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Developing a one-pot assay is a critical strategy for enhancing the applicability
of CRISPR-based molecular diagnostics; however, it is hindered by CRISPR
cleavage interfering with nucleic acid amplification templates. Photo-
regulation strategies provide an ideal solution to suppress undesired CRISPR
cleavage while maintaining detection efficiency. However, existing photo-
controlled CRISPR diagnostic methods face limitations in universality, cost,
and detection efficiency. In this study, we systematically examine the impact of
mutations in the repeat recognition sequence (RRS), a four-nucleotide seg-
ment within the Casl2a crRNA direct repeat (DR) region, on cleavage activity.
We observe that mutations at positions 3 or 4 nearly abolished crRNA activity.
Based on this discovery, we introduce 6-nitropiperonyloxymethyl (NPOM)
photo-caging modifications at positions 3 and 4. Photo-caging at position 4
demonstrates the most effective suppression of enzymatic activity and opti-
mal light-mediated activation. We leverage this finding to develop a photo-
controlled CRISPR diagnostic method, enabling a universally adaptable one-
pot detection strategy. Furthermore, by incorporating a crRNA splinting
strategy, this pre-preparable reagent can be adapted for the detection of vir-

tually any target gene.

CRISPR is an adaptive immune system initially discovered in prokar-
yotes, which was later reconstructed in vitro and repurposed for
genome editing'. Approximately nine years ago, it was first applied to
nucleic acid detection®, leading to the rapid evolution of various
CRISPR-based molecular diagnostic techniques’’. Among these
CRISPR detection systems, Casl13a and Casl2a are the most widely
adopted due to their advantages in detection efficiency and compo-
nent simplicity. These two systems have been previously demon-
strated to specifically recognize RNA and DNA, respectively, and
activate their trans-cleavage activities® . Recent studies have further

revealed that both Casl3a and Casl2a possess the capability to
recognize both DNA and RNA™", Compared to Casl3a, the Casl2a
system appears to be more advantageous for diagnostic applications,
as it exhibits a comparable cleavage efficiency to Cas13a but requires a
shorter crRNA (-40 bp).

CRISPR diagnostic technology has garnered much praise due to
its homogeneous detection mode based on trans-cleavage activity,
sequence-specific enzyme activation mechanism, and mild reaction
conditions. It is expected to drive the development of next-generation
diagnostic technologies. However, several key technical challenges
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must be addressed before they can be widely applied in clinical set-
tings. For instance, despite their exceptional analytical sensitivity (with
detection limits in the picomolar to femtomolar range), CRISPR-based
assays still require pre-amplification of target nucleic acids to achieve
clinically relevant detection, typically in the attomolar range. However,
in early CRISPR-based detection technologies, nucleic acid amplifica-
tion and CRISPR detection were typically performed as separate steps
to prevent CRISPR-mediated cleavage from degrading the amplifica-
tion template’®?°. But this stepwise approach increased workflow
complexity and introduced the risk of aerosol contamination from
amplified products. A similar challenge arose in the early development
of PCR, where open-tube electrophoresis was initially required for
result analysis. The breakthrough that enabled PCR’s widespread
adoption was the development of closed-tube real-time quantitative
PCR?. Likewise, integrating CRISPR cleavage with nucleic acid ampli-
fication into a one-pot reaction is essential for advancing CRISPR-
based molecular diagnostics toward practical applications™.

To address this challenge, some strategies physically separate
nucleic acid amplification and Casl2a cleavage within a closed sys-
tem, while others utilize microfluidic chips with spatially compart-
mentalized reactions® 2, However, these approaches often require
manual post-reaction merging or custom-designed microfluidic
chips, which can compromise reproducibility and limit usability in
point-of-care testing (POCT) applications. It has been shown that
adding high-viscosity additives to a one-pot detection system can
delay the fusion of the reaction components, thereby reducing pre-
mature CRISPR cleavage”**. However, these strategies are prone to
operational errors, which can affect the reproducibility of results,
and the reagents cannot be lyophilized. Recently, significant efforts
have focused on developing methods to regulate CRISPR system
activity. Early approaches included optimizing the one-pot reaction
buffer to reduce Cas enzyme cleavage activity while minimizing the
impact on nucleic acid amplification®?, Another strategy involves
weakening Casl2a’s cleavage activity by using suboptimal PAM
sites®, reducing the enzyme’s substrate affinity through molecular
engineering”, or adding inhibitors, such as heparin®, to suppress
Casl2a activity, enabling one-pot CRISPR-Cas12a detection. However,
these methods only alleviate, rather than completely eliminate,
competitive cleavage of nucleic acid substrates, which may still limit
the efficiency of the one-pot assay. Additionally, the weakened
Casl2a system also affects the final detection efficiency.

Photo-controlled CRISPR method has been employed for spatio-
temporal gene editing and has proven effective in reducing off-target
effects®°. Recently, we and other groups have developed photo-
controlled methods to enable robust one-pot CRISPR detection®”%,
This technique relies on designing oligonucleotides that can be pho-
tolyzed to block the spacer region of crRNA. Further improvements
include embedding 6-nitropiperonyloxymethyl caged thymidine
(NPOM-dT) in the spacer region to prevent hydrogen bonding
between crRNA and target DNA, thereby shielding the recognition
activity®. While these optimizations have significantly improved
detection performance over conventional methods, challenges related
to generalizability remain. For instance, changing the detection target
requires re-screening of NPOM modification sites and the number of
modifications. One potential solution is to use photo-cloaking agents
to acylate all bases of crRNA, which addresses the generalizability
issue*®. However, such multi-base modifications are cumbersome,
costly, and the complete recovery of activity remains challenging.

In this study, we aim to develop a more cost-effective and versatile
photo-controlled CRISPR-Casl2a system. Our approach focuses on
regulating the direct repeat (DR) region of crRNA, in contrast to the
spacer region previously targeted. Previous research has demon-
strated that the Casl2a system exhibits both DNase and RNase
activities”'>*', The DNase activity is responsible for cis- and trans-
cleavage, while the RNase activity processes pre-crRNA into mature

crRNA*. Evidence shows that Casl2a cleaves pre-crRNA at four
nucleotides upstream of the stem-loop structure, suggesting that the
residues between this region and the cleavage site are critical for
substrate processing. This four-nucleotide sequence, known as the
repeat recognition sequence (RRS), is part of the crRNA’s DR region.
Structural analyses have revealed that the RRS, once folded, interacts
with the stem-loop to form a specific pseudoknot structure, which is
essential for binding to Casl2a***,

Previous studies have shown that mutations in the RRS region
affect the Casl2a-mediated processing of precursor crRNA*. In this
study, we hypothesize that mutations in these four nucleotides may
also influence the cis- and trans-cleavage activity of the Casl2a system.
Our screening experiments reveal that mutations in the third and
fourth positions of the RRS led to nearly complete loss of crRNA
functionality. Based on these findings, we replace these two positions
with NPOM-dT, evaluate their photo-switching effects, and identify the
U base at position RRS-4 as the optimal photo-responsive switch base.
As aresult, we develop a universal Photo-controlled CRISPR diagnostic
technology that requires only a single-base modification in the crRNA.
Furthermore, by adopting a split crRNA design, this split photo-caged
crRNA reagent can be pre-prepared and applied to the detection of
virtually any target.

