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MicroRNAs have emerged as crucial biomarkers for disease diagnosis and prognosis, while their accurate
detection remains challenging due to high sequence homology among family members. In this study,
a co-allosteric hairpin (CA-HP) probe was designed for highly specific microRNA detection. The CA-HP
probe leverages synergistic interactions between the target miRNA and a helper strand to induce
a conformational change, resulting in fluorescence activation only upon perfectly matched target

recognition. By optimizing the complementary lengths of the target and helper strands, the system
Received 24th July 2025 hieves significantly enhanced specificit dt tional hairpin probes. This strategy off
Accepted 25th September 2025 achieves significantly enhanced specificity compared to conventional hairpin probes. This strategy offers
a robust and facile approach for accurate miRNA profiling, which is crucial for clinical diagnostics and

DOI: 10.1039/d5ra05363¢ personalized medicine. The CA-HP design also provides a generalizable framework for developing high-
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1. Introduction

MicroRNAs (miRNAs) are a group of small, non-coding RNA
molecules that range from approximately 18 to 24 nucleotides
in length and play crucial roles in various physiological
processes such as cell differentiation, apoptosis, and growth.**
With the application of high-throughput sequencing tech-
nology, a large number of studies have shown that aberrant
expression of miRNAs is closely associated with tumor devel-
opment and progression. miRNAs are considered promising
molecules for cancer recognition, opening new avenues for the
diagnosis and treatment of malignant diseases, including liver
and lung cancer.>” Differences in miRNA expression profiles in
normal, adjacent and tumor tissues help to reveal the molecular
mechanisms of tumor development.®**® By detecting miRNAs
non-invasively, physicians can implement effective gene
therapy and assess disease risk at an early stage. Therefore, the
development of rapid, sensitive and quantitative circulating
miRNA detection platforms and technologies has attracted
considerable attention.

Some significant advancements have been achieved in the
enhancement of sensitivity, a critical performance metric. This
progress is largely attributed to the utilization of quantum
dots,"** nanoparticles,"**® amplification methodologies,
and other technologies. The specificity of the detection method
is also important in the study of miRNAs because of their high
sequence homology, which is closely related to the nature of
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diseases, medication and prognosis.>***>* Droplet digital PCR
(ddPCR) directly increases the sensitivity of the assay and
improves the purity to a certain extent, thus increasing the
specificity.*® Chen et al. demonstrated a new method based on
the rational design and optimization of closed symmetric
dumbbell nucleic acid amplification templates, which takes into
account the free energies of various target molecules to design
compact rigid templates with standard free energy.”” Only the
target miRNAs trigger the thermostatic exponential amplifica-
tion reaction and effectively suppress non-specific hybridization
amplification. Johnson-Buck et al. determined the correct bases
among the four bases by multiple calculations of the Poisson
distribution.”® Krzywkowski and Nilsson systematically investi-
gated the optimal conditions for RNA probe binding and detec-
tion.”® The specific recognition of ligases is used to improve the
specificity of miRNA detection. However, this method usually
requires elaborate designs or unstable enzymes.

Hairpin DNA is a type of single-stranded DNA capable of
folding into a stem-and-loop structure characterized by
a complementary duplex double-stranded region and an
unpaired loop portion.**** A free nucleic acid fragment, often
referred to as the toehold region, usually extends from the
complementary duplex double-stranded region. The target is
complementary to the toehold domain of the hairpin and the
stem to which it is attached, and the double strand of the
hairpin is opened by a toehold-mediated strand displacement
reaction. The hairpin changes from a partially double-stranded
to a single-stranded structure. The conformational change
results in a change in fluorescence or the release of bases that
trigger subsequent reactions.

In this study, the helper chain was introduced to play the role
of co-opening the hairpin with the target. The ends of the
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hairpin are modified with fluorescent and quenching clusters,
and the opening and closing of the fluorescent signal occurs
when the hairpin changes conformation. The lengths of the
target and helper chains can be varied to change the weights
they play in opening the hairpin. In conventional hairpin
probes, the target is overwhelmed and the hairpin is also
switched on when there are mismatched bases in the target
DNA. The co-allosteric hairpin (CA-HP) probe designed in this
study is designed to achieve a state where both the target and
the helper are indispensable. The helper does not cooperate
with the mismatched target and the hairpin probe is not op-
ened. This multi-strand verification mechanism significantly
enhances specificity. It helps to identify miRNA accurately so
that it can be used correctly and rationally to treat the disease.

