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1 Introduction

PAM-free activation of CRISPR/Casl2a via
semi-nested asymmetric RPA: highly specific
detection of HPV16 dsDNA+

Xiaozhi Zou,? Tao Gu, (2@ Xuheng Li, ©2? Liyuan Deng,? Shuyu Zhu,? Jiangbo Dong,?
Fei Deng,” Changjun Hou @2 ** and Danqun Huo*?

Early and accurate detection of HPV16 nucleic acids is therefore critical for the effective screening, diag-
nosis, and prevention of cervical cancer. Although CRISPR/Cas12a-based molecular diagnostics offer a
rapid and sensitive approach for HPV16 detection, their application to double-stranded DNA (dsDNA)
targets remains constrained by two major limitations: the strict requirement for a protospacer adjacent
motif (PAM) site and the insufficient specificity of current amplification strategies, which can lead to off-
target amplification and false-positive results. To address these challenges, we developed a semi-nested
asymmetric recombinase polymerase amplification (SNA-RPA) method combined with CRISPR/Cas12a for
the detection of HPV16 dsDNA. This strategy employs a semi-nested primer design to significantly
enhance target sequence specificity during amplification, while asymmetric primer ratios promote the
efficient generation of single-stranded DNA (ssDNA) that directly activates Casl2a without the need for a
PAM site. Using this approach, we achieved rapid and highly specific detection of HPV16 dsDNA, with a
limit of detection as low as 18 aM. Beyond achieving PAM-free detection, our method also substantially
improves amplification fidelity, offering a promising solution for precise and reliable HPV diagnostics and
cervical cancer screening.

Currently, cervical cytology and HPV testing are the primary
methods for cervical cancer screening.® However, cervical

Cervical cancer ranks fourth in the global cancer mortality rate
among women."” In the majority of cervical cancer cases
(84%), persistent human papillomavirus (HPV) infection that
promotes the integration of the viral genome into the cellular
genome is critical in the development of cervical cancer.>*
Among the more than 200 HPV genotypes that have been
identified, 15 high-risk HPV (HR-HPV) types have been shown
to be associated with the progression of cervical cancer as well
as precancerous lesions.” Among them, HPV16, which is
uniquely oncogenic, is responsible for half of all cervical
cancer cases.®’ Therefore, the development of a rapid test for
HPV16 is essential for early screening and timely prevention of
most cases of cervical cancer.
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cytology, which relies on the microscopic examination of cellu-
lar morphology, suffers from notable limitations, including
operational variability in sample collection and preservation,
as well as subjective interpretation by pathologists, leading to
a false-negative rate of 20-25%.° To overcome these limit-
ations, molecular diagnostics targeting HPV nucleic acids have
emerged as a promising alternative. By directly detecting the
presence of viral genetic material with high specificity and sen-
sitivity, HPV nucleic acid tests offer a more objective, reprodu-
cible, and early means of identifying high-risk infections,
thereby enhancing the effectiveness of cervical cancer screen-
ing programs.'®'! The current gold standard for HPV nucleic
acid detection is polymerase chain reaction (PCR)-based
testing.'” Although PCR provides high sensitivity and speci-
ficity, its requirement for skilled personnel, expensive thermal
cyclers, and precise experimental conditions has increased
operational complexity and infrastructure costs.'*> Moreover,
the need for multiple temperature shifts during amplification
prolongs assay time, making PCR less suitable for point-of-
care or field-deployable diagnostics.'* Therefore, the develop-
ment of new nucleic acid detection methods is still required to
overcome these limitations and further improve the efficiency
and practicality of HPV screening.
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In this context, numerous isothermal amplification tech-
niques have been developed,*™® among which recombinase
polymerase amplification (RPA) stands out due to its ease of
operation and short reaction time, making it particularly well-
suited for rapid, on-site detection. To further enhance the
specificity and sensitivity of RPA-based detection, the CRISPR/
Cas12a system has been widely incorporated as a terminal
signal transduction module, enabling efficient conversion of
nucleic acid concentration information into detectable fluo-
rescent signals.’®>* Cas12a exhibits both cis- and trans-
cleavage activities upon recognition of double-stranded DNA
(dsDNA) bearing a protospacer adjacent motif (PAM) sequence
(5'-TTTN-3").>*** When oriented towards dsDNA, Cas12a forms
a complex with crRNA and localizes to the target DNA near the
PAM, which activates the cis- and trans-cleavage activities of
Casl12a, ultimately causing amplification of the signal.”®
However, Cas12a recognition of single-stranded DNA (ssDNA)
does not require a PAM site.>**” This dependency on PAM
sequences poses a significant limitation: target dsSDNA mole-
cules lacking the necessary PAM cannot be directly detected by
Cas12a, restricting its broader application.