Results

Identification of key nucleotides in the DR region of crRNA that
influence Casl2a cleavage activity

Precise temporal regulation of the CRISPR-Cas system using light
provides a powerful tool for accurate genetic manipulation and con-
tributes to the development of highly sensitive, enhanced one-pot
detection methods. However, existing photo-controlled strategies® *°
face limitations in terms of generalizability, cost, and ease of design
(Fig. 1a). Therefore, there is a pressing need to explore a low-cost,
versatile, and easily designed crRNA regulatory strategy. Casl2a pos-
sesses intrinsic endonuclease activity, enabling direct cleavage of pre-
crRNA located upstream of the crRNA pseudoknot. The first four
nucleotides at the 5’ end of crRNA can form a pseudoknot structure by
intramolecular pairing and hydrogen bonding with the stem-loop
structure of the DR region. These four nucleotides are referred to as
the RRS, which plays a crucial role in the processing of pre-crRNA
(Fig. 1b). Previous work has demonstrated that single-base mutations
in the RRS significantly affect Casl2a’s cleavage activity on pre-crRNA
processing**.

Based on this, we propose that studying the critical region of
crRNA could help identify the key nucleotides for LbCasl2a’s cis- and
trans-cleavage activities. To investigate how mutations at different
positions within the RRS affect crRNA’s trans-cleavage activity, we
introduced single-base mutations at positions 1-4 of the RRS in eight
crRNAs (mutating A to U/G/C at positions 1 and 2, and U to A/G/C at
positions 3 and 4) (Fig. 1c). Fluorescence assays revealed significant
differences in trans-cleavage activity among the various crRNA var-
iants (Fig. 1d and Supplementary Fig. 1). Compared to the wild-type,
mutations at any position in the RRS significantly impacted trans-
cleavage activity, with the following order of effect: position
4=3>2>1.Except for afew crRNA variants that retained weak activity,
most crRNA variants with mutations at positions 3 or 4 exhibited an
almost complete loss of trans-cleavage activity. This pattern aligns
with the crRNA pseudoknot structure, as nucleotides at positions 3 and
4 are critical for pseudoknot formation and thus have the most sig-
nificant effect on cleavage activity. In contrast, position 1, located at
the 5" end, likely contributes the least to pseudoknot stability, and thus
had the smallest impact on trans-cleavage activity. To further validate
the importance of the RRS, we sequentially truncated three mature
crRNAs by removing 1-4 nucleotides from their 5’ ends (Supplemen-
tary Fig. 2). crRNA variants truncated by more than two nucleotides
were almost completely inactivated, failing to produce fluorescence
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Fig. 1| Identification of key nucleotides in the DR region of crRNA that influ-
ence Casl2a cleavage activity. a Schematic of three photo-controlled CRISPR-
Casl2a activation strategies. b Schematic of Casl2a recognition of the RRS site and
processing of pre-crRNA. ¢ Schematic diagrams of single-base mutations at RRS
positions 1-4. d Heatmap analysis of the effects of individual base mutations at the
RRS 1-4 sites on the trans-cleavage activity of eight LbCas12a-crRNAs. AF repre-
sents the difference between the final fluorescence value and the initial fluores-
cence value. All experiments were performed in triplicate (n=3), and the plotted
data represent the mean values from three independent replicate experiments.

WT-crR 3U-mutant crRNA 4U-mutant crRNA

Time (min)

e Agarose gel electrophoresis analysis of cis-cleavage activity of crRNA with single-
base mutations at RRS positions 1 and 2. f Agarose gel electrophoresis analysis of
cis-cleavage activity of crRNA with single-base mutations at RRS positions 3 and 4.
For (e, f) all the experiments were performed three times. g Schematic diagram of
the Casl2a beacon assay principle. Circles labeled F and Q represent fluorescent
and quencher groups, respectively. h Fluorescence change curves after adding
500 nM beacon to different reaction systems. Error bars are presented as mean
values +/- SD (n = 3). a.u. represents arbitrary units. Source data are provided as a
Source Data file.

signals distinguishable from the negative control. This result rein-
forces the crucial role of RRS integrity in crRNA’s trans-cleavage
activity.

Additionally, we evaluated the effect of RRS site mutations on
crRNA’s cis-cleavage activity through gel electrophoresis. We selected
crRNA-1 for in vitro cis-cleavage assays (Fig. le, f). crRNA-1 targets a
1000 bp dsDNA fragment, with expected cis-cleavage products of
624 bp and 376 bp. The results showed that single-base mutations at
the four RRS positions affected cis-cleavage activity in a manner con-
sistent with the trans-cleavage results. Furthermore, truncated crRNA
variants also exhibited cis-cleavage activity that aligned with the trans-
cleavage results (Supplementary Fig. 3). Taken together, these findings
indicate that all four nucleotides in the RRS significantly influence both
cis- and trans-cleavage activities of crRNA, with positions 3 and 4 being
the most key sites.

