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ABSTRACT: The potential of clustered regularly interspaced short
palindromic repeats (CRISPR) and corresponding CRISPR-associ-
ated (Cas) protein systems (CRISPR/Cas) systems for biomedical
applications is tremendous; however, precise control of their activity is
essential to better harness this potential and, beyond this, to develop
reliable diagnostic reagents. Herein, we report on such a strategy by
controlling the CRISPR/Cas12a activity using a photo-controllable
CRISPR RNA (crRNA). To this end, the 3′ end of crRNA was
conjugated to a G-quadruplex (G4) block through a photocleavable
linker: upon photo irradiation, the G4 trigger is removed, thus
allowing for the DNA target to access and hybridize with the crRNA,
and thus be processed by the CRISPR/Cas12a system. The efficiency
of this approach was demonstrated by the detection of human
papillomavirus 16 DNA in 50 clinical samples: our one-pot strategy was found to be as efficient as the routinely implemented
method (qPCR), with 95.7% sensitivity and 100% specificity, in addition to be faster (25 versus 60 min) and both simpler and less
expensive (being implementable as lateral flow test strips). Collectively, this new and fully controllable CRISPR/Cas system holds
great potential for next-generation clinical diagnostics.

■ INTRODUCTION
The clustered regularly interspaced short palindromic repeats
(CRISPR) and corresponding CRISPR-associated (Cas)
protein systems (CRISPR/Cas) are powerful tools for gene
editing and molecular diagnostics.1,2 CRISPR systems are
categorized into two classes, that is, class 1 and class 2. The
class 1 systems utilize multiprotein effector complexes to
recognize and degrade target DNA. The CRISPR-Cas3 system,
a key member of this class, features a core Cas3 protein with
nonspecific nuclease activity against single-stranded DNA
(ssDNA). This unique trait makes it a highly promising
candidate for nucleic acid diagnostics. Despite the devel-
opmental challenges posed by their numerous components,
bulky size, and inherent complexity, the distinctive mecha-
nisms of class 1 systems still offer valuable frameworks for
advancing novel molecular diagnostics.3−5 For class 2 CRISPR
systems, they rely on the enzymatic properties of a single-
effector protein (being either Cas9, Cas12, Cas13, or Cas14),
which display subtle differences in activity: for instance, Cas9
creates blunt double-stranded DNA (dsDNA) breaks, while
Cas12 creates staggered DNA cuts.6−9 Both Cas12a and
Cas12b have been used for gene editing: as above, they display
subtle differences, as Cas12a is associated with a single RNA
guide (vide infra), while Cas12b is a dual-RNA-guided
endonuclease. However, CRISPR/Cas12a is far more widely

used than CRISPR/Cas12b, the former being discovered
before the latter (2015 versus 2019).7,10 Cas12a associates with
CRISPR RNA (crRNA) to form a ribonucleoprotein (RNP)
complex that possesses a dual catalytic function, i.e., both
target-dependent cis-cleavage and nonspecific ssDNA trans-
cleavage.11,12 Given the high enzymatic activity and high
specificity of Cas12a, the corresponding CRISPR/Cas12a
system is currently being widely used, notably for nucleic
acid diagnostics.13−15 However, this system is not sensitive
enough16,17 to circumvent a nucleic acid amplification (NAA)
step before CRISPR detection.18 More importantly, the NAA
step is not compatible with that of CRISPR, which leads to
perform the two steps separately, at the expense of aerosol
contamination risks.19−21

Strategies to improve the use of CRISPR/Cas12a system
were recently developed,22,23 notably via crRNA engineering
that allows for controlling CRISPR activity.24,25 For example,
using a photocleavable blocking strand, complementary to the
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crRNA, can prevent its binding to the target DNA and thus
inactivate the CRISPR system; the resulting CRISPR/Cas
could thus be activated by light.26,27 Another strategy involves
the introduction of photolabile groups either on the 2′−OH of
the ribose,28,29 the phosphate backbone,30 or the nucleotide
bases of crRNA through solid-phase synthesis:31−33 these
groups can directly disrupt the interactions between crRNA
and either Cas proteins or target DNA, making the
corresponding CRISPR/Cas12a system photoactivatable. The
use of these light activation-based strategies resolves the
incompatibility between NAA and CRISPR detection, making
the whole process possible in a one-pot format.21

Besides crRNA engineering strategies, CRISPR activity
could also be tailored to make it compatible with NAA: for
instance, crRNAs targeting substrates with suboptimal
protospacer adjacent motifs could reduce the kinetics of
Cas12a cleavage, thereby favoring amplicon accumulation and
improving detection sensitivity.34 Moreover, Yu and co-
workers found that sodium heparin binds to Cas12a through
electrostatic interactions, consequently regulating the activity
of the corresponding CRISPR/Cas12a system.35 Although
these strategies can indeed enhance the diagnostic perform-
ance of CRISPR-based sensing platforms, their practical
convenience is still poor and their generality remains to be
proven.

To develop simpler and more universal CRISPR/Cas12a
systems, we decided to combine them with G-quadruplex (G4)
RNA.36−39 Indeed, recent studies have shown that G4 can

regulate CRISPR activity efficiently; this was achieved in the
presence of a G4 ligand that induces the formation and
stabilizes the G4 structure, thereby disrupting the function of
the guide RNA.40−42 However, the inherent genotoxicity and
possible off-target effects of G4 ligands limit their widespread
use, notably for diagnostics applications.43,44 We reasoned that
the promising G4 regulatory concept may be better exploited
to regulate CRISPR/Cas12a activity in a more efficient
manner. To this end, and on the basis of the crystal structure
of the Cas12a-crRNA complex,45 we hypothesized that the
presence of G4 structure in the 3′ region of crRNA may inhibit
CRISPR activity without the need of G4 ligand. If feasible,
then a novel and more universal CRISPR regulatory strategy
could be devised.

We report herein on such a strategy, using a photocontrolled
CRISPR/Cas12a system embedding a chimeric, photocleav-
able crRNA-G4. Our results indicate that the presence of the
G4 simultaneously inhibits the cis- and trans-cleavage activities
of Cas12a (Figure 1), and that its inhibitory effect can be
removed through photoirradiation. We thus developed a novel
G4-based, one-pot CRISPR diagnostic platform by integrating
the photocontrolled CRISPR system with a recombinase
polymerase amplification (RPA) step. This one-pot assay is
user-friendly, avoids contamination issues, and can be
spatiotemporally controlled (being ignited by UV light);
more importantly, it achieves a sensitivity and specificity
comparable to the classically used qPCR detection, making it
suited for clinical use.

Figure 1. Chimeric crRNA-G4s inhibit the cis- and trans-cleavage activities of Cas12a. (a) Schematic of the RNP formed by wild-type crRNA (Wt)
or chimeric crRNA-G4 (Wt-G4) with Cas12a. (b) Sequences of the crRNAs used in the study of Cas12a cleavage events, the red and blue parts
represent the sequences that can and cannot form G4, respectively. (c) Time-dependent cis-cleavage of substrate by Cas12a in the presence of
different crRNA-G4s. The concentrations of the dsDNA substrate and RNP are 5 and 65 nM, respectively. The “S” and “P” bands indicate the
substrate and cis-cleavage product, respectively. The raw data are shown in Figure S3. (d) Evaluation of the trans-cleavage activity of Cas12a with
different crRNA-G4s. The concentration of the ssDNA target is 1 nM and the RNP is 10 nM. “Vg” represents the reaction rate, which is calculated
from the slope of the fluorescence curve in the first 5 min. The raw data are shown in Figure S4. (e) Summary of the effect of crRNA-G4s on the
cis- and trans-cleavage activities of Cas12a. The “star” corresponds to the cleavage activity (more stars, higher activity), whereas “−” signifies that
the activity is almost fully inhibited. (f) Trans-cleavage reaction rates of Cas12a with different activators (“Vg” is normalized). The concentrations
of the activators and RNP are 1 and 10 nM, respectively. The raw data are shown in Figure S5. Data for (d) and (f) are presented as mean ±
standard deviation (n = 3 technical replicates).
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■ EXPERIMENTAL SECTION
Materials and Reagents. DNA sequences, HPV-16

pseudovirus, and ribonuclease R (RNase R) were purchased
from Sangon Biotech Co., Ltd. (Shanghai, China). Cas12a was
purchased from New England Biolabs (MA, USA). All RNA
sequences were supplied by GenScript Biotech Ltd. (Nanjing,
China). GelRed (10,000× ) was purchased from Biotium Inc.
(CA, USA). DNA and RNA loading buffer, RNase inhibitor,
RNase-free water, and PrimeSTAR DNA polymerase were
purchased from Takara Biotechnology Co., Ltd. (Dalian,
China). qPCR mix (High ROX), DNA purification kit, and
virus extraction kit were obtained from Vazyme Biotech Co.,
Ltd. (Nanjing, China). The RPA isothermal amplification kit
and lateral flow test strip were purchased from Amp-future
Biotech (Changzhou, China). All other reagents and materials,
unless indicated otherwise, were of analytical grade and were
not further purified.
Cis-Cleavage of dsDNA Substrate by Cas12a. For in

vitro cleavage of the dsDNA substrate, the RNP complex was
first prepared by incubating equal amounts of Cas12a and
crRNA in 1 × Cas12a reaction buffer for 20 min (37 °C). The
cleavage system included 5−8 nM of dsDNA substrate and 65
nM of RNP, and the reaction was terminated by adding 1 μL
of 20 mg/mL proteinase K after incubation at different time
points. The cleavage products were analyzed by 1% agarose gel
(containing 1 × GelRed) and imaged with Gel Doc XR+
imaging system (Bio-Rad, USA). ImageJ software was used to
quantify the intensity of each band. The cleavage efficiency was
calculated using the formula (1):26

= +
+ +

×
i
k
jjjjj

y
{
zzzzz

b c
a b c

Cleavage eff. 1 1 100%

where “a” was the intensity of the uncleaved DNA bands, “b”
and “c” were the intensities of the cleavage product bands.
Evaluation of the Trans-Cleavage Activity of Cas12a.

The trans-cleavage activity of Cas12a was determined by
cleaving the nonspecific ssDNA substrate (F-Q reporter, see
Table S2). The 10 μL reaction system contained 1 × Cas12a
reaction buffer (50 mM NaCl, 10 mM Tris-HCl, 10 mM
MgCl2, 10 mM KCl, 100 μg/mL recombinant albumin, pH
7.9), 10 nM RNP, 500 nM F-Q reporter, and 4 U RNase
inhibitor. The mixture was incubated at 37 °C for 30 min, and
fluorescence values were collected every 10 s by the
StepOnePlus real-time fluorescence system (Applied Biosys-
tems, USA). The trans-cleavage reaction rate (Vg) of Cas12a
was evaluated by calculating the slope of the real-time
fluorescence curve during the first 5 min.
Traditional One-Pot RPA-CRISPR Assay. The traditional

one-pot RPA-CRISPR system consists of three components: A,
B, and C. Component A (9.5 μL) included 5.9 μL of RPA
reagent, 0.4 μL each of forward and reverse primers (10 μM),
0.8 μL of RNase-free water, and 2 μL of DNA template. Ten
μL of component B included 1 × Cas12a reaction buffer, 1 μM
F-Q reporter, 100 nM RNP, and 8 U RNase inhibitor.
Component C was 0.5 μL of 280 mM MgOAc. Finally,
components A and B were transferred successively to the
bottom of the tube, and then, component C was added and
mixed. The tube was incubated at 37 °C for 80 min, and
fluorescence signals were collected every 1 min.
Two-Step RPA-CRISPR Assay. In the two-step RPA-

CRISPR assay, NAA was first performed via RPA, and then,
the amplification products were detected by the CRISPR/

Cas12a system. The 10 μL RPA reaction mixture included 5.9
μL RPA reagent, 400 nM of each forward and reverse primer,
and 14 mM MgOAc. Subsequently, the mixture was incubated
at 37 °C for 20 min, in which 2 μL of RPA product was used in
the detection system. The CRISPR detection system consisted
of 1 × Cas12a reaction buffer, 50 nM RNP, 500 nM F-Q
reporter, 4 U of RNase inhibitor, and 2 μL of RPA product.
Next, the mixture was incubated at 37 °C for 60 min, with
fluorescence signals collected every 1 min.
Photoinitiated One-Pot CRISPR Assay. Similar to the

traditional one-pot RPA-CRISPR method, the proposed
photoactivated assay also involved components A, B, and C.
The difference here was that the crRNA used in the RNP was
Wt-PC-G4 instead of the Wt (Table S1). Components A, B,
and C were mixed as described in the traditional one-pot assay,
but the reaction was paused after 20 min of incubation at 37
°C. The tube was irradiated using a UV lamp (365 nm, 40 W)
for 1 min. This was followed by incubation at 37 °C for 60
min, during which fluorescence signals were collected every 1
min.
Detection of HPV Pseudoviruses with Lateral Flow

Test Strips. Nucleic acids from various concentrations of
HPV-16 pseudoviruses were extracted using a virus extraction
kit and subsequently detected by the proposed method (F-Q
reporter was replaced by 1 μM F-B reporter, Table S2). The
light-started one-pot CRISPR assay was performed at 37 °C for
20 min, followed by 1 min of UV irradiation and a further 30
min of incubation. Following this, the test strips were inserted
into the reaction tubes and kept for 5 min, and the results were
imaged via a smartphone.
Ribonuclease Digestion Assay. The 10 μL digestion

system included 1 × reaction buffer (20 mM Tris-HCl, 100
mM KCl, and 0.1 mM MgCl2, pH 8.0), 1 μM RNA sample,
and 5 U of RNase R. The solution was incubated at 37 °C for
different time points and heated at 70 °C for 10 min to
terminate the reaction. The digestion results were analyzed
using 10% native PAGE.

■ RESULTS AND DISCUSSION
Construction and Characteristics of Chimeric CRISPR-

G4 System.We first validated the role that G4 in crRNA plays
in regulating the activity of Cas12a. The formation of G4 in the
3′ region of crRNA was confirmed by circular dichroism (CD)
and the G4-specific fluorescent ligand, thioflavin T (Figures S1
and S2). Next, the comparison of the cis-cleavage of a dsDNA
substrate by the wild-type crRNA (Wt) versus crRNA-G4 (or
Wt-G4, Figures 1, S3 and Table S1) revealed that this activity
is decreased (G2U, Telo) or totally abolished (G3U) in the
presence of G4s. This inhibitory property could be reverted
using a mutated G4 sequence (mut-G3U), which is unable to
form the G4 structure. Next, the trans-cleavage of a
fluorophore quencher (FQ)-labeled ssDNA reporter mediated
by Wt versus Wt-G4 (Figures 1d, S4 and Table S2), indicated
that this activity is completely inhibited by the presence of
G4s, the most efficient G4 blocker being G3U.

We found that the inhibition of Cas12a activity by Wt-G3U
was activator-type independent, as it exhibited nearly complete
inhibitory against ssDNA, dsDNA, and ssRNA activators
(Figures 1f and S5). To further assess its universal character-
ization, four different crRNA-G3U were designed (Figures S6−
S8, Table S3): all constructs inhibit both cis- and trans-cleavage
activities of Cas12a, suggesting that this stable G4 could be
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considered as a universal blocker for controlling CRISPR/
Cas12a activity.
Mechanism of Chimeric CRISPR-G4 System. To

understand the mechanism by which crRNA-G4 inhibits
Cas12a activity, molecular docking simulations were performed
using Cas12a in interaction with Wt, Wt-G3U, or Wt-mut-G3U.
The parallel structure of G3U G4, predicted by AlphaFold 3,46

is consistent with the known favored parallel topology of RNA
G4s.47,48 Molecular docking was based on the crystal structure
of Cas12a (PDB ID: 8Y03)45 with the AlphaFold 3-predicted
structures of Wt, Wt-G3U, and Wt-mut-G3U.

The results seen in Figure 2 showed that the binding of Wt-
G3U and Wt-mut-G3U to Cas12a was not significantly altered
compared with Wt, indicating that the presence of a G4 does
not affect the crRNA/Cas12a interaction. However, the
presence of the G4 might prevent access of the substrate to
the protein channel of Cas12a (Figure 2b); as a consequence,
the interaction between the substrate DNA and crRNA might
be inhibited by the G4, thus leaving the corresponding
CRISPR/Cas12a system inactive.12 However, mutated G4
should allow the DNA substrate to enter the cleft (Figure 2c).
We also speculate that the G4 makes it difficult to be processed
by Cas12a in the presence of target DNA.45 To test this
hypothesis, we designed a fluorescence-modified Wt-G4, tested
whether G4 was processed by Cas12a to separate from Wt
after adding the target, and found that neither ssDNA nor
dsDNA binding enabled Cas12a to separate Wt-G4 (Figure
2d,e): this leads further support to the docking results and the
hypothesis according to which the presence of a G4 blocks the
protein channels of Cas12a, thereby preventing the recognition
of its DNA targets.

Development of a Photocontrolled Chimeric CRISPR-
G4 System. To further benefit from the G4-mediated control
of Cas12a activity, we next developed a novel photoactivatable
CRISPR strategy using a photoremovable G4 block. As
illustrated in Figure 3a, we used a photocleavable linker
(PC-linker) to connect Wt crRNA to G4, the resulting
construct being consequently termed Wt-PC-G4 (Table S1).
Upon exposure to UV light, the PC-linker is broken and the
G4 trigger is removed, which results in an active CRISPR/
Cas12a system. We thus evaluated the sensitivity of the PC-
linker to irradiation (UV light) and its stability (under
sunlight): as seen in Figures S9 and S10, in vitro cleavage
experiments showed that 60 s of UV irradiation was sufficient
to completely dissociate G4 from crRNA, while the PC-linker
remained stable after 4 h of sunlight exposure.

Next, we verified the ability of Wt-PC-G4 to regulate the cis-
cleavage activity of Cas12a, performing in vitro DNA cleavage
experiments: the results seen in Figures 3 and S11 showed that
the cleavage efficiency is 94.1% for Wt, 8.4% for Wt-PC-G4
without irradiation, and 93.4% after 60 s of UV irradiation.
These results confirmed that this new CRISPR-G4 system can
effectively control the cis-cleavage activity of Cas12a through
light, and the photoregulation of its trans-cleavage activity was
also demonstrated (Figure 3c). In addition, we found that Wt
and UV-treated Wt-PC-G4 showed consistent detection
performance of the target DNA (Figure 3d−f). The specificity
of this system was then assessed using both Wt and Wt-G4,
employing target mutation assays for the detection of target
DNA (i.e., with one or two mutated nucleotides, Figures S12,
S13, and Table S4): as seen in Figures S14-17, the inhibition
efficiency of Wt-G4 is insensitive to mutations, suggesting that

Figure 2. Potential mechanisms of the inhibition of Cas12a activity by chimeric crRNA-G4. (a−c) Results of molecular docking simulations of
Cas12a with Wt (a), Wt-G3U (b), and Wt-mut-G3U (c). The cyan, green, red, and yellow sections of the crRNA represent the repeat region that
interacts with Cas12a, the spacer region that binds to the target, the extension sequences in the 3′ region of the crRNA (where the G3U or mut-
G3U is present), and the nuclease structural domain of Cas12a, respectively. (d, e) Evaluation of Cas12a-mediated crRNA processing via ssDNA
and dsDNA binding, respectively. The results of crRNA processing are analyzed by 20% denaturing PAGE, with both the RNP and target DNA at a
concentration of 100 nM.
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our photocontrolled crRNA-G4 system constitutes a robust
and specific CRISPR regulatory strategy.
Exploration of Possible Application of Photocon-

trolled Chimeric CRISPR-G4 System. To explore the
potential application of this photocontrolled CRISPR-G4
system, a RPA step was integrated to make the target detection
in a one-pot experiment (Figure 4a): the target DNA is first
amplified by RPA in the presence of the inactive Wt-PC-G4
(to avoid interference) and then, the G4 trigger is removed
upon UV irradiation allowing the crRNA to specifically
recognize the amplicon, so that the fluorescence signal can
be monitored by trans-cutting the FQ-labeled ssDNA reporter.
The practicality of this system was demonstrated with the
detection of oncogenetic human papillomavirus 16 (HPV-16):
the results seen in Figures 4b and S18 showed that a signal is
obtained only when all necessary components are present upon
UV irradiation, confirming the reliability of our strategy. Its
efficiency was compared to two different methods, the
traditional one-pot (RPA and CRISPR detection are
performed simultaneously, but the two processes are
incompatible) and the two-step (RPA and CRISPR detection
in a stepwise manner) assays: as seen in Figure 4c−e, the
traditional one-pot method could detect 100 copies/μL of
HPV-16 L1 gene at best, while the two-step method and the
photoinitiated one-pot assay in this work are approximately 1
copy/μL. Our new strategy provides the same level of
sensitivity as the two-step method, while being more practically

convenient and straightforward, as it does not necessitate the
manipulation of amplicons required in the two-step method.

The sensitivity of this method relies on the rapid
accumulation of amplicons during the amplification of HPV-
16 targets by RPA (Figure 4f), which are recognized and
cleaved by the CRISPR system in the traditional one-pot assay
(RPA+Wt), thereby preventing their effective enrichment,
while the photoinitiated CRISPR does not interfere with
amplicon enrichment. The specificity of this method was also
assessed against a series of other viral DNA targets (HPV-6,
18, 33 and 58, SARS-CoV-2, and Mpox virus) and was found
to be excellent (Figures 4g and S19). Finally, we showed that
crRNA-G4 also improves the stability of RNA, notably against
ribonucleases (Figure S20), which is critical for nucleic acid
detection in complex media such as those used for point-of-
care testing.
Photocontrolled Chimeric CRISPR-G4 System for

Pseudovirus Detection and Clinical Diagnosis. