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ABSTRACT: Postoperative delirium (POD) represents a serious neuropsychiatric rar =
complication, underscoring the urgent need for sensitive and specific detection of L
circulating microRNAs (miRNAs) as potential biomarkers. Conventional isothermal o~
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amplification methods, however, often face a trade-off between sensitivity and / %,,,
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specificity. Herein, we report a cascade amplification strategy that integrates catalytic

hairpin assembly (CHA), split DNAzyme cleavage, T7 RNA polymerase-mediated c..-® g o “'”,‘)/f E s ontome
transcription, and CRISPR-Cas12a trans-cleavage to achieve ultrasensitive and accurate [ iv\\ o M“
miRNA detection. The design is centered on a dual-recognition mechanism: the same “%'”?\ TS Ny

target miRNA molecule first initiates the CHA cascade to reassemble an active split { N o S

DNAzyme, and subsequently acts as the spacer RNA to reconstitute a functional = —= " s
Casl2a/crRNA complex. This two-step, sequence-specific verification substantially TES m:mx‘ﬂ

enhances detection fidelity by minimizing off-target binding. Through multistage DN e k

SP/LP-3LP-2/LP-1

amplification combining CHA, DNAzyme catalysis, transcriptional amplification, and
Casl2a-mediated trans-cleavage, the assay achieves exceptional sensitivity, with a detection limit as low as 0.52 fM for miRNA-193
and a wide linear range from 1 fM to 100 pM. It demonstrates high specificity by effectively discriminating single-base mismatches,
and performs robustly in spiked human serum, yielding recovery rates of 97.3—107.2%. Moreover, results correlate closely with RT-
gPCR, confirming reliability in complex matrices. This work presents a versatile and robust biosensing platform that not only offers a
promising tool for POD-related miRNA analysis, but also establishes a modular framework adaptable for detecting diverse nucleic
acid targets in point-of-care diagnostics.

1. INTRODUCTION surgery. Hence, there is an urgent need to develop accurate
and efficient analytical methods for miRNA detection.

The small size, low abundance, and high sequence homology
among miRNAs demand detection techniques with exceptional
sensitivity and specificity. Currently, quantitative reverse
transcription-polymerase chain reaction (RT-qPCR) is the
gold standard due to its high sensitivity and specificity;
however, its reliance on expensive instrumentation and skilled
personnel limits widespread adoption.'’”"> Therefore, devel-
oping innovative alternative detection technologies is imper-
ative to address the need for rapid, cost-effective, and user-
friendly assays. Isothermal amplification methods, such as
loop-mediated isothermal amgliﬁcation (LAMP)," catalytic
hairpin assembly (CHA),"*™'® and recombinase polymerase
amplification (RPA),"”"® have attracted considerable interest.
Among these, CHA is an enzyme-free, isothermal signal-

Postoperative delirium (POD) is a neurocognitive disorder
characterized by rapid fluctuations in attention, awareness, and
cognition following anesthesia and surgery.' > It occurs
frequently in elderly patients, with incidence rates ranging
from 8% to 70%, depending on factors such as the type of
surgical procedure. POD prolongs hospital stays and is
associated with increased healthcare costs. Reported 30 day
mortality rates reach 7—10% in patients with POD, compared
to only 1% in those without delirium.” These outcomes
underscore the clinical and societal importance of elucidating
the mechanisms of POD, identifying specific biomarkers, and
developing targeted therapeutics. MicroRNAs (miRNAs) are
small noncoding RNA molecules, approximately 22 nucleo-
tides in length, that regulate gene expression post-transcrip-
tionally through sequence-specific interactions.”’ By binding
to mRNAs, miRNAs modulate their stability and translation,
playing pivotal roles in diverse biological processes. Emerging
evidence suggests that peripheral surgical trauma and
anesthesia contribute to POD onset, implicating circulatin%
molecules such as small RNAs in distal regulatory functions.”
Consequently, blood-based miRNAs represent promising,
minimally invasive biomarkers for patients undergoing major
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and sensitive miRNA analysis.

amplification strategy that enables programmable molecular
recognition and cascade hybridization reactions with rapid
kinetics.'® Nevertheless, CHA-based methods are often limited
by relatively low specificity.