Since single-base mutations at the RRS sites significantly affect
crRNA cleavage activity, we hypothesize that this could be due to the
inability of the mutated crRNA to form the correct secondary
structure, thereby disrupting its binding with the Cas protein and
target recognition. To test this hypothesis, we designed a molecular
beacon-based assay* to evaluate the effect of RRS site mutations on

the formation of the crRNA-Cas12a protein-target ternary complex.
The beacon consists of three oligonucleotide segments: a 37-nt tar-
get strand (TS), a 20-nt non-target strand (NTS), and a 17-nt sequence
containing the TTTA PAM site. These components anneal to form a
nick-containing dsDNA. The target and non-target strands are
labeled with a fluorescent dye and a quencher molecule, respectively.
Due to energy transfer via FRET between the fluorescent and
quencher groups, the initial fluorescence intensity of the beacon is
low. When the Cas12a-crRNA complex binds to the beacon, it causes
DNA strand dissociation, separating the fluorescent and quencher
groups, leading to a significant increase in fluorescence intensity
(Fig. 1g). As shown in Fig. 1h, when the beacon was added to CRISPR
reaction systems containing crRNA variants with mutations at posi-
tions 3 and 4 (mutated to A), the fluorescence intensity rapidly
increased, showing reaction rates comparable to the wild-type
crRNA. In contrast, neither the crRNA nor the Cas protein alone
could unwind the beacon. This result suggests that single-base
mutations at the RRS sites do not affect the recognition and binding
efficiency between crRNA, Casl2a, and the target. The observed
effect on cleavage activity is likely due to structural changes in the
protein during activation of the enzymatic activity. In comparison,
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Fig. 2 | Development of the photo-controlled LbCas12a system with single-base
photo-caging modifications. a Schematic of thymidine photo-caging through
NPOM modification. NPOM modification is applied to the nitrogenous ring of
thymidine, which is released from the thymidine upon exposure to 365 nm ultra-
violet light for 30 seconds. b Schematic of photo-controlled Cas12a reactions
mediated by three different crRNA photo-caging strategies. (1) NPOM photo-caging
at the third position U of the RRS. (2) NPOM photo-caging at the fourth position U
of the RRS. (3) NPOM photo-caging at three discontinuous bases in the spacer
region. Blue circles represent photocaged thymidine, and magenta hexagons
represent NPOM modification. ¢ Inactivation and photo-regulated recovery of
trans-cleavage activity mediated by RRS-3 single-base photocaged crRNA-1.

d Inactivation and photo-regulated recovery of trans-cleavage activity mediated by
RRS-4 single-base photocaged crRNA-1. e Inactivation and photo-regulated recov-
ery of trans-cleavage activity mediated by crRNA-1 with photocaged three dis-
continuous bases in the spacer region. f Inactivation and photo-regulated recovery
of trans-cleavage activity mediated by RRS-3 single-base photocaged crRNA-2.

g Inactivation and photo-regulated recovery of trans-cleavage activity mediated by
RRS-4 single-base photocaged crRNA-2. h Inactivation and photo-regulated

recovery of trans-cleavage activity mediated by crRNA-2 with photocaged three
discontinuous bases in the spacer region. Real-time fluorescence curves shown in
panels (c-h) were continuously collected over 20 min, with a final target con-
centration of 1nM in each reaction. All experiments were performed in triplicate,
with error bars representing mean values +/- SD (n = 3). a.u. represents arbitrary
units. crRNA-N serves as the non-target control, while crRNA-P represents the
positive experimental group with 1 nM target DNA added. i Comparison of the
inactivation and photo-regulated recovery of cis-cleavage activity mediated by
different photocaged crRNA-1. j Comparison of the inactivation and photo-
regulated recovery of cis-cleavage activity mediated by different photocaged
crRNA-2. In the 3% agarose gel electrophoresis analysis shown in panels (i) and (j),
unmodified wild-type crRNA was used as the control to compare cis-cleavage
activity inactivation and photo-regulated recovery mediated by crRNA with photo-
caging at the RRS-3, RRS-4, and spacer regions. The +’ and ‘=" symbols denote UV-
irradiated and non-irradiated control groups, respectively. For (i, j), all the
experiments were performed three times. Source data are provided as a Source
Data file.

the truncated crRNA variants exhibited significantly slower reaction
rates in the beacon assay than the wild-type crRNA, indicating that
the complete loss of the RRS region impaired the recognition and
binding between crRNA, Casl2a, and the target (Supplemen-
tary Fig. 4).

Development of a photo-controlled LbCasl2a system with
single-base caged modifications in crRNA
6-Nitropiperonyloxymethyl (NPOM) is a photosensitive protective
group that can “cage” nucleotide bases, temporarily inactivating their
function (such as base hybridization or target recognition)*¢. Upon
exposure to ultraviolet light (365 nm), the caging group can be rapidly
removed, restoring the biological function of the nucleotide (Fig. 2a).

In our previous studies, to effectively control the activation and inac-
tivation of CRISPR-Cas activity, we introduced three non-contiguous U
bases within the first 15 nucleotides near the 5’ end of the spacer region
and replaced them with NPOM-dT*°. However, the position and num-
ber of photo-responsive groups on the spacer are often limited by the
target nucleic acid sequence, requiring redesign and optimization of
the entire photo-control system when the target sequence changes.
Given our previous discovery of the critical importance of the third and
fourth U bases in the RRS for crRNA activity, we propose replacing
these two U bases with T bases modified with photo-caging groups.
This could enable the development of a simple, spacer sequence-
independent, and universal single-base photo-switching strat-
egy. (Fig. 2b).
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Subsequently, we applied photo-caging modifications to the RRS
positions 3 and 4 of six crRNAs targeting different sequences to assess
their inhibition and recovery upon UV light exposure. The recovery
efficiency was evaluated using in vitro trans-cleavage fluorescence
assays, and the results were compared to crRNAs with three NPOM-dT
modifications in the spacer region (Fig. 2c-h and Supplementary
Fig. 5). The experiments demonstrated that both single-base photo-
caging strategies effectively inhibited crRNA activity. Upon UV expo-
sure, the crRNA with modification at position 4 showed rapid and
complete restoration of cleavage activity. However, the activity
recovery effect of the crRNAs with modification at position 3 varies,
crRNA-4 only recovered about 20% of its cleavage activity. For com-
parison, the crRNA with NPOM-dT modifications in the spacer region
showed complete inhibition and effective recovery, consistent with
previous studies (Fig. 2e). However, for crRNA-2, since the two U bases
in the spacer region are located near the 3’ end, even replacing all three
U bases with NPOM-dT modifications cannot fully deactivate its
activity (Fig. 2h).

Further, we evaluated the cis-cleavage inhibition and recovery
effects for these photo-caged crRNAs, and the results were consistent
with the trans-cleavage reactions (Fig. 2i, j). In the unexposed experi-
mental groups, crRNA-2 with spacer-region photo-caging failed to
completely inhibit Casl2a’s cis-cleavage activity. In contrast, other
photo-caged crRNAs did not show any detectable cleavage bands. The
photo-recovery effect of the cis-cleavage reaction differs between the
two crRNAs. The weak baseline cis-cleavage activity of the wild-type
crRNA-1 results in a less pronounced recovery effect after photo-
caging removal, compared to the more noticeable effect observed in
the trans-cleavage activity. For crRNA-2, the photo-recovery effect
matched the trans-cleavage results. In the UV-exposed groups, except
for the crRNA-2 with modification at position 3, which showed a faint
cleavage band due to a more significant impact of NPOM on its cis-
cleavage activity, the other modified crRNAs generated cleavage bands
of similar intensity to the wild-type crRNA.

In summary, we found that single-base photo-caging at positions 3
and 4 of the crRNA RRS effectively blocked crRNA activity in the
absence of UV treatment. However, the recovery at position 4 was
notably more efficient than at position 3, with almost full activity
restoration after rapid UV exposure. Consequently, we selected posi-
tion 4 of the RRS as the optimal site for the single-base photo-regulated
design. This single-base photo-caging strategy effectively addresses
the need for meticulous optimization of modification positions and
quantities in spacer-region photo-caging strategies. It offers greater
versatility, simplifying the design process while significantly reducing
sequence synthesis costs.

Split crRNA-mediated single-base photo-regulated strategy
Previous studies have shown that Casl2a can recruit split crRNA for
target recognition and cleavage™*’. Split crRNA not only preserves
detection performance comparable to full-length crRNA but also
increases the design flexibility and versatility of the CRISPR-Cas sys-
tem. Single-base photo-caging at position 4 of the RRS offers an easily
designed, universal photo-regulated strategy. However, when chan-
ging detection targets, a new photocaged crRNA must still be syn-
thesized. To further reduce crRNA synthesis costs and enhance the
versatility of this single-base photo-caging strategy, the photocaged
crRNA can be split into two parts. The 5’ end of the photocaged crRNA,
containing the photo-caging modification, can be pre-synthesized as a
universal sequence, while the 3’ end can be designed and synthesized
as a variable sequence tailored to different target sequences.

We implemented two forms of crRNA splitting for LbCasl2a:
(a+b) represents splitting the crRNA into a 20-nt DR region and a 20-nt
spacer; (c + d) represents splitting the crRNA at the stem-loop of the
DR region, consisting of a 10-nt partially DR region and a shortened
partially DR region along with the spacer region (a total of 26 nt)

(Fig. 3a). We then compared the trans-cleavage ability of these two split
crRNAs with the full-length crRNA in the detection of single-stranded
and double-stranded targets (Fig. 3b, c). The results show that crRNA
split at the stem-loop of the DR region maintains detection efficiency
comparable to that of full-length crRNA for both kinds of target,
indicating that this splitting method does not affect crRNA function-
ality. In contrast, crRNA split between the DR and spacer significantly
reduced efficiency in detecting double-stranded DNA, which is unfa-
vorable for building high-sensitivity detection systems. Therefore,
subsequent experiments used crRNA split at the stem-loop of the DR.
We further confirmed, through component knockout experiments,
that both parts of the split crRNA are essential for target detection by
the CRISPR-Cas system, consistent with previous findings (Supple-
mentary Fig. 6). Additionally, we evaluated the impact of the two
splitting methods on the detection efficiency of AsCasl2a. Unlike
LbCas12a, AsCasl12a’s crRNA, when split by either method, does not
affect detection efficiency for both ssDNA and dsDNA target (Sup-
plementary Fig. 7). However, due to the higher catalytic activity of
LbCas12a compared to AsCas12a, LbCasl2a was used in this study.
Next, we evaluated the sensitivity of stem-loop split crRNA for
direct detection of double-stranded DNA targets, comparing it with
the full-length crRNA (Fig. 3d-f). The experimental results showed that
both the split crRNA and the full-length crRNA were capable of
detecting targets at a final concentration of 1 pM, laying the foundation
for using split crRNA in high-sensitivity detection. Finally, we per-
formed single-base photo-caging at the RRS-4 position of the split
crRNA (Fig. 3g). Trans-cleavage and cis-cleavage experiments con-
firmed that the single-base photo-caging strategy for the split crRNA
achieved the same inhibition and recovery effects as the full-length
crRNA (Fig. 3h, i). This development provides a more universal, cost-
effective, and flexible strategy for photo-regulation of Casl2a activity.

Development of a photo-regulated one-pot Cas 12a system
based on split crRNA

In previous work, we have developed a photo-controlled one-pot
Casl2a system using NPOM-modified crRNA in the crRNA spacer
region’’. However, this approach requires meticulous optimization of
crRNA design to ensure effective photo-caging modification of three
non-contiguous U bases. In the present study, we applied a single-base
photo-caging strategy to split crRNA, validated in earlier experiments,
to develop a more versatile, cost-effective, and easily designed one-pot
recombinase polymerase amplification (RPA)-LbCasl2a system
(Fig. 4a). In this system, the single-base photo-caging at position 4 of
the RRS in split crRNA initially keeps the CRISPR-Cas system inactive.
After efficient isothermal amplification of the target for 10 min,
exposure to 365 nm UV light for 30 seconds removes the photo-caging
group, thereby activating Casl2a to recognize the amplification pro-
ducts and perform trans-cleavage of the fluorescent reporter probe,
resulting in the accumulation of detectable fluorescence signals.

To evaluate the detection performance of the one-pot RPA-
LbCas12a detection system based on single-base photocaged split
crRNA, we used mycoplasma pneumonia (MP) gene fragments with
final concentrations of 1 fM, 100 aM, 10 aM, 1 aM, and 0.1 aM as targets
to assess the detection limit (Fig. 4b). The results showed that the
detection sensitivity of the single-base photocaged split crRNA system
was comparable to that of the spacer photo-caging strategy, with both
systems capable of detecting double-stranded DNA targets as low as 1
aM (Fig. 4b, ¢ and Supplementary Fig. 8). We next validated that the
system not only ensures high sensitivity but also offers greater flex-
ibility in target selection and universality. Since the photocaged single
base is located in the DR region of the split crRNA, it can serve as a
universal, pre-prepared reagent. This allows it to be paired with any
spacer sequence synthesized according to different target sequences,
making the approach highly adaptable. To demonstrate such an
application, we selected five pathogens—SARS-CoV-2, Epstein-Barr
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Fig. 3 | Split crRNA-mediated photo-regulated strategy. a Schematic diagram of
two split strategies for LbCasl2a crRNA. b Real-time fluorescence signal curves for
the detection of ssDNA targets by two types of split crRNAs. Full-length (40-nt) WT-
crRNA was used as a positive control. ¢ Real-time fluorescence signal curves for the
detection of dsDNA targets by two types of split crRNAs. Full-length (40-nt) WT-
crRNA was used as a positive control. In panels (b, c) the target concentration was
1nM for both. All experiments were performed in triplicate. Error bars represent
the mean values +/- SD (n = 3). d Real-time fluorescence curve for sensitivity
detection using full-length (40-nt) crRNA. e Real-time fluorescence curve for sen-
sitivity detection using stem-loop split crRNA. In panels (d, e) double-stranded
targets were serially diluted with final concentrations of 1 nM, 100 pM, 10 pM, and 1
pM. f Comparison of sensitivity detection using full-length crRNA and stem-loop
split crRNA. Endpoint fluorescence signals for each target concentration in (d, e)
were normalized, where AF represents the final fluorescence value minus the initial