2. Experimental

2.1. Materials and reagents

2.1.1. Oligonucleotide synthesis. DNA and RNA oligonu-
cleotides used in this study were purchased from Sangon
Biotech Co. (Shanghai, China). Lba Cas12a (Cpf1, 20 pM) and
rCutSmart buffer were bought from New England Biolabs
(Beijing, China). All used DNA and RNA sequences are listed in
Table S1. All DNA oligonucleotides were purified via high-
performance liquid chromatography (HPLC). The hairpin
probes were modified with FAM and quenched strands with
BHQ1.

2.1.2. Buffer conditions. All DNA oligonucleotides were
redissolved in TE buffer, consisting of Tris-HCI (10 mM) and
EDTA (1 mM). The buffer used in the annealing step and fluo-
rescence experiment was TE buffer with MgCl, (12.5 mM).
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2.2. Fluorescence experiment

Hairpin probes were dissolved to 10 uM in the TE buffer. The
solution was diluted to 2 uM in TEMg and then annealed in
a polymerase chain reaction (PCR) thermal cycler. The
temperature was set at 95 °C for 5 min and cooled down to 20 °C
by 0.1 °C s~ *. All time-based fluorescence data were acquired
using a Real-Time PCR Detection System. The temperature was
set to 37 °C. All fluorescent signals were monitored under the
green channel. Signal-to-noise ratio = (Scarget — So)/(Sno target —
SO)' DF = (SpM - Sbackground)/(SMis - Sbackground)' So is the initial
signal. Sy is a signal of perfectly matched target, Spackground iS
a signal without target, and Sy;s is a signal of mismatched
target. The fluorescence intensities presented in Figures are
values taken from the fluorimeter.

3. Results and discussion

3.1. Co-allosteric hairpin probe with helper

As shown in Fig. 1A, the 5'-end of the hairpin is modified with
a green fluorophore and the 3’-end is modified with a quench-
ing group. When the hairpin is folded, the fluorophore and the
quenching group are spatially close to each other and the
fluorescence signal is quenched. The target is defined as input
(I) and the helper chain is abbreviated as H. I is complementary
to the 3-terminal stem and H is complementary to the 5-
terminal stem. However, the complementary forces are smaller
than the intra-strand hybridization forces of the hairpin. Only
when both I and H are present can they act on the hairpin. If
onlyIor H is present (Fig. 1B), a temporarily opened hairpin will
displace either I or H and will not produce a fluorescent signal.
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Fig. 1 Co-allosteric hairpin probe with helper. All experiments were performed at 37 °C in TEMg buffer. (A) Collaboration of | and H. (B)
Schematic diagram of the collaboration between | and H. (C) Fluorescence curves of collaboration between | and H. (D) 18-10 collaborate with
different lengths of H. (E) H1-14 collaborate with different I. + means that a strand exists, — means that a strand does not exist. X in IX-Y represents
toehold length and Y represents branch migration length. HA-B means H is complementary with the Ath base to the Bth base from the 5’ of the
hairpin. R stands for hairpin probe. The concentrations of H, | and R are 200 nM.
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Only when I is present does the stem become partially opened
by toehold-mediated chain displacement reaction. The opened
stem acts as a new toehold bound by H and extends further.
When the hairpin was fully opened, a fluorescent signal was
generated. The fluorescence experiments showed that the initial
fluorescence signal was significantly higher when I was present
together with H than when it was present alone (Fig. 1C and S1-
S17). However, the fluorescence gradually decreased over time.
This may be due to the fact that the loop region becomes flexible
single-stranded nucleic acid after the hairpin is opened, which
shortens the distance between fluorescence and quenching. As I
shortened, the rigid double-stranded length shortened, the
single-stranded nucleic acid region becomes longer and the
fluorescence value decreased more (Fig. 1C and S1-S17).
Different H lengths have different cooperative effects with I
(Fig. 1D). The longer H leads to the higher initial and terminal
fluorescence. Changing cooperative effects were also observed
when H was fixed and the toehold and branch migration
lengths of I varied (Fig. 1E).