To enhance accuracy, sensitivity, and selectivity, isothermal
amplification is frequently combined with other molecular
tools.”””" The CRISPR/Cas system, originally evolved as a
bacterial immune system, has emerged as a powerful platform
for nucleic acid detection.”>* Integrating CRISPR/Cas with
isothermal amplification has led to several highly sensitive
diagnostic assays, such as the Casl3-based SHERLOCK
(Specific High-sensitivity Enzymatic Reporter Unlocking)™*
and the Casl2a-based DETECTR (DNA Endonuclease-
Targeted CRISPR Trans Reporter).”> Casl2a, a class 2 type
V RNA-guided DNA endonuclease, recognizes double-
stranded DNA containing a protospacer-adjacent motif
(“TTTN”) via a single CRISPR RNA (crRNA), inducing
PAM-distal cleavage (cis- cleavage) 27 Moreover, upon target
recognition, Casl2a exhibits collateral trans-cleavage activity,
nonspecifically degrading single-stranded DNA reporters. This
property has been widely exploited in molecular diagnostics.
Recently, split-crRNA designs have further advanced CRISPR-
Cas12a detection capabilities.”®*” In this approach, the crRNA
is divided into two components: a constant scaffold-RNA and a
variable spacer-RNA. Studies demonstrate that these fragments
can reassemble with Casl2a to form an active complex with
trans-cleavage efficiency comparable to that of canonical
Casl2a system.

To address the aforementioned challenges in miRNA
detection, particularly the trade-off between sensitivity and
specificity in existing isothermal amplification platforms, we
herein propose a novel integrated sensing strategy that

leverages the programmable specificity of split crRNA. By
coupling catalytic hairpin assembly (CHA)-mediated reassem-
bly of split DNAzyme with T7 RNA polymerase-driven
transcription of scaffold RNA and Casl2a/crRNA reconstitu-
tion, we constructed a highly sensitive and specific fluorescent
assay for miRNA. In this design, the target miRNA initiates
CHA, leading to the assembly of an intact DNAzyme that
cleaves a substrate to expose a T7 promoter. The exposed
promoter then triggers transcription of scaffold RNA, which
combines with the same miRNA (acting as spacer RNA) and
Casl2a to form a functional split-crRNA/Casl2a complex.
Upon activation by a dsDNA initiator, the reconstituted
Casl2a exhibits robust trans-cleavage activity, repeatedly
cleaving fluorescence-quencher (FQ) reporters to generate
an amplified fluorescent signal. This cascade architecture
confers two key advantages: first, the dual recognition of the
same miRNA molecule, both as CHA initiator and as spacer
RNA for Casl2a/crRNA assembly, significantly enhances
detection specificity; second, the integration of CHA, T7
transcription, and Casl2a trans-cleavage enables multistage
signal amplification, yielding exceptional sensitivity. Collec-
tively, this method not only offers a promising tool for accurate
quantification of POD-related miRNAs, but also establishes a
modular framework that can be adapted for the detection of
various nucleic acid targets in point-of-care and resource-
limited settings, thereby advancing the development of next-
generation molecular diagnostics.

2. MATERIALS AND METHODS

2.1. Reagents and Materials

All DNA oligonucleotides were synthesized and purified by Tsingke
Biotech Co., Ltd. (Beijing, China). RNA sequences were prepared
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and purified by Sangon Biotech Co., Ltd., Shanghai, China (Shanghai,
China); detailed sequences are listed in Table S1. The DNAzyme was

. . 30,31
designed according to former researches.’””' CHECHNEDINGISIZS

@sSA) T7 RNA polymerase and NTPs were sourced from Beyotime
Biotechnology (Shanghai, China), and the RNase inhibitor was
obtained from Takara Bio (Dalian, China).