fluorescence value. All experiments were performed in triplicate. Error bars
represent the mean values +/- SD (n=3). g Schematic diagram of the Photo-
regulated strategy mediated by RRS-4 single-base photocaged split crRNA in the
CRISPR-Casl2a system. h Trans-cleavage activity blockade and photo-recovery
experiment mediated by RRS-4 single-base photocaged split crRNA. Real-time
fluorescence curves shown in (h) were continuously collected over 30 min. Target
concentration in each reaction system was 1nM, and all experiments were per-
formed in triplicate. Error bars represent the mean values +/- SD (n=3). a.u.
represents arbitrary units. i Agarose gel electrophoresis experiment characterizing
cis-cleavage activity blockade and photo-recovery mediated by RRS-4 single-base
photocaged split crRNA, with unmodified full-length WT-crRNA as a control. The ‘+’
and ‘~’ symbols denote UV-irradiated and non-irradiated control groups, respec-
tively, all the experiments were performed three times. Source data are provided as
a Source Data file.

Virus (EBV), Human Papillomavirus Type 18 (HPV18), MP, and Human
Adenovirus Type 7 (HAdV7)—as test targets and performed sensitivity
experiments. The results showed that the detection limit for all five
targets reached 1 aM (Fig. 4d-h and Supplementary Fig. 9). These
findings demonstrate that the single-base photocaged split crRNA one-
pot system not only achieves detection sensitivity comparable to the
spacer photo-caging strategy but also overcomes its limitations in
target sequence selection, providing enhanced versatility, simplified
design, and reduced costs.

Evaluation of the clinical detection performance of the split

crRNA-mediated Photo-controlled CRISPR detection technique
After validating the detection sensitivity and universality of the
photo-controlled one-pot CRISPR system based on split crRNA, we
next evaluated its clinical performance using MP as the target
(Fig. 5a). MP is a common pathogen that causes respiratory infections
in humans. It is transmitted through close contact and can lead to
periodic regional outbreaks*®. Thus, developing a rapid and accurate
screening method is essential for early intervention and controlling
the spread of the pathogen. For this evaluation, we designed RPA
amplification primers and single-base photocaged crRNA targeting
the P1 gene of MP. We collected 35 throat swab samples from patients
suspected of MP infection and extracted nucleic acids using a stan-
dardized extraction system. The samples were also tested using both
the single-base photocaged full-length crRNA-mediated one-pot
system (Fig. 5b) and the split crRNA-mediated photo-controlled

one-pot system (Fig. 5¢). The results showed that the full-length
photo-caged crRNA-mediated one-pot system detected 30 positive
samples, with the highest Ct value of 36.09 (Sample ID 35). The
single-base photocaged split crRNA-mediated one-pot system
detected 29 positive samples, with the highest Ct value of 35.06
(Sample ID 19). Both methods exhibited 100% specificity, with no
false positives observed (Fig. 5b—d).

The clinical samples used in the previous experiments required
multi-step, time-consuming nucleic acid extraction. To streamline the
process and reduce the turnaround time from sample input to result
output, we implemented a rapid nucleic acid release protocol using
Chelex-100 resin*’, completing the procedure in just two minutes. To
further eliminate reliance on large, specialized laboratory equipment,
we employed a previously developed portable, photo-controlled
fluorescence detection instrument® for the entire workflow, includ-
ing the photo-controlled one-pot reaction and signal acquisition
(Fig. 5e). To evaluate the performance of this streamlined workflow
and portable instrument for clinical sample detection, we collected 14
throat swab samples from individuals suspected of MP infection. After
rapid thermal lysis for nucleic acid release, the samples were analyzed
using both a professional fluorescence quantitative PCR instrument
and the portable device. As shown in Fig. 5f, the portable device suc-
cessfully detected 9 positive and 5 negative samples, achieving 100%
sensitivity and specificity. The total turnaround time from sample
input to result was ~20 min. The real-time fluorescence curves from the
portable device were highly consistent with those obtained using the
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Fig. 4 | Sensitivity and universality assessment of the split crRNA-mediated
one-pot RPA-LbCas12a photo-controlled system. a Schematic diagram of the
RRS-4 single-base photocaged split crRNA-mediated one-pot detection system.

b Sensitivity analysis of the photo-controlled one-pot system mediated by RRS-4
single-base photocaged split crRNA. ¢ Sensitivity analysis of the photo-controlled
one-pot system mediated by spacer region photo-caged full-length crRNA. In (b, ¢)
double-stranded targets were serially diluted to final concentrations of 1 fM, 100
aM, 10 aM, and 0.1 aM. d-h Universality validation of the RRS-4 single-base pho-
tocaged split crRNA-mediated photo-controlled one-pot system. d Sensitivity
analysis for detection of the SARS-CoV-2 spike gene. e Sensitivity analysis for
detection of EBV. f Sensitivity analysis for detection of HPV-18. g Sensitivity analysis

for detection of Mycoplasma pneumoniae (MP). h Sensitivity analysis for detection
of HAdV7. DNA targets used in (d-h) were PCR products amplified from synthetic
plasmid genomes (SARS-CoV-2) and pathogenic microbial genomes (EBV, HPV-18,
MP, HAdV7) extracted from clinical samples. These products were purified by gel
extraction and quantified using Qubit. AF represents the difference between the
final fluorescence value and the initial fluorescence value. All experiments were
performed in triplicate, with error bars representing the mean values +/- SD (n=3),
and statistical analysis was conducted using a two-tailed ¢-test. Statistical sig-
nificance is indicated as follows: n.s. no significance with P> 0.05, and the asterisks
(* P<0.05; * P<0.01; ** P< 0.001; *** P< 0.000L). a.u. represents arbitrary units.
Source data are provided as a Source Data file.
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professional fluorescence quantitative PCR instrument (Supplemen-
tary Fig. 10).

Discussion

The development of one-pot CRISPR detection systems is essential for
advancing CRISPR-based diagnostic technologies®’. Currently, most
one-pot CRISPR detection methods aim to weaken the cleavage
activity of the CRISPR-Cas system to minimize interference with iso-
thermal amplification during the early stages of the reaction®*%
However, this balance between amplification and CRISPR-Cas cleavage
often comes at the expense of detection efficiency. In contrast, photo-
controlled methods can completely silence enzyme activity, thereby
avoiding interference with nucleic acid amplification®*°. Once
amplification is complete, light can reactivate the enzyme activity to
near its original level, preserving the efficiency of subsequent
detection.

In this study, we further refine the previously developed photo-
controlled CRISPR technology to overcome its limitation of restricted
universality. Previous approaches focused on regulating the spacer
region of crRNA, which required reconfiguration of the caging strategy
based on the target sequence. For instance, the number and position
of photocaged sites, modified with the NPOM group, can significantly
influence both the caging effect and activity restoration. Additionally,
current chemical modifications are typically effective only for T (U)
bases, while modifying A, C, and G bases is more challenging. This
complicates the design strategy, as the number of U bases in spacer
region of different crRNAs varies. Identifying crRNA modifications with
optimal performance is both time-consuming and costly. Therefore,
developing a photo-controlled CRISPR detection strategy that does
not rely on alterations to the target sequence will be crucial for its
widespread application.

The LbCasl2a system, one of the most commonly used Casl2a
variants, features a 20-bp sequence in the DR of its crRNA’. This DR
sequence is conserved in the system, and any structural changes
within the DR region result in the loss of activity. Therefore, reg-
ulating its activity through the DR region is a potentially universal
approach. Identifying the specific sites critical for its cleavage
activity is essential, especially to determine whether modifications
at a single site can toggle activity. Such findings would facilitate
easier modifications of the system. The DR region can be structu-
rally divided into three parts: the loop, stem, and RRS regions.
Previous studies have shown that the loop region is not essential for
LbCasl2a activity, as the enzyme retains its activity even without the
loop after the crRNA is split’. The stem region helps maintain the
stable pseudoknot structure, which is relatively complex, making it
difficult to assess how a single-base change impacts its stability. On
the other hand, the four-base RRS region has been shown to be
highly sensitive to the processing of precursor crRNA by Casl2a,
with even a single-base change leading to a near-complete loss of
processing activity*>.

Based on this, we first performed mutation analysis of the four
bases in the RRS region. Interestingly, we discovered that mutations at
the 3rd or 4th base alone were sufficient to abolish both cis- and trans-
cleavage activities. It is surprising that a single-base change has such a
profound effect on crRNA activity. Our findings suggest that these two
mutated crRNAs are still capable of mediating the binding, recogni-
tion, and unwind of double-stranded DNA by LbCasl2a. Notably, this
dissociation is not due to direct hybridization between the crRNA
spacer region and DNA, as the absence of LbCasl2a does not produce
signal. Therefore, the loss of cleavage activity likely involves a distinct
mechanism, which warrants further investigation.

After identifying two key sites, we next evaluated whether NPOM
cage modification at these sites would also lead to a loss of activity.
NPOM caging of the T (U) base can obstruct hydrogen bond formation,
thereby losing its pairing ability. Structural studies have shown that the

RRS region stabilizes the crRNA structure by forming intramolecular
interactions with other bases in the DR region. For example, in this
study, we identified a key base in the RRS region, the U (+4) base, which
was previously observed by cryo-electron microscopy to pair with the
U (+20) base in the DR region. The U (+3) base in the RRS region is
deeply embedded in the center of the stem-loop, forming hydrogen
bonds with A (+8), U (+7), and C (+6) in the stem-loop**. Since these two
bases are critical for pseudoknot structure formation, we hypothesize
that modification at these positions would disrupt this stable structure,
leading to an impact on activity. As confirmed in our previous
experiments, both sites exhibited photo-regulated capabilities. How-
ever, it appears that NPOM caging of the U (+4) base completely blocks
the cleavage activity, achieving a detection efficiency comparable to
that of uncaged crRNA once activated by light. Based on these findings,
we conclude that single-base modifications in the crRNA DR region can
efficiently mediate the on-off switching of LbCasl2a activity through
rapid light regulation. This performance is comparable to the crRNA
spacer modification strategy.

Furthermore, we explored whether this single-base-mediated
photo-regulation is applicable to the split crRNA design. It has been
demonstrated that split of full-length crRNA still retains significant
cleavage activity. Our results show that using a 10 +26 nt split crRNA
strategy can achieve detection efficiency comparable to that of the full-
length crRNA. Interestingly, the same U (+4) base-mediated photo-
regulation strategy continues to function effectively within this split
crRNA system. This finding led us to develop a more versatile CRISPR
photo-controlled one-pot system, which has been shown to efficiently
detect targets from five different pathogens. Since the modification of
photocaged bases is fixed to a specific sequence and can be prepared
in large quantities in advance, replacing a target for detection can be
done using the same reagents, significantly reducing synthesis and
modification costs. We expected that this universal light activation
strategy could also be applied to multi-crRNA detection approaches,
enhancing the signal-to-noise ratio in photo-controlled single-mole-
cule droplet assays.

Our clinical analysis of MP samples demonstrated that, whether
using the full-length crRNA strategy or the split crRNA strategy, the
single-base photo-controlled one-pot CRISPR method can effectively
detect samples with Ct values as high as 35. The detection efficiency is
comparable to the spacer sequence-based regulation method we
previously developed. This approach could be applied to point-of-care
testing (POCT) diagnostics, as evidenced by our preliminary validation
of a reliable, full-process method for detecting MP, which involves a
2-min sample processing step and ~15-20 min for one-pot CRISPR
detection.

Furthermore, although this study primarily focuses on the design
and validation of crRNAs for LbCas12a, we hypothesize that, given the
conserved RRS present in various Cas12a homologs, the single-base
photocaged strategy developed in this study may also be applicable to
other Casl2a homologs. It is also important to note that, while our
research is centered on the application of CRISPR diagnostics, this
more universal photo-controlled strategy can be extended to the gene
editing field.

Methods

Ethical statement

Clinical samples for this research were collected from patients who
visited the first hospital of Guangzhou medical university for routine
diagnosis and treatment. All participants provided informed con-
sent prior to sample collection, demonstrating a full understanding
of the study’s purpose, procedures, and potential risks. Participants’
personal information will be maintained in strict confidentiality, and
all data will be processed anonymously to ensure the protection of
their privacy. The clinical samples were collected with informed
consent and were fully de-identified prior to analysis. No

Nature Communications | (2025)16:6694


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-62082-5

a Photocontrolled one-pot detection —_
L4 ° Hyan
([IAUHDADA) _‘;\'_ : m&
- - [ ] o
o e S v, JEM\
M.P. DNA —-- = 6 > {b I s
L #
- O—, e
Nasopharyngeal swab Mycoplasma I—”/E -
pneumoniae
b £ C L4 0
-G ! % Q
0 ® @
@ ® (©)
Q +®
® : QUUGAUAUCCCAGCAAGUGUG—3
QUUGAUAUCCCAGCAAGUGUG—S
15000
o ° - ® o S
) S ° 0
o o & 10000 °%%
0 09 ~ (5]
ch ° % L d .. [}
o Op g %00 5000 {
o OQO ‘
o
L f""'p?'o """ 1 —Coo>— Thresholg T P *' """ 1 —
20 25 30 35 40 no amplification 20 25 30 35 40 no amplification
d qPCR(Ct Value) detected qPCR(Ct Value) detected
,ﬁ 1 2 3 4 5 6 7 8 9 1011 1213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35NTC -
N 15000 3
. . . 10000 ©
A N S EE o
+ + =+ + + + + + + = =+ + + + F++ 4+ =+ ++++++F -+ ++++ 0
e
Viral lysis Portable device Photocontrolled one-pot detection O 15-20 min ° T an
@ 2 min W1, e o — .
A= A /(1]
ijjx[[ ' .U V—
S —— X
o ° = <o - ; ——)raj -v-rrrr’““"'; N
D & L
‘ DTN 3
3 -_
@15000 Sample 1@ 15000 Sample 2@ 15000 Sample 3@ 15000 Sample 4@ 15000 Sample 5@
']','; 10000 10000 10000 10000 10000
o
>
§ 5000 5000 5000 5000 5000 /
c
= 9 0 0 0 o ant 0
0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30
_ Time (min) Time (min) Time (min) Time (min) Time (min)
5 B
515000 Tsample 6 & 15000 T5zmpie 7@ 15000 T5zmpie 80 1500015 ie 90 15000 1o mple 100
";'; 10000 10000 10000 10000 10000
o
>
§ 5000 5000 5000 5000 5000
c
s 0 oaa—o——1 0 0 / 0 0
0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30
Time (min) Time (min) Time (min) Time (min) Time (min)
35 -
3:,15000 Eample 10 15000 Sample 12© 15000 Sample 13© 15000 Sample 140 15000 NTC
";'; 10000 10000 10000 10000 10000
(%)
s
4 5000 5000 5000 5000 5000
5
= 0 0 0 0 0
0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30
Time (min) Time (min) Time (min) Time (min) Time (min)
demographic information, including sex, gender identity, or age, Materials

was linked to the samples. As a result, sex and/or gender were not
considered in the study design or data analysis, in accordance with
the SAGER guidelines. The research protocol was performed fol-
lowing the guidelines approved by Ethics Committee of (approval
ID: 2021-K-40).

All the DNA sequences were synthesized by Sangon (Shangai, China),
all RNA sequences, were synthesized by Hippo Biotechnology (Huz-
hou, China), detailed sequence information is provided in Supple-
mentary Table 1-6 and Supplementary Data 1. The RPA kit was
purchased from Amplification Future Biotechnology (Changzhou,
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Fig. 5 | Clinical applicability assessment of the split crRNA-mediated photo-
controlled one-pot CRISR system for MP detection. a Schematic of the RRS-4
single-base photocaged split crRNA-mediated one-pot system for clinical detection
of MP. b Scatter plot showing clinical MP detection using the RRS-4 single-base
photocaged full-length crRNA-mediated one-pot system. ¢ Scatter plot showing
clinical MP detection using the RRS-4 single-base photocaged split crRNA-mediated
one-pot system. Orange and green points represent MP-positive clinical samples
identified by qPCR, while gray points represent negative samples. The threshold
line (red dashed line) indicates the average fluorescence value of negative samples

plus three standard deviations. d Heatmap of clinical MP detection using both the
RRS-4 single-base photocaged full-length and split crRNA-mediated one-pot sys-
tems. AF represents the difference between the final and initial fluorescence values.
e Workflow for on-site MP detection using the RRS-4 single-base photocaged split
crRNA-mediated one-pot system with a portable device. f Real-time fluorescence
curves for the detection of 14 clinical MP nasopharyngeal swab samples using the
portable device. a.u. represents arbitrary units. Source data are provided as a
Source Data file.

China, catalog number: WLB820IKIT). The Casl2a and reaction buffer
were obtained from Bio-lifesci (Guangzhou, China, catalog number:
M20301-0500). Biowest Agarose was purchased from Baygene Bio-
technology (Shanghai, China, catalog number: BY-R0100). E.Z.N.A" Gel
Extraction kit was purchased from Omega Bio-Tek (USA, catalog
number: D2500-03). Qubit™ 1x dsDNA HS (High Sensitivity) Assay kit
was purchased from Thermo Fisher scientific (USA, catalog number:
Q33231). The mycoplasma pneumoniae qPCR kit was obtained from
Rongjin Technology (Shenzhen, China, catalog number: RN216FP).
Chelex 100 resin was purchased from Bio-Rad Laboratories (USA,
catalog number: 1421253).

Preparation of dsDNA targets

The 50uL PCR reaction system for dsDNA targets preparation
comprised 1x PrimeSTAR" HS Premix (Takara, Japan, catalog num-
ber: R0O40A), 200 nM forward primer, 200 nM reverse primer, and
1ng plasmid target or 1puL clinical sample. The PCR procedure
consisted of the following steps: initial denaturation at 98 °C for
1 min; denaturation at 98 °C for 10 s, annealing at 55 °C for 55, and
extension at 72°C for 30s (extension time adjusted according
to the length of the target fragment, at a rate of 1kb/min), repeated
for a total of 30 cycles; followed by a final extension at 72 °C for
Smin. The PCR products were purified and recovered using the
E.ZN.A" Gel Extraction kit. The final products were accurately
quantified with a Qubit 4.0 fluorometer (Thermo Fisher Scientific,
USA, catalog number: Q33231), aliquoted, and stored at —20°C for
subsequent use.

The plasmids or clinical samples used in the PCR reaction were
sourced as follows: the SARS-CoV-2 S gene plasmid and EBV (Epstein-
Barr virus) plasmid were synthesized by Tsingke Biotechnology
(Shanghai, China). Clinical Nasopharyngeal swab samples of HPV-18
(Human Papillomavirus), HAdv7 (Human adenovirus), and MP (Myco-
plasma Pneumoniae) were collected from the First Hospital of
Guangzhou Medical University, and genomic DNA was extracted using
the P2 biosafety laboratory automated extraction platform. All pro-
cedures were approved by the Ethics Committee of the First Hospital
of Guangzhou Medical University.

Preparation of NPOM-caged crRNA

The NOPM-caged crRNA sequences mentioned in the manuscript were
chemically synthesized by Hippobiotec (Huzhou, China) using a Dr.
Oligo 48 DNA/RNA Synthesizer (Biolytic, USA) with a standard CPG
solid-phase support. The commonly used monomers for automated
RNA synthesis were obtained from Hongene Biotech (Shanghai, China,
catalog number: HP02568), while the NPOM-caged-dT CE-
Phosphoramidite was prepared by Hippobiotec (Huzhou, China, cat-
alog number: HP30750). For the synthesis of the conventional bases,
standard synthesis cycles were used, with a coupling time of 2 min. For
the incorporation of the caged-dT modification, the coupling time was
extended to 10 min. The reaction progress was monitored by tracking
the amount of dimethoxytrityl (DMT) cation released after each
deprotection step. Upon completion of the standard RNA synthesis
process, the RNA product was cleaved from the CPG support and
treated with a 22% ammonium hydroxide solution at room tempera-
ture for 12h. The oligonucleotide was then recovered by ethanol

precipitation and dissolved in a mixture of anhydrous DMSO and
TEA.3HF (volume ratio 1:1.25), followed by heating at 65 °C for 2.5 h.

Purification was carried out using an Agilent 1260 system with a
PLRP-S column (250 mm x 4.6 mm, 100 A, 5 pm). The mobile phase A
was 100 mM TEAA (triethylammonium acetate) buffer containing 50%
acetonitrile, while mobile phase B was 100 mM TEAA. The oligonu-
cleotide was eluted using a gradient of 15%-60% mobile phase A over
60 min, with a flow rate of 1 mL/min. After purification, the product
was lyophilized and desalted using Bio-Rad’s Bio-Spin 6 columns.
Finally, the purified product was dissolved in TEPC-treated water and
stored at —80 °C for subsequent experiments.

In Vitro CRISPR-Casl2a trans-cleavage assay

The 20 L reaction system consisted of 1x Casl2a reaction buffer,
120 nM LbCas12a or AsCasl2a, 100 nM crRNA, 500 nM FAM-6C-BHQ1,
and 2 uL DNA target. The reaction was carried out at 37 °C for 30 min.
The TaKaRa TP950 Real-Time System Il was utilized for thermostated
reactions and the real-time acquisition of FAM fluorescence signal,
with data points collected at one-min intervals.

In Vitro CRISPR-Casl2a cis-cleavage assay

The 7 uL reaction system was prepared as follows: 1x Casl2a reaction
buffer, 500 nM LbCas12a, 500 nM crRNA, and 80 ng dsDNA target. The
reaction was incubated at 37 °C for 10 min, followed by denaturation at
95 °C for 20 min. The results of cis-cleavage were finally analyzed by 3%
agarose gel electrophoresis.

Beacon assay

The main reagents used in this experiment are as follows: 10x
annealing buffer (200 mM Tris-HCI, 100 mM NacCl, pH 7.5); 10x binding
buffer (200 mM Tris-HCI, 500 mM NaCl, 1 mM DTT, 50 mM MgCl,, pH
7.5). Firstly, Beacon dsDNA was obtained through an annealing reac-
tion. The 50 uL annealing reaction system comprised 1x annealing
buffer, 5uM each of Beacon-17nt, Beacon-FAM, and Beacon-BHQ
ssDNA sequences. The reaction program was set as follows: 90 °C for
5 min, followed by a gradual decrease to 20 °C at a rate of 2 °C per step,
with each temperature held for 30 s, and a final hold at 20 °C for 3 min.
Subsequently, the binding reaction of Beacon with Casl2a was per-
formed. The 20 L reaction system was prepared as follows: 1x binding
buffer, 500 nM LbCasl12a, 500 nM crRNA, and 500 nM Beacon dsDNA.
The reaction was carried out at 37 °C for 30 min in the TaKaRa TP950
Real-Time System Ill, and the FAM fluorescence signal was collected at
one-min intervals.

Photo-controlled RPA-LbCas12a one-pot assay

The 30 uL one-pot reaction system consisted of 1x Casl2a reaction
buffer, 240 nM LbCas12a, 100nM full-length crRNA or 1uM split
crRNA, 1uM FAM-6C-BHQI1, 250 nM RPA forward primer, 250 nM RPA
reverse primer, 11.8 uL RPA buffer A, 1uL RPA buffer B, and 3 uL. dsDNA
target or clinical sample. The mixture was incubated at 37 °C for 10 min
in the TaKaRa TP950 Real-Time System Ill. Subsequently, the program
was paused, and the reaction tube was taken out and irradiated with an
LED ultraviolet lamp (A =365 nm, 35 W) for 30 s before being returned
to the instrument to continue the reaction for 60 min, during which
the FAM fluorescence signal was collected at one-min intervals. For
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experiments using a portable device for signal acquisition, there was
no need to take out the reaction tube, as UV irradiation could be
performed directly within the device.

Heat-lysed extraction of clinical MP samples

Firstly, the sample lysis reagent was prepared as follows: 50 mM DTT,
20% Chelex 100 resin (w/v), and TE buffer (pH 8.0). Subsequently, 25 uL
of the sample lysis reagent was mixed with 25 uL of clinical MP sample,
and incubated at 80 °C for 2 min. The lysate was stored at —80 °C.

Analysis of clinical MP samples by qPCR

The qPCR reaction system contained 18.5uL PCR reaction premix,
1.5 uL PCR Polyase mixture, and 10 uL clinical MP sample. The qPCR
program was set as follows: dUTP-UNG enzyme reaction at 50 °C for
3 min; initial denaturation at 95 °C for 2 min; 95 °C for 5s, 60 °C for 35 s
(signal acquisition), and 72 °C for 5 s, repeated for a total of 45 cycles.
The FAM and ROX fluorescence signals were simultaneously collected
using the QuantStudio™ 5.0 Real-Time PCR System (Thermo Fisher
Scientific, USA), where the FAM fluorescence signal represented the
clinical MP sample and the ROX signal represented the internal refer-
ence gene. The positive criteria of this qPCR kit was claimed as: ROX 16
<Ct<37 and FAM Ct<37. The Ct values of 35 clinical MP samples
measured by qPCR were present in Supplementary Table 7.

Statistics and reproducibility

No statistical method was used to predetermine sample size. No data
were excluded from the analyses. The experiments were not rando-
mized. The investigators were not blinded to allocation during
experiments and outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the conclusions of this study are included in the
main text and Supplementary Information. Source data are provided
with this paper.
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