3.2. Co-allosteric hairpin probe with CL

Considering the effect of the loop on the fluorescence signal
after the hairpin is fully opened, a nucleic acid complementary
to the loop (CL) was designed (Fig. 2A). CL cooperates with H
and I to open the hairpin probe. The rigid double-stranded
region between the fluorescence and the quenching motif
becomes longer and the fluorescence is less likely to be
quenched. The lengths and binding regions of H and CL were
optimized empirically based on the free energy of hybridization
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and the stability of the stem-loop structure. We systematically
varied hybridization length of H and CL. The fluorescence
signals generated by different CLs interacting with 18-10 and
H1-14 are shown in Fig. 2B. The fluorescence signals gradually
increased with increasing CL length, forming a clear difference
from the fluorescence signals in the absence of I (blue bars).
This illustrated the effectiveness of the cooperation of CL with I
(Fig. S18-S23). The concentration of I and the hairpin probe was
fixed at 200 nM, which are cooperated with different concen-
trations of H and L (Fig. 2C). As the concentration increased, the
ratio of positive signal to background signal gradually
decreased. Therefore, 200 nM was chosen as the optimal
concentration. The results of 18-8 cooperated with different H
and different CL also proved the successful cooperation of CL
(Fig. 2D).

3.3. Co-allosteric hairpin probe with high specificity of I

Mismatched bases are introduced at different positions of I. The
identification factor (DF) of traditional hairpin probes needs to
be improved. DF at most mutation sites was less than 5, only 7.3
when mismatch was in the middle (Fig. S24). The identification
of mutations at both ends was the worst, with DF less than 2.
The specificity of different combinations of Co-allosteric
hairpin probes was tested. When different mutations were
introduced in 18-8, DF reached a maximum of 85 (Fig. 3A and
S25). When H1-14 CL14, the DF of M1 is 24. However, the DF of
the M6 is still less than ideal, being less than 2. When different
mutations were introduced in 18-9, DF reached a maximum of
63 (Fig. 3B). When H1-14 CL13, the DF of M1 is 15.6. However,
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Fig. 2 Co-allosteric hairpin probe with CL. All experiments were performed at 37 °C in TEMg buffer. (A) CL cooperation diagram. (B) 18-10 and
H1-14 cooperated with different lengths of CL. (C) Optimization of H and CL concentration. The concentration of | and R was fixed at 200 nM.
The concentrations of H and CL are the same. (D) Fluorescence results of I18-8 cooperating with different H and different CL. Except for (C), the
concentrations of H, |, CL and R are 200 nM. Error bars represent + standard deviation (SD) from three independent experiments (n = 3).
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Fig. 3 Co-allosteric hairpin probe with high specificity of |. All experiments were performed at 37 °C in TEMg buffer. The DF of 18-8 (A), 18-9 (B),
18-10 (E), 18-11 (C) and 18-12 (D) with different mutations. The concentrations of H, I, CL and R are 200 nM. Error bars represent + standard

deviation (SD) from three independent experiments (n = 3).

the DF of M6 is still less than ideal, at 2.3 when H1-14 CL13.
When different mutations were introduced in I8-10, DF reached
a maximum of 85 (Fig. 3E). It is worth mentioning that when
H1-14 CL11, the DF of M1 is 85. At H1-14 CL12, the DF of M6 is
26.5. When different mutations were introduced in 18-11, DF
reached a maximum of 99 (Fig. 3C). At H1-14CL10, the DF of M1
is 36.0. However, the DF of M6 is not ideal, at 2.9 when H2-
14CL11. When different mutations were introduced in 18-12,
DF reached a maximum of 93 (Fig. 3D). At H1-14CL11, the DF
of M1 is 56.3. Similarly, the DF of M6 is still not ideal, at 3.2
when H1-14CL11. It can be seen that the specificity of CA-HP is
better than that of traditional hairpin probe. Improved speci-
ficity was also achieved when shortening the toehold length of I
and validating against end-base mismatches (Fig. S26 and S27).

3.4. Co-allosteric hairpin probe with high specificity of CL

Inspired by the importance of CL in hairpin probes, CL was
reversed as a target for experiments. Mismatched bases were
introduced at different locations of CL. According to the

35924 | RSC Adv, 2025, 15, 35921-35929

fluorescence results in Fig. 4, different H and CL were matched
for different types of I. When I with 7 nt toehold as helper to
open the hairpin probe, DF was up to 181. The maximum DF of
the M1 and M10 was 30.0 and 18.5 (Fig. 4A and S28). When I
with toehold of 8 nt is used as a helper to open the hairpin
probe, DF was up to 191. The DF of M1 and M6 can be up to 39.2
and 21.3 (Fig. 4B). This demonstrated the high specificity of CL
recognition. The end-identification effects of traditional hairpin
probes, which is I as a target, and CL as a target were synthe-
sized (Fig. 4C). The identification effect of the terminal muta-
tion was enhanced in CL, superior to that of the mutation in I.
CL13 showed the best results.

3.5. Co-allosteric hairpin probe for micro-122 detection

MicroRNA-122 (micro-122) has significant value in the diag-
nosis, monitoring and prognosis of liver disease. Changes in its
levels can reflect the degree of liver damage and aid in early
diagnosis and evaluation of therapeutic efficacy, making it an
important biomarker in the study and treatment of liver

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Co-allosteric hairpin probe with high specificity of CL. All experiments were performed at 37 °C in TEMg buffer. (A) CL specificity of | with 7
nt toehold. (B) CL specificity of | with 8 nt toehold. (C) Summary of identification effect of different types of targets. IC stands for traditional hairpin
probe. The concentrations of H, |, CL and R are 200 nM. Error bars represent 4 standard deviation (SD) from three independent experiments (n =

3).

disease.*** Changes in its levels can reflect the degree of liver
damage and aid in early diagnosis and evaluation of therapeutic
efficacy, making it an important biomarker in the study and
treatment of liver disease.**** Using micro-122 as a target, the
sequence of micro-122 is set in CL region and the hairpin probe
was opened cooperatively with H and I (Fig. 5A). Fluorescence
experiments showed a clear difference between positive and
negative signals and different H, I had different effects (Fig. 5A).
Different mismatches were set in micro-122. In the case of 18-16
with H3-24 (Fig. 5B and S29) or 18-18 with H3-24 (Fig. 5C), CA-
HP showed a satisfactory ability to identify mutations. Gel
electrophoresis also validated the feasibility of CA-HP (Fig. S30).
Furthermore, a linear correlation between fluorescence inten-
sity and target concentration was observed in the range 0.1-
20 nM. The corresponding equation is F = 10.322 + 4.218 Ig x(R*
= 0.99), and the detection limit is calculated as 0.13 nM using
the 30/S rule (Fig. 5D). GC content of sequence has a great
influence on the signal leakage. The effect of GC content in

© 2025 The Author(s). Published by the Royal Society of Chemistry

toehold and stem domain on the reaction was tested (Fig. S31).
When the GC content of toehold and stem domain is too high,
the leakage is obvious. The effect of GC content on the positive
signal in stem domain is negligible. The positive signal
decreased when GC content of toehold was too low. This may be
attributed to the hybridization of toehold drives strand
displacement reactions. The stem of hairpin is complementary
within the strand. In addition, the loop of CA-HP was modified
to detect micro-122 and let-7a (Fig. S32). The results showed
that all DF of different sites were >10, which proved that the
method could be extended to other miRNAs. Combined with
other isothermal amplification strategies, it is expected to ach-
ieve highly sensitive and highly specific microRNA detection.
We combined CA-HP with autocatalytic CRISPR system. The
microRNA-122 of 1 fM can also be distinguished from the
background signal, and its sensitivity is superior to that of CA-
HP alone (Fig. S33). The specificity of the system is also satis-
factory. The signals generated by non-target microRNAs are