2.2. Preparation of Loop Probes and Stem Probes

Stem-loop probes (LP and SP probes) were prepared by thermal
annealing. As an example, LP-1 (1 uM, 10 uL) was first heated at 95
°C for S min and then slowly cooled to room temperature at a rate of
0.1 °C/s to facilitate proper folding.

2.3. Detection Procedure

The assay was performed in a 50 yL reaction mixture. First, 5 yuL each
of LP-1, LP-2, LP-3, and SP probes (all at 500 nM) were mixed with S
uL of target miRNA, and the volume was adjusted to 25 uL with
nuclease-free water. The mixture was incubated at room temperature
for 30 min to allow catalytic hairpin assembly (CHA). Subsequently, S
uL of T7 promoter (100 nM), 2 uL of T7 RNA polymerase (1.5 U/
uL), 2 uL of NTP mix (10 mM each), and 6 uL of 1X NEBuffer
(containing 50 mM NaCl, 10 mM Tris—HC], 10 mM MgCl,, 100 ug/
mL BSA, pH 7.9) were added, and the total volume was brought to 40
UL with nuclease-free water. The reaction was incubated at 37 °C for
another 30 min to enable T7 RNA polymerase-driven transcription of
scaffold-RNA. Finally, 2 yL of Cas12a protein (20 nM), 2 uL of FQ-
labeled reporter (1 uM), and 2 uL of dsDNA initiator (100 nM) were
introduced, and the volume was adjusted to 50 xL with nuclease-free
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water. The mixture was incubated at 37 °C for 60 min, after which the
fluorescence intensity was measured at 670 nm (excitation at 63$
nm). All experiments were performed in triplicate, and the data are
presented as the mean + standard deviation (SD).

3. RESULTS AND DISCUSSION

3.1. Principle of the Proposed miRNA Detection Assay

The working principle of the established miRNA-sensing
platform is schematically depicted in Figure 1. The assay
integrates four sequential molecular events: (1) miRNA-
triggered catalytic hairpin assembly leading to reassembly of
split DNAzyme; (2) DNAzyme-mediated cleavage of a
substrate probe (SP); (3) T7 RNA polymerase-driven
transcription of scaffold-RNA; and (4) trans-cleavage activity
of reconstituted Cas12a/crRNA, resulting in fluorescent signal
amplification. Specifically, in the CHA module, three stem-
loop-structured probes (LP-1, LP-2, and LP-3) were designed,
each functionalized at their 3’ and 5’ ends with a fragment of
split DNAzyme: D1 (split DNAzyme-1) and D2 (split
DNAzyme-2). The target miRNA hybridizes to the toehold
region of LP-1, initiating strand displacement and unfolding of
the stem. This event triggers a cascade of CHA-mediated
hybridization among LP-1, LP-2, and LP-3, ultimately bringing
D1 and D2 into close proximity to reconstitute an intact
DNAzyme. Subsequently, the assembled DNAzyme hybridizes

https://doi.org/10.1021/acsomega.6c01211
ACS Omega 2026, 11, 24705—-24713


https://pubs.acs.org/doi/suppl/10.1021/acsomega.6c01211/suppl_file/ao6c01211_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01211?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01211?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01211?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01211?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.6c01211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
Jin Wang


ACS Omega

http://pubs.acs.org/journal/acsodf

>

. 4000~ Equilibrium
s
2 3000
Z
=
S
£ 2000+
=3
<9
=
9
<9
2 1000-
-
S
=
=

0 T T T 1

0 50 100 150 200
Incubation time (min)

. 4000~
;; Equilibrium
& 3000 =
172
= -
S
£ 2000+
8 -
=
@
2
g 1000+ _
(=]
=
=

0 1 1 1 1 1 1

Concentration of Cas12a (nM)

vy

Equilibrium

4000

3000

2000

1000

Fluorescence intensity (a.u.)

Concentration of T7 RNA

D polymerase (U/uL)
4000
= Equilibrium
& 3000 = o
o |
[} T
e
=
= 2000 —
9
=
@ -
1>
£ 1000
™
=) -
=
=

0 1 1 1 1 1 1 1

0 100 200 300 400 500 600
Concentration of LP (nM)

Figure 3. Optimization of experimental parameters. CyS fluorescence intensity of the method when detecting target miRNA with different
incubation time (A), T7 RNA polymerase concentration (B), Casl2a concentration (C), and LP concentration (D). All bar graph data are

presented as mean + SD from three independent experiments (n = 3).

to the substrate probe (SP) via complementary regions “d1”
and “d2” on SP, forming a stable DNAzyme—substrate
complex. In the presence of Mg**, the DNAzyme cleaves the
loop region of SP at a specific ribonucleotide site, generating a
nick that exposes a previously concealed T7 promoter template
sequence. The T7 promoter sequence hybridizes with the T7
promoter template which then serves as a template for T7
RNA polymerase to transcribe multiple copies of scaffold-
RNA. The transcribed scaffold-RNA associates with Casl2a
protein to form a Cas12a/scaffold-RNA intermediate complex.
Notably, the same target miRNA molecule, already involved in
the initial CHA step, acts as the spacer-RNA to reconstitute a
fully functional Cas12a/crRNA. Upon recognition of a dsDNA
initiator, the Casl2a/crRNA is activated and exhibits robust
trans-cleavage activity, nonspecifically cleaving fluorescence-
quencher (FQ)-labeled ssDNA reporters. This repetitive
cleavage releases fluorescent reporters from their quenched
state, resulting in a cumulative increase in fluorescence
intensity that can be quantitatively measured, thereby
providing a sensitive readout correlated with the initial
miRNA concentration.

3.2. Feasibility Analysis of the Catalytic Hairpin Assembly
of Split DNAzyme Cleavage Induced Transcription of Split
crRNA Based Fluorescent Assay

To validate the operational viability of the proposed cascade
reaction, we systematically interrogated the functionality of
each key module. The accurate assembly of linear LPs into
stem-loop structure is essential for specific miRNA recognition
and subsequent initiation of CHA. We therefore first examined
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the conformational assembly of the designed LPs using
fluorescence spectroscopy. Taking LP-1 as an example, it was
dual-labeled with a CyS5 fluorophore at one terminus and a
complementary Black Hole Quencher (BHQ) at the other. As
shown in Figures 2A and S1, folding into its predesigned
stem—loop conformation led to a pronounced decrease in CyS
fluorescence intensity, indicative of efficient intramolecular
quenching due to spatial proximity between the fluorophore
and quencher. Similar fluorescence quenching profiles were
obtained for LP-2 and LP-3 (Figures S2 and S3, Supporting
Information), confirming their successful formation of stable
hairpin structures.

We next investigated the feasibility of the miRNA-initiated
CHA cascade using a BHQ-quenched CyS-labeled LP-3. As
presented in Figure 2B, the folded LP-3 alone exhibited low
background fluorescence. The addition of target miRNA alone,
or miRNA together with only LP-1 or LP-2, did not induce a
notable fluorescence increase. In contrast, a significant
fluorescence enhancement was observed only when all three
LPs (LP-1, LP-2, and LP-3) were present together with the
target miRNA. This result clearly demonstrates that the
complete CHA cascade is specifically triggered by the target
miRNA, leading to progressive unfolding of LP-3 and
consequent displacement of the quencher, thereby restoring
the CyS fluorescence signal.

Subsequently, the catalytic cleavage activity of the
reassembled DNAzyme on the substrate probe (SP) was
verified. The SP was similarly dual-labeled with CyS and BHQ.
In its folded state, SP displayed low fluorescence due to
efficient quenching (Figures 2C and S4). Incubation of SP with

https://doi.org/10.1021/acsomega.6c01211
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the CHA product (containing the reassembled DNAzyme) in
the absence of Mg yielded no significant fluorescence
increase, which can be attributed to the Mg**-dependent
nature of DNAzyme catalysis, the absence of this essential
cofactor leaves the DNAzyme inactive and prevents SP
cleavage. Upon addition of Mg**, however, a pronounced
fluorescence recovery was observed. This confirms that the
CHA-assembled DNAzyme retains its designed enzymatic
function: it specifically binds to the complementary “d1” and
“d2” regions on SP and, in the presence of Mg2+, cleaves the
ribonucleotide site within the loop. This cleavage event
permanently separates the fluorophore from the quencher,
generating a stable and amplified fluorescent signal. Collec-
tively, these fluorescence-based experiments substantiate the
stepwise feasibility of our design: (i) correct folding of all
nucleic acid components, (ii) target-specific initiation of the
CHA cascade, and (iii) Mg**-dependent catalytic activity of
the reassembled DNAzyme for substrate cleavage. These
foundational results confirm the core operational mechanism
of the assay and provide a solid basis for further evaluation of
analytical performance, including sensitivity, specificity, and
applicability in complex biological matrices.

We then assessed the trans-cleavage activity of Casl12a/split-
crRNA versus that of Casl2a/crRNA by monitoring
fluorescence from an FQ-probe. The Casl2a/split-crRNA
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complex contained Casl2a protein, in vitro-transcribed
scaffold-RNA, and target miRNA serving as spacer-RNA,
whereas the Casl2a/crRNA complex consisted of Casl2a
protein and intact crRNA. As illustrated in Figure 2D, the
fluorescence signal increased sharply with Cas12a/split-crRNA,
reaching a level comparable to that observed with Casl2a/
crRNA, indicating similar trans-cleavage efficiencies between
the two complexes. In contrast, negligible signal was detected
with Casl2a/scaffold-RNA or Casl2a/miRNA alone, confirm-
ing that both scaffold-RNA and spacer-RNA are required for
efficient Casl2a-mediated trans-cleavage.

3.3. Optimization of Experimental Parameters

To achieve optimal analytical performance, key experimental
parameters influencing the cascade reaction efficiency were
systematically optimized. Four critical variables were exam-
ined: total reaction duration, concentrations of T7 RNA
polymerase and Casl2a protein, and the concentration of
linear probes (LPs). Total reaction time was first varied from 0
to 150 min. As depicted in Figure 3A, fluorescence intensity
increased progressively up to 120 min, after which it plateaued
without further significant enhancement. This kinetic behavior
suggests that the multistep cascade, comprising CHA,
DNAzyme cleavage, transcription, and Casl2a-mediated
trans-cleavage, approaches completion within this period.

https://doi.org/10.1021/acsomega.6c01211
ACS Omega 2026, 11, 24705—-24713


https://pubs.acs.org/doi/10.1021/acsomega.6c01211?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01211?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01211?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01211?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.6c01211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Accordingly, a total reaction time of 120 min was selected for
all subsequent assays to maximize signal output while
maintaining a practical assay duration.

Next, the concentration of T7 RNA polymerase, responsible
for transcribing scaffold-RNA from the liberated promoter, was
optimized. Figure 3B presents the relationship between
fluorescence intensity and polymerase concentration. Signal
strength increased with enzyme concentration up to 1.5 U/uL,
beyond which a gradual decline was observed. The initial rise
likely reflects enhanced transcription efficiency and elevated
scaffold-RNA production, whereas the subsequent decrease at
higher concentrations may result from nonspecific interactions
or steric interference that could impede downstream complex
assembly. Hence, 1.5 U/uL was identified as the optimal T7
RNA polymerase concentration.

The concentration of Casl2a protein, which executes the
final trans-cleavage signal amplification step, was also
evaluated. As shown in Figure 3C, fluorescence intensity rose
with Cas12a concentration and saturated near 20 nM. Further
increases did not yield additional signal gain, indicating that
either the reconstituted Casl2a/crRNA complexes or the FQ
reporter substrate became limiting under the tested conditions.
Therefore, 20 nM Casl2a was chosen as the optimal
concentration to ensure efficient cleavage activity while
conserving reagents.

Finally, the concentration of the LP probes, which form the
basis of the CHA cascade, was refined. Figure 3D demonstrates
that fluorescence intensity increased with LP concentration,
peaking at 500 nM, consistent with more efficient CHA
initiation and DNAzyme reassembly. Above this concentration,
the signal stabilized, suggesting that the target miRNA or
subsequent reaction components became rate-limiting. Ex-
cessively high probe concentrations may also elevate back-
ground signal due to probe instability or nonspecific binding.
Consequently, a concentration of 500 nM for each LP was
adopted for further experiments.

3.4. Detection Performance of the Method

Under optimized conditions, the analytical sensitivity of the
assay was evaluated by measuring the fluorescence response to
varying concentrations of the target miRNA-193. As shown in
Figure 4A, fluorescence intensity increased in a clear
concentration-dependent manner, with higher miRNA levels
yielding stronger signals. A linear relationship was observed
between the fluorescence intensity (F) at 670 nm and the
logarithm of miRNA-193 concentration (C) across a broad
dynamic range of 1 fM to 100 pM (Figure 4B). The
corresponding linear regression equation was F = 679.9 X
IgC +680.5 (C in fM), with a correlation coefficient (R*) of
0.9928. The limit of detection (LOD), calculated using the 3
&/slope criterion (where § represents the standard deviation of
the blank signal), was determined to be 0.52 fM. This result
underscores the exceptional sensitivity achieved through the
multistage amplification cascade.

To evaluate specificity, the fluorescence signal generated by
the fully matched target (miRNA-193) was compared with
signals from several control sequences (Figure 4C). These
included four mismatch variants (m1 to m3, containing one to
three base substitutions within the miRNA-193 sequence,
respectively) and two unrelated miRNAs (miRNA-21 and
miRNA-144). A pronounced fluorescence increase was
observed only in the presence of perfectly complementary
miRNA-193. Notably, even a single-base mismatch (ml)
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caused a drastic reduction in signal, highlighting the assay’s
high sequence-discrimination capability. This stringent specif-
icity originates from the dual-recognition design: the target
miRNA must hybridize correctly twice—first to initiate the
CHA cascade, and subsequently to act as the spacer-RNA for
Casl12a/crRNA reconstitution. This built-in verification step
substantially enhances detection fidelity.

To further benchmark the gain in specificity afforded by this
design, a comparative analysis was performed. The discrim-
ination factor between miRNA-193 and its single-base
mismatch variant (ml) was quantified using the proposed
method, conventional RT-qPCR, and a previously reported
CHA-based assay. As illustrated in Figure 4D, the signal
recovery for mis-RNA-1 relative to miRNA-193 was only about
3.21% with our method. This value is markedly lower than
those obtained by RT-qPCR (~21.2%) or the earlier CHA
method (~41.5%), confirming a superior ability to differentiate
single-nucleotide variations. Collectively, these results demon-
strate that the integrated dual-recognition strategy effectively
suppresses false-positive signals from closely related sequences,
thereby significantly improving specificity over conventional
single-step recognition or amplification approaches.

3.5. Clinical Application Potential of the Method

The inherent complexity of clinical sample matrices presents a
significant challenge to the practical application of biosensing
technologies. To evaluate the clinical applicability of the
proposed method, miRNA-193 was spiked into normal human
serum at four different concentrations to mimic real clinical
conditions. The detected miRNA-193 levels closely matched
the known spiked amounts, with recovery rates ranging from
97.3% to 107.2% and relative standard deviations (RSDs)
between 1.2% and 4.3%. These results demonstrate that the
split crRNA-based Cas12a fluorescence assay is robust against
matrix interference, offering a reliable platform for highly
sensitive detection of miRNA-193 in clinical environments.

Subsequently, miRNA concentrations in the prepared
samples were quantified using both the developed assay and
RT-qPCR. Figure S shows strong agreement between the
results obtained with the two methods, particularly in
determining the relative expression levels of miRNA-193.
The high consistency (R* = 0.9933) indicates that the present
assay effectively minimizes interference from serum compo-
nents and is suitable for real-sample analysis.
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Figure S. Correlation between the miRNA concentration obtained by
the method and the RT-qPCR method. All bar graph data are
presented as mean + SD from three independent experiments (1 = 3).
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4. CONCLUSION

In summary, we have successfully developed a novel and
integrated fluorescent biosensor for the sensitive and specific
detection of miRNA, utilizing a cascade signal amplification
strategy that combines catalytic hairpin assembly, split
DNAzyme cleavage, T7 RNA polymerase-mediated tran-
scription, and CRISPR-Casl2a trans-cleavage. This work
directly addresses the critical challenge of achieving both
high sensitivity and stringent specificity in miRNA diagnostics,
a trade-off often encountered in existing isothermal amplifica-
tion platforms.

The core innovation of this method lies in its dual-
recognition mechanism for the same target miRNA molecule.
The target miRNA first acts as the initiator to trigger the CHA
cascade, leading to the reassembly of an active split DNAzyme.
Subsequently, the same miRNA molecule serves as the spacer-
RNA, combining with the Casl2a/scaffold-RNA complex to
reconstitute a fully functional Casl2a/crRNA effector. This
two-step, sequence-specific verification process introduces an
inherent fidelity check, substantially reducing off-target binding
and false-positive signals caused by single-nucleotide poly-
morphisms or homologous miRNA family members. This
design effectively overcomes the common limitation of low
specificity associated with traditional CHA-based methods.
Complementing this enhanced specificity, the assay achieves
remarkable sensitivity through multistage signal amplification.
The initial CHA provides the first level of amplification, which
is followed by the catalytic activity of the DNAzyme, the
transcriptional amplification by T7 RNA polymerase, and
finally the potent, nonspecific trans-cleavage activity of Casl2a.
Under optimized conditions, this synergistic cascade enabled
the detection of miRNA-193 with a limit of detection as low as
0.52 fM and a wide linear dynamic range spanning 5 orders of
magnitude. The method demonstrated superior specificity in
discriminating target miRNAs from single-base mismatch
variants, outperforming conventional RT-qPCR and other
reported CHA-based assays. Furthermore, the practical utility
of the biosensor was validated through spike-and-recovery
experiments in human serum, yielding satisfactory recoveries
and low variability. The results showed excellent correlation
with the gold-standard RT-qPCR, confirming its robustness
against complex matrix interference and its potential for
reliable analysis in clinical settings. Notably, by simply
reprogramming the recognition sequences in the hairpin
probes, the proposed strategy can be readily extended to
detect other POD-related miRNAs or any miRNA of interest,
further demonstrating its adaptability and broad utility in
biomarker analysis.

Despite its high sensitivity and specificity, the proposed
method has certain limitations. The current design is
optimized for single-target detection and does not support
multiplexed miRNA analysis, which may restrict its application
in scenarios requiring simultaneous profiling of multiple
biomarkers. Additionally, although the assay involves only
two operational steps, the overall reaction time of 120 min and
the requirement for multiple reagent additions may pose
challenges for point-of-care implementation. Future efforts will
focus on addressing these limitations by integrating micro-
fluidic chip technology to accelerate reaction kinetics and
reduce overall assay time. Furthermore, adopting multichannel
or array-based designs will enable high-throughput, multi-
plexed detection of multiple miRNA targets, thereby enhancing

the clinical utility and translational potential of this platform
for point-of-care diagnostics.

In conclusion, this work presents a powerful and versatile
molecular tool that not only provides a promising solution for
the accurate quantification of POD-related miRNAs but also
establishes a generalizable modular framework. The design
principle of integrating a dual-recognition step with multi-
enzyme amplification can be readily adapted for the detection
of various nucleic acid targets, paving the way for the
development of next-generation point-of-care diagnostics
with enhanced reliability for clinical and research applications.
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