as transducer. In the present strat-
egy, two hairpins were linked by a single-stranded DNA
(ssDNA) sequences to induce the proximity CHA. The
proximity of the two hairpin probes endows a high chain
replacement efficiency. The target mediates the prox-
imity-CHA-catalyzed hybridization of these functional
hairpins to generate plenty of DNAzyme biocatalysts,
resulting in an amplified readout signal. As a simple sens-
ing strategy, the proximity-CHA-activated DNAzyme
system enabled the sensitive miRNA-21 assay with a low
detection limit.

Experimental section

Reagents and apparatus

DNA oligonucleotides were synthesized and HPLC
purified by Sangon Biotechnology Co., Ltd. (Shanghai,
China); miRNA-21 was obtained from Takara (Dalian,
China), and its sequences are listed in Additional file 1:
Table S1, DNA and RNA sequences used in this work.
All oligonucleotides were dissolved in TE buffer (pH 8.0,
10 mM Tris—HCIl, 1 mM EDTA) and stored at—20 °C,
which were diluted in hybridization buffer (20 mM
Tris—HCI contains 100 mM NaCl, pH 7.5) prior to use.
Fluorescence measurements were performed through the
Hitachi fluoro-spectrophotometer F-7000 (Tokyo, Japan).

Fluorescence assay to verify the assembly of hairpin
probes

Each functional hairpin (10 uM in 10 mM hybridization
buffer, pH 7.5) was heated to 95 °C for 5 min and then
allowed to cool to room temperature (25 °C) for 2 h. The
successive fluorescence changes were monitored at a
fixed emission wavelength of 520 nm upon a fixed excita-
tion of 490 nm (FAM analysis).

Analytical performance of the approach

All samples were prepared in 20 mM TE buffer. The as-
prepared hairpins DH probe (100 nM), H3 (20 nM), and
H4 (20 nM), and “Reporter” probes (20 nM) were incu-
bated with miRNA-21 for 30 min. The successive fluo-
rescence changes were monitored at a fixed emission
wavelength of 520 nm upon a fixed excitation of 490 nm
(FAM analysis).

Results and discussion

Principle of isothermal integrated
proximity-CHA-DNAzyme system

Here, we report on an isothermal proximity-enzyme-free
nucleic acid signal amplified detection based on CHA-
mediated DNAzyme assembly. As illustrated in Fig. 1,
the present sensing system is based on the design of dual
hairpin probe (DH probe). The DH probe is constructed
by the assembly of two hairpin probes to a ssDNA
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Fig. 1 Principle of isothermal integrated proximity-CHA-DNAzyme system

template sequences through the “9” and “10” fragment.
The system consists a ribonucleobase (rA)-containing
DNAzyme substrate (H3 probe). The H3 probe contains
two functional fragments, including the “a” fragment that
is similar to the target miRNA and the “b” fragment that
initiates subsequent signal amplification.

Each of the two hairpins in DH probe includes a
domain that correspond to the complement subunits
of the Mg”**-dependent RNA-cleaving DNAzyme. The
partial participation of the DNAzyme subunits into the
stems of hairpins H1 and H2 blocks the assembly of a cat-
alytically active DNAzyme structure. The target miRNA
opens hairpin H1 via a toehold-mediated strand displace-
ment, leading to the formation of miRNA-H1 hybrid. The
newly exposed sticky sequence “2” of H1 docks to the “6”
fragment of H2 and then opens H2 via branch-migration,
leading to the assembly of H1-H2 duplex DNA (dsDNA)
and the regeneration of analyte miRNA-21 for CHA reac-
tion. The resulting H1-H2 hybrid includes catalytically
active DNAzyme units at the end of the duplex DNA.
Thus, target miRNA stimulates the efficient CHA reac-
tion, leading to the successive hybridizations between
hairpins H1 and H2, and continuously generating H1-H2
product. The Mg®" binds to the enzyme active site of
DNase and activates its substrate cutting properties. In
the presence of Mg”* ions, the DNAzyme recognizes
and cleaves its H3 probe. The “a” fragment in H3 probe
is similar to the target miRNA, which is released to ini-
tiate a next signal cycle after DNAzyme-based cleavage.

The “b” fragment unfolds the H4 probe which possesses
a DNAzyme toehold. “Reporter probe” is the substrate
strand of 8-17 DNAzyme, which labels FAM (6-car-
boxyfluorescein) and BHQ-1 (Black Hole Quencher) at
both ends, respectively. The active DNAzyme can bind
and autonomously cleave the substrate strand “Reporter
probe” with the help of Mg*". As a result, FAM is sepa-
rated from BHQ-1 and generates an enhanced fluores-
cence signal.

Feasibility of the proximity-CHA and DNAzyme-assisted
signal amplification

H1 and H2 probes are assembled into hairpin struc-
tures and play an important role in the CHA process.
In addition, H1 and H2 probes are fixed to the template
chain by “9” and “10” and assembled into DH probes.
In order to study the assembly of H1 and H2 probes,
fluorescence experiments were performed. In detail,
the two terminus of the H1 probe are labeled with FAM
and BHQ, and the two terminus of the H2 probe are
labeled with Cy5 and BHQ. The two probes (H1 and
H2 probes) were heated to 90 °C for 5 min and then
slowly cooled to room temperature. Fluorescence sig-
nals before and after post-assembly were detected and
compared. As shown in Fig. 2A, the fluorescence inten-
sity at wavelength 520 nm (FAM) and 625 nm (Cy5)
was significantly reduced when H1 and H2 were assem-
bled, suggesting that H1 and H2 probes were assembled
into hairpin structures. To test the assembly of the DH
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Fig. 2 Feasibility of the proximity-CHA and DNAzyme-assisted signal amplification. A Fluorescent spectrum of the FAM labeled H1 probe and Cy5
labeled H2 probe before and after assembly. 7: H1 probe (linear), 2: H1 probe (hairpin), 3: H2 probe (linear), 4: H2 probe (hairpin). B Fluorescent
spectrum of the FAM labeled H1 probe and Cy5 labeled H2 probe before and after assembly. A: FAM-H1, B: FAM-H1 +template sequence, C: Cy5-H2,
D: Cy5-H2 +template sequence. C Fluorescent spectrum of the FAM labeled H3 probe with the “a”fragment similar or different with the target
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probe, BHQ is labeled at 3’ terminus of the H1 probe,
FAM is labeled at 5" terminus of the H2 probe, and
BHQ and Cy5 are labeled at 3" end and 5" end of the
template chain, respectively. As shown in Fig. 2B, the
signals of FAM and Cy3 decreased significantly when
H1 and H2 probes were fixed on the template chain,
indicating that H1 probes were fixed on the 5 end of
the template chain and H2 probes were fixed on the 3’
end of the template chain. Fluorescence experiments
were used to verify the target catalytic assembly of H1
and H2 probes. In detail, both ends of the H2 probe
are labeled with fluorophores and quenched groups,
respectively. When the H2 probe is hairpin structure,
the fluorescence signal is kept at a low level. When
H2 probe is mixed with the H1 probe, no significant

enhancement of fluorescence signal was observed. Sig-
nificant fluorescence signal enhancement is found only
when the target miRNA is present, suggesting that the
H2 probe is unfolded and the catalytic hairpin assembly
is performed (Additional file 1: Fig. S1, Fluorescence
intensity of the H2 probe during the catalytic hair-
pin assembly between H1 probe and H2 probe). Both
ends of the H3 probe label FAM and BHQ respectively
to validate DNAzyme-based substrate cuts. When the
H3 probe was assembled into a hairpin structure, the
FAM signal was quenched by BHQ. When the target
is present, the tail ends of H1 and H2 are assembled
into a complete DNAzyme-cut H3 probe. As a result,
the FAM labeled “a” segment was released and the
FAM signal reappeared (Fig. 2C). To verify the value
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of designing the “a” fragment to be similar to miRNA
in improving signal amplification, we compared the
results when the “a” fragment was similar to or not
similar to miRNA. Figure 3 shows that when the “a”
fragment is similar to miRNA, the recorded signal is
improved by about 35%.

Optimization of experimental parameters

Numerous parameters were optimized in order to achieve
the highest level of sensing performance for the proxim-
ity-CHA-DNAzyme-based biosensor designed to detect
miRNA-21. The developed biosensor’s performance was
evaluated using the signal-to-noise ratio (F/F,). The con-
centration of the DH probe may significantly impact the
cascade CHA process. Consequently, we initially opti-
mized the concentration of DH probes. The signal-to-
noise ratio exhibited enhancement as the concentration
of DH probes escalated from 0 to 100 nM, subsequently
attaining a state of equilibrium (Fig. 3A). The concentra-
tion of the H3 probe may also have a significant impact
on facilitating the subsequent signal amplification. The
ideal concentration of the H3 probe was determined to
be 20 nM, as it yielded the maximum signal-to-noise
ratio (Fig. 3B). Next, the impact of the incubation time
of CHA is examined in Fig. 3C. The signal-to-noise ratio
peaked at 30 min, therefore making it the optimal incu-
bation duration. Furthermore, the temperature ranges of
4 °C to 47 °C were investigated (Fig. 3D), and the opti-
mal signal-to-noise ratio was attained at 37 °C. Therefore,
it was concluded that the ideal incubation temperature
for the subsequent experiments is 37 °C. Furthermore,
as the signal output was affected by both the H4 probe
and the “Reporter” probe, we also examined concentra-
tions of these two probes. The result in Fig. 3E demon-
strated the optimal concentrations of the H4 probe and
the “Reporter” probe of 20 nM each. The concentration
of Mg®* can affect the efficiency of DNAzyme in cutting
substrates, thereby affecting experimental results. There-
fore, the concentration of Mg®* was optimized and deter-
mined 2 pM (Additional file 1: Fig. S2, Fluorescence ratio
(F/FO) of the approach when detecting miRNA with dif-
ferent Mg2+ concentrations).

Dynamic range, sensitivity, and selectivity for miRNA
detection

The dynamic range and sensitivity of the proposed sen-
sor were verified under the ideal experimental condi-
tions. Figure 4A demonstrates a positive correlation
between the concentration of target miRNA and the fluo-
rescence signals, indicating that higher concentrations
of the miRNA result in stronger fluorescence signals.
The calibration plots exhibited a strong linear correla-
tion between the peak fluorescence intensities and the
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logarithm of target miRNA concentrations within the
range of 10 fM to 1 nM (Fig. 4B). The linear regression
equation, F (a.u.)=708.9*1gC-131.2, had a correlation
coeflicient of 0.9945. The low detection limit was deter-
mined to be 3.2 fM, which was calculated as three times
the standard deviation of the blank sample detection.
These findings indicate that the equation is adequate for
analyzing miRNA actual samples. The results demon-
strate that our technique exhibits enhanced sensitivity
in comparison with conventional CHA. The enhanced
signal amplification effectiveness of proximity-CHA
and DNAzyme-assisted signal amplification is primarily
responsible for the achieved excellent detection limit and
sensitivity.

In order to evaluate the selectivity of the devised
approach, the approach was applied for the detection of
sequence that possesses a single-base mismatch (SM)
with the target miRNA target, interfering miRNAs, and
target miRNA (all at a concentration of 50 pM). Fig-
ure 4C demonstrates that the presence of the target
miRNA led to a considerably stronger signal response
compared to the single-base mismatched target (SM),
with a computed fluorescence intensity of 148.2 a.u.,
demonstrating that the biosensor exhibited exceptional
selectivity in detecting the specific miRNA of interest.
Detecting the low concentrations of miRNA target from
interfering miRNAs with significantly higher concentra-
tions continues to be an immense problem, to assess the
assay’s capability to detect the seldom miRNA target.
Specifically, we studied a combination containing 50 pM
of a miRNA target, along with interference miRNAs that
have similar sequences with a 20-fold higher concentra-
tion (1 nM). Figure 4D demonstrates that the 50 pM pure
miRNA target exhibited a significant fluorescence reac-
tion, whereas the spurious miRNA target had a response
identical to the blank. The aforementioned findings illus-
trate that our suggested biosensor exhibits the capacity to
identify infrequent miRNA with a rarity of 5%.

Real sample analysis

The RNA lysate solutions obtained from the MCF-7 and
HeLa human cancer cell lines were used to assess the
ability of the developed bio-sensing technology to detect
miRNA-21 in actual biological samples. Figure 5A shows
that the signal response rose as the number of cells grew,
demonstrating a clear expression level of miRNA-21 in
MCE-7. However, no significant responses were found in
blank samples and HeLa cells, indicating a lower expres-
sion level compared to MCEF-7. The aforementioned find-
ings were in line with prior studies, providing further
evidence that the measurement of miRNA-21 in cancer
cells has significant promise for the clinical detection of
malignancies. The accuracy of the method was validated
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by detecting miRNAs in artificial blood samples. For the
construction of artificial blood samples, different con-
centrations of miRNA were diluted in commercial serum
samples. As shown in Fig. 5B, this method only showed a
very high signal response to the target miRNA, indicating
high selectivity in clinical samples.

Conclusion

Our proposed strategy of integrating proximity-CHA
with DNAzyme-assisted signal amplification offers
improved signal amplification efficiency compared to
traditional nucleic acid signal amplification methods.
This leads to faster reaction speed and higher detec-
tion sensitivity in the hybridization reaction, surpass-
ing those of traditional CHA-based methods. Utilizing

these benefits, the biosensor is effectively utilized as a
highly efficient DNA signal amplifier to create an immo-
bilization-free biosensor for the rapid and extremely
sensitive detection of miRNA-21. The low detection
limit was determined to be 3.2 fM, which is superior
or comparable to former miRNA detection methods
(Additional file 1: Table S2, Comparison of the approach
with former methods). This paves the way for a novel
approach in designing a potential strategy for bio-sens-
ing assays and clinical diagnosis. In addition, the biosen-
sor offers a novel perspective on harnessing the intrinsic
capability of nucleic acid amplification to enhance its
superiority and usefulness in diagnostic applications,
biological research, and other related fields. The use
of ultrasonic diagnosis is prevalent in tumor screen-
ing due to its minimal impact on the human body and
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straightforward procedure. However, ultrasonography
technology lacks the ability to differentiate between
benign and malignant tumors. Alternatively, the devel-
oped miRNA detection method can enhance the utiliza-
tion of ultrasound technology in tumor diagnostics.
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