RSC Adv, 2025, 15, 35921-35929 | 35925
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Fig. 5 Co-allosteric hairpin probe for micro-122 detection. (A) Different | and H fluorescence signals. DF of 18-16 with H3-24 (B) or 18-18 with
H3-24 (C). (D) Linear relationship between fluorescence intensity and target concentration. All experiments were performed at 37 °C in TEMg
buffer. Except for (D), the concentrations of H, I, micro-122 and R are 200 nM. Error bars represent + standard deviation (SD) from three

independent experiments (n = 3).

similar to the background signal. All these demonstrated the
potential of CA-HP to be applied in clinical detection. To assess
the capability of this analytical method in detecting real
samples, serum samples (healthy people) were collected. Micro-
122 of different concentrations was added to 10 times diluted
serum. The recovery test results, as shown in Table S2, the
method exhibited recovery rates ranging from 100.8% to
107.7% (RSD = 2.3-9.2%). Therefore, this method also shows
good application potential in the analysis of complex clinical
matrix. A comparison with other miRNA detection methods
demonstrated that CA-HP is a simple, highly specific, and
modularizable strategy (Table S3). However, challenges such as
interference from homologous DNA, pri-microRNA, and
protein-bound microRNAs in serum should be considered.
Further optimization may be required for whole blood samples.

4. Conclusion

miRNAs, with their exceptional tissue stability, have emerged as
a highly promising disease biomarker.>>*” Especially in the
diagnosis and research of liver and lung cancers, the abnormal
expression patterns of miRNAs have unveiled molecular
mechanisms underlying tumorigenesis, providing invaluable
clues.*®* However, the issue of specificity in miRNAs detection
has always been a focus of attention due to the high similarity
among homologous miRNAs, which has limited the depth and
breadth of its clinical applications to some extent. In response
to this challenge, we propose the CA-HP strategy, namely the
collaborative hairpin probe technology, aimed at significantly
enhancing the specificity of miRNAs detection. The advantage

35926 | RSC Adv, 2025, 15, 35921-35929

of this strategy is that the specificity of micro-122 detection can
be easily improved through the helper strand. Only when both
the helper and target function synergistically can the CA-HP
output a fluorescent signal. Conformational changes are trig-
gered through synergistic effect.*” In addition, it is easy to
combine with other isothermal amplification strategies to
achieve highly sensitive and highly specific detection. Through
ingenious molecular design, CA-HP can achieve precise recog-
nition of target miRNAs and effectively distinguish homologous
miRNAs, thereby solving the long-standing specificity problem
that has plagued researchers. However, detecting non-nucleic
acid targets remains challenging and may require combina-
tion with strategies such as aptamer.

We believe that the CA-HP strategy also holds tremendous
potential for applications in single nucleotide polymorphism
(SNP) detection and intracellular imaging because of its good
biocompatibility. However, it is necessary to overcome the
problem that it is easily degraded by biological enzymes.
Combining with chemical modification could enhance enzy-
matic stability for in vivo applications. In the field of SNP
detection, the high specificity of CA-HP will enable us to more
accurately identify SNP sites associated with diseases, providing
powerful support for early disease warning and precision
treatment. Furthermore, with further optimization and
improvement, CA-HP is expected to become an efficient SNP
genotyping tool, driving in-depth developments in genomics
research. In the field of intracellular imaging, the CA-HP
strategy also demonstrates broad application prospects. It can
be utilized to achieve real-time, dynamic monitoring of specific

© 2025 The Author(s). Published by the Royal Society of Chemistry
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miRNA molecules, providing intuitive and powerful evidence
for revealing intracellular and extracellular signal transduction
mechanisms and exploring molecular events during the onset
and progression of diseases.* ™ It is expected to provide new
technical means for drug screening, efficacy assessment, and
other purposes, promoting continuous advancements in
biomedical research.*¢>°

In summary, the CA-HP strategy not only provides new ideas
and solutions for miRNA detection but also demonstrates
enormous potential for applications in SNP detection and
intracellular imaging, expanding the tools available for
biomedical research and clinical diagnosis and treatment.

Abbreviation

CA-HP co-allosteric hairpin

miRNAs microRNAs

ddPCR droplet digital PCR

SNP single nucleotide polymorphism
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