To address this issue, several strategies have been devel-
oped. Li et al. incorporated additional PAM sequences blocked
within hairpin structures, where target binding opened the
hairpin, enabling amplification via hybridization chain reac-
tion to form a functional PAM and activate Cas12a.>® Zhou
et al. introduced a 5-phosphate modification on one RPA
primer, allowing Lambda exonuclease to generate ssDNA from
RPA amplicons for Cas12a activation.>® Meng et al. engineered
LAMP primers to yield dsDNA with enzymatic cleavage sites,
producing ssDNA through digestion and strand displacement,
bypassing PAM restrictions.>* However, these methods rely on
complex primer designs, costly enzymes, or specialized modifi-
cations, limiting their universality and cost-effectiveness for
broad application.

Therefore, there remains a need for a simplified, cost-
effective method to achieve PAM-independent nucleic acid
detection. Asymmetric amplification utilizes unequal pairs of
primers to generate a large amount of ssDNA without
additional enzymes and modifications, which solves the
problem of PAM site restriction in Cas12a assay.>' However, the
efficiency of ssDNA production with conventional asymmetric
amplification is relatively low. To further enhance both the
specificity and yield of target sequences, semi-nested amplifica-
tion employs nested primers to selectively enrich and amplify
the target region, significantly improving the amplification
specificity and efficiency.*> Thus, by combining asymmetric
amplification with semi-nested amplification, it is possible to
achieve rapid, highly specific conversion of double-stranded
DNA (dsDNA) to ssDNA along with effective target sequence
amplification to achieve PAM free detection by Cas12a.

In this study, we developed a semi-nested asymmetric
recombinase polymerase amplification (SNA-RPA) strategy that
efficiently amplifies target sequences by leveraging the concen-
tration differences among three primers, generating a large
amount of single-stranded DNA (ssDNA) without the need for
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additional enzymatic treatment. This ssDNA subsequently acti-
vates the CRISPR/Casl2a system for sensitive fluorescence-
based detection. Our method enables the direct detection of
HPV16 double-stranded DNA (dsDNA) without PAM site con-
straints, achieving a detection limit as low as 18 aM within
70 minutes. By integrating semi-nested amplification and
asymmetric RPA, the system significantly improves detection
specificity and sensitivity while expanding the range of detect-
able HPV16 dsDNA fragments for Casl12a, offering a rapid,
simple, and highly effective approach for PAM-free nucleic
acid diagnostics.

2 Materials and methods

2.1 Experimental reagents and DNA sequences

All reagents (Table S17) and DNA sequences (Table S27) are
shown with information in the Appendix.

2.2 Establishment of the SNA-RPA -CRISPR/Cas12a
fluorescence detection method

The ERA (KS101) nucleic acid amplification kit was purchased
from GenDx Biotech Co. (Suzhou, China). The SNA-RPA system
consisted of 1 pL of 1 pM reverse primer (R), RPA lyophilized
powder, 20 pL of solubilizer, 20 pL of DNase/RNase-free water,
2 pL of activator, and 4 pL of target nucleic acid (the control
was 4 pL nuclease-free water), which were mixed well and
divided into the top and bottom of four PCR tubes. Then, 1 pL
of 0.75 uM forward outer primer (F1) was added at the top and
1 pL of 25 pM forward inner primer (F2) was added at the
bottom, respectively. After incubation at 37 °C for 5 min, cen-
trifugation and mixing, the mixture was incubated again at
37 °C for 15 min. After that, the CRISPR/Cas12a system was
configured according to Table S1,f and 4 pL of the RPA
product was transferred to the configured CRISPR/Cas12a
system, mixed, and then incubated at 37 °C for 50 min, and
then placed in an FL970 fluorescence spectrophotometer for
fluorescence acquisition.

2.3  Gel electrophoresis analysis

To assess the feasibility of the experiment, we first used 10%
polyacrylamide gel (configuration method in Table S2}) and
2% agarose gel (0.6 g agarose powder added to 30 mL of 1x
TBE buffer) for analysis. Next, the samples were first reacted in
the PCR instrument at 56 °C for 5 min, and then mixed with
6x loading buffer at a volume ratio of 5:1, and 10 pL was
added to the wells. After that, electrophoresis conditions for
both were: reaction in 1x TBE buffer at 90 V for 120 min. Once
electrophoresis was completed, the gel was submerged in
GelRed for 12 min. Finally, the electropherograms were cap-
tured using Azure Biosystems C10 (USA) software.

2.4 Optimization of conditions based on SNA-RPA-CRISPR/
Cas12a fluorescence assay

In order to obtain more ssDNA, we optimized the reaction
system. In this system, the yield of ssSDNA is closely related to

This journal is © The Royal Society of Chemistry 2025
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the concentration of primers and the time of the RPA reaction.
Therefore, we investigated the concentration of F1 and F2,
hoping that F1 and R can produce more dsDNA for F2 to
produce more ssDNA. Next, we tested different concentrations
of F1 (0.25 pM, 0.5 uM, 0.75 pM, 1 uM, and 2 pM) and F2
(10 uM, 15 pM, 20 pM, 25 uM, and 30 pM). Then, we optimized
the RPA reaction time by dividing it into pre-centrifugation
amplification time, which was set to 0 min, 5 min, 10 min,
15 min, and 20 min, and post-centrifugation amplification
time, which was set to 5 min, 10 min, 15 min, 20 min, and
25 min. After that, to obtain greater fluorescence intensity, we
optimized the cutting time of the CRISPR/Casl2a system,
which was set to 20 min, 30 min, 40 min, 50 min, and 60 min.

2.5 Exploration of the performance of a fluorescence assay
based on SNA-RPA-CRISPR/Cas12a

To explore the sensitivity, specificity and reproducibility of this
method, we first diluted HPV16 dsDNA from 1 nM to 100 aM
in a 10-fold gradient and utilized this method to amplify
samples at different concentrations. The obtained fluorescence
values were used to calculate linear regression. To assess the
specificity of this method, HPV16 dsDNA and four random
sequences were detected using this method. In addition to
assessing the reproducibility of the method, five independent
replicate experiments were performed to calculate RSD values
to evaluate the reproducibility of the method.

2.6 Serum spiking experiment

A 10% human normal serum sample was used to dilute the
target to different concentrations (10 fM, 1 pM, and 10 pM) to
simulate a complex biological environment. Afterward, the
reaction of SNA-RPA-CRISPR/Casl2a was performed, fluo-
rescence intensity was collected, and the theoretical concen-
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tration was calculated by linear regression analysis to compare
with the actual concentration.

3 Results and discussion

3.1 Principles of HPV16 detection by SNA-RPA-CRISPR/
Casl12a

Here, we developed the SNA-RPA technique to overcome the
PAM site limitation of CRISPR/Cas12a and realize the rapid
and sensitive detection of HPV16 (Scheme 1). First, we
designed three primers based on the sequence of HPV16, in
which the forward outer primer (F1) and reverse primer (R)
amplification sequences contain the region amplified by the
forward inner primer (F2) and R. In this system, the R concen-
tration is less than the sum of the concentrations of all the
former primers. The forward primer content is excess R. Next,
as illustrated in Scheme 1, when the target was present, F1
and F2 were amplified by RPA with R in the cap and at the
bottom of the tube, respectively. After 5 min of amplification,
the reaction mixture was centrifuged. F1 and F2 continued to
amplify with R until R was consumed. At this stage, the excess
F2 and F1 primers amplified a large amount of ssDNA using
previously amplified dsDNA as a template. This enabled the
activation of Cas12a without recognizing the PAM site to gene-
rate trans-cutting activity, which cleaved the F-Q reporter to
obtain fluorescence. In this process, F2 used the F1 and R
amplified dsDNA as a template to further improve the speci-
ficity of the assay and reduce the false-positive problem of
non-specific amplification; meanwhile, the semi-nested asym-
metric RPA in two consecutive amplifications also improved
the amount of ssDNA, which enhanced the sensitivity of the
assay. In addition, the CRISPR/Casl2a system recognized
ssDNA and cleaved the fluorescent reporter F-Q to produce
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Scheme 1 Schematic diagram of HPV16 dsDNA detection based on SNA-RPA.
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Fig. 1 Feasibility demonstration of SNA-RPA for HPV16 dsDNA detection. (A) Polyacrylamide electropherogram of SNA-RPA; (B) CRISPR/Cas12a
cleavage confirmation agarose gel plot; (C) fluorescence intensity of HPV16 dsDNA measured using this assay: blank group and control group; (D)
comparison between conventional asymmetric RPA and nested asymmetric RPA (negative vs. positive group); (E) fluorescence intensity of SNA-RPA
using different mixing methods; (F) comparison of mixed RPA and mixed RPA added to DMSO. All the experiments were conducted in triplicate and

graphs are presented as mean + standard deviation (SD).

strong fluorescence, which further improves the sensitivity and
specificity of this method. This approach resulted in a 60%
increase in ssDNA productivity compared to traditional asym-
metric RPA (Fig. 1D). In conclusion, SNA-RPA-CRISPR/Cas12a
can directly convert dsDNA to ssDNA without enzyme changes.
This effect can solve the problem of the PAM site and finally
improve the range of Casl2a’s selection of HPV16 dsDNA
target fragments.

3.2 The feasibility of SNA-RPA-CRISPR/Cas12a

In order to assess the feasibility of SNA-RPA, we explored this
assay by PAGE and gel electrophoresis. As shown in Fig. 14, it
was first confirmed that the primers (R, F1, and F2) were all 30
bp (lanes 5, 6, and 7). When the target was not present, the
three primers could not pair with each other for self-amplifica-
tion under the amplification conditions, proving that the
design of the three primer sequences would not interfere with
the experimental results (lane 4). When the target is present
and the only primers present are F1 and R, with the amplifica-
tion of RPA, the product is dsDNA with 98 bp in lane 1. With
the participation of F2, after R was consumed, the excess
forward primer was able to produce a large amount of ssDNA
using the previously amplified dsDNA as a template (lane 3).
In addition, other bands of different sizes appeared in lane 3.
We have analysed ssDNA self-binding by NUPAK and found
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that two ssDNA form partial double-stranded structures. On
this basis, DNA polymerase can use these complexes as tem-
plates and continue to extend them to generate non-target pro-
ducts larger than 98 bp. The above results indicated that
HPV16 dsDNA was able to successfully initiate the SNA-RPA
reaction with the participation of three primers. To verify
whether the obtained ssDNA could be recognized by crRNA
and thus activate the trans-cutting activity of Cas12a, we per-
formed gel electrophoresis analysis of the CRISPR/Cas12a reac-
tion process and found that the ¢rans-cutting activity of Cas12a
was activated only in the presence of the RPA product, crRNA,
and Cas12a at the same time (Fig. 1B lane 2). At the same
time, we also verified the feasibility of the Casl2a sensing
system. Fig. S11 shows that strong fluorescence is produced
only in the presence of the target, crRNA, and Cas12a.

To further test the feasibility of this method, we performed
fluorescence spectroscopy experiments. As shown in Fig. 1C,
strong fluorescence is produced only in the presence of HPV16
dsDNA, while the fluorescence of the blank group is low. This
result indicates that the HPV16 dsDNA amplified with the
three primers by the SNA-RPA reaction to produce a large
amount of ssDNA, which can activate the trans-cleavage activity
of Cas12a without the need for the PAM site and release fluo-
rescent signals. Conversely, in the absence of the target, the
RPA reaction with Casl2a cleavage could not be triggered.

This journal is © The Royal Society of Chemistry 2025
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Meanwhile, SNA-RPA did not increase background signals
despite the additional primer and demonstrated higher ssDNA
acquisition efficiency than conventional asymmetric RPA
(Fig. 1D). In addition, we investigated the mixing method to
obtain greater amplification efficiency (Fig. 1E). We found that
the efficiency of RPA amplification by centrifugation and
mixing of F1 and F2 with R in the cap and at the bottom of
tubes, respectively, was better than that of direct mixing of the
three primers for RPA amplification. This may be due to the
presence of inter-primer interference or competition in the
direct mixing system. Therefore, we added DMSO, which can
reduce primer dimer formation, to the mixed system to
indirectly verify the above conjecture. As shown in Fig. 1F, the
efficiency of the mixed amplification set was significantly
improved after the addition of DMSO, so it can be shown that
separate amplification can reduce more dimers, resulting in a
higher fluorescence signal response. Overall, the SNA-RPA
assay was able to achieve superior amplification efficiency of
ssDNA than conventional asymmetric RPA, proving that this
assay can subsequently improve the sensitivity for ssDNA
detection by CRISPR/Cas12a.

3.3 The optimization of SNA-RPA experimental conditions

In order to achieve optimal detection efficiency, we systemati-
cally optimized five important parameters in our experiments
(F1 concentration, F2 concentration, F1 and F2 separated RPA
amplification time, RPA amplification time after centrifugal
mixing of both amplification systems, and CRISPR/Cas12a
cutting time). The F1 and R amplification sequence contains
the region amplified by F2 with R. Therefore, F2 can use the
dsDNA produced by F1 and R as a template for secondary
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amplification. Meanwhile, due to the exhaustion of the R
primer in SNA-RPA, the remaining F1 and F2 can obtain a
large amount of ssDNA using the amplified dsDNA as a tem-
plate. Thus, the concentration of F1 and F2 played a key role in
cyclic amplification. As shown in Fig. 2A and B, AF (experi-
mental group fluorescence minus control group fluorescence)
gradually increases with the increase of the concentration of
F1 and F2, and the signal intensity is maximum when the con-
centration of F1 is 0.75 pM and the concentration of F2 is
25 pM, which indicates that SNA-RPA amplified the ssDNA
most efficiently. In addition, compared with the mixing RPA,
SNA-RPA amplified more efficiently using the same material
and within the same time. To further improve the efficiency of
SNA-RPA to obtain a large amount of ssDNA, we optimized the
time of F1 and F2 separated RPA amplification and RPA ampli-
fication time after centrifugal mixing of both amplification
systems. As shown in Fig. 2C and D, the maximum fluo-
rescence value is reached by F1 and F2 separated RPA amplifi-
cation for 5 min, and RPA amplification for 15 min after cen-
trifugation and mixing of both amplification systems. Finally,
the signal output intensity of the assay is not only related to
ssDNA yield, but also to CRISPR/Casl2a cleavage time. As
shown in Fig. 2E, the fluorescence intensity increases with the
increase of CRISPR/Casl2a cleavage time and reaches the
maximum value at 50 min, indicating that 50 min was the
optimal reaction time. In conclusion, the optimized conditions
include: 0.75 pM F1 primer, 25 pM F2 primer, 5 min primer-
separated RPA amplification, 15 min RPA amplification after
centrifugal mixing of both amplification systems, and 50 min
CRISPR/Cas12a cutting. Ultimately, a high signal-to-noise ratio
fluorescence signal output is achieved.
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Fig. 2 Optimization of F1 concentration (A), F2 concentration (B), F1 and F2 separated RPA amplification time (C), RPA amplification time after cen-
trifugal mixing of both amplification systems (D), and CRISPR/Cas12a shear time (E). All the experiments were conducted in triplicate and graphs are

presented as mean + standard deviation (SD).
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3.4 The performance of SNA-RPA for HPV16 detection

To explore the detection performance of this method, we
measured the changes in fluorescence intensity arising from
different concentrations of HPV16 dsDNA under optimal
detection conditions. Fig. 3A shows the fluorescence curves
generated by different concentrations of HPV16 dsDNA in the
range of 100 aM-1 nM. As the concentration of HPV16 dsDNA
increased, the gradual increase of ssDNA activated more
Cas12a, resulting in a concomitant increase in fluorescence
intensity (Fig. 3B). As shown in Fig. 3C, there was a good linear
relationship between the AF (the fluorescence of the experi-
mental group minus the fluorescence of the control group)
value and the logarithm of HPV16 dsDNA concentration in the
experimental group, with a linear equation of AF = 104.621lg
(c/10 aM) — 43.446 (R> = 0.997), where ¢ represents the concen-
tration of HPV16 dsDNA. After calculation, the limit of detec-
tion (LOD) of this method is 18 aM, and compared with other
detection methods (Table S37), this method has a lower detec-
tion limit and a wider detection range. The excellent perform-
ance of this method is mainly attributed to the following
reasons: the design of the three primers in SNA-RPA and the
utilization of the concentration difference of the primers,
which enables the excess primers to use the amplified double
strand as a template to increase the yield of ssDNA, while
improving the specificity of the assay. In addition, the combi-
nation of the CRISPR/Casl2a system further increases the
specificity of the assay. Single-stranded DNA needs to be
specifically recognized by crRNA to activate Casl2a activity,
which ensures the precise recognition of the target. We also
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tested HPV16 dsDNA (100 pM-1 fM) using the golden standard
gPCR (Fig. 3D). As the target concentration increased, the qPCR
cycle threshold (C¢) decreased and the AC, (the value of the
control group minus the value of the experimental group)
showed a strong linear relationship, which was AC; = 3.8631g(C/
1 fM) — 2.737 (R* = 0.999), with an LOD of 134 aM. Finally, our
assay can achieve sensitivity that is 0.87 order of magnitude
better than that of the gold standard qPCR (Fig. 3E), proving its
high potential for low concentration HPV16 ssDNA detection.

3.5 Investigation of the reproducibility and repeatability of
the SNA-RPA assay

To further investigate the selectivity and reproducibility of this
assay. First, we selected the HPV18 sequence as well as three
random sequences as interfering sequences, which were at a
concentration of 100 pM. As shown in Fig. 4A and Fig. S2,T
strong fluorescence is observed only in the presence of HPV16
dsDNA, and the rest of the four random sequences with the
blank group show low fluorescence intensity. After that, we
tested five independent groups of samples of HPV16 dsDNA to
explore the reproducibility of this assay (Fig. 4B and Fig. S37),
and it was found that the relative standard deviation (RSD) of
the net fluorescence values calculated between the five inde-
pendent groups of samples was 2.12%, which was less than
5%, indicating that the SNA-RPA method has good stability.

3.6 Serum spiking detection

To assess the practicality of the SNA-RPA-CRISPR/Casl2a
assay, we performed a series of spiking recovery experiments
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ments were conducted in triplicate and graphs are presented as mean + standard deviation (SD).

Table 1 HPV16 dsDNA spiking assay in 10% human normal serum
samples

Serum spiked target Test Recovery

concentration results rate% RSD%
10 fM 9.35 ftM 93.56 3.72
10 pM 9.51 pM 95.11 0.77
100 pM 107.71 pM 107.71 1.99

using normal serum. The target was diluted with 10% human
normal serum into different concentrations: 10 fM, 10 pM,
and 100 pM to simulate a complex biological environment. As
shown in Table 1 and Fig. S4,t the recoveries of HPV16 dsDNA
assay in normal human serum range from 93.56% to 107.71%,
with RSDs between 0.77% and 3.72%, indicating that this
method can be used to detect HPV16 dsDNA with good stabi-
lity in complex sample environments.

4 Conclusions

The specific nucleic acid recognition ability of the CRISPR/
Cas12a system underpins its important role in biosensing appli-
cations. However, when targeting double-stranded DNA (dsDNA),
Casl12a activation requires recognition of a protospacer adjacent
motif (PAM) site, limiting its application scope since not all
target sequences possess a PAM. To overcome this limitation, we
developed a semi-nested asymmetric RPA (SNA-RPA) strategy,
which generates a large amount of single-stranded DNA (ssDNA)
by adjusting primer concentrations and introducing additional
primers. The resulting ssDNA can directly hybridize with crRNA
and activate Cas12a without the need for PAM recognition.

Using this method, we achieved rapid and highly sensitive
detection of HPV16 dsDNA without the addition of extra enzymes
or reagents. Targets as low as 18 aM were successfully detected
within 70 minutes. This excellent performance is attributed to
two key factors: (1) the semi-nested amplification design, where
the F2 primer utilizes the F1/R-amplified dsDNA as a template,

This journal is © The Royal Society of Chemistry 2025

enabling double verification of the target sequence and produ-
cing abundant correct ssDNA, thus significantly enhancing assay
specificity; (2) the CRISPR/Cas12a system precisely recognizes the
ssDNA guided by crRNA, and its collateral cleavage activity
further amplifies the signal, boosting assay sensitivity.

Although the proposed assay demonstrates significant
advantages in terms of simplicity, sensitivity, and PAM-indepen-
dent detection, certain limitations remain to be addressed.
Future efforts will focus on integrating this method with intelli-
gent diagnostic devices to enable true point-of-care testing
(POCT) and broaden its practical applicability. In addition,
further optimization of the amplification strategy to enhance
ssDNA yield will be essential for improving assay robustness
and ensuring reliable performance across a wider range of clini-
cal settings. Overall, this assay provides a simple, rapid, and
cost-effective approach for PAM-independent nucleic acid detec-
tion and holds great promise for future clinical applications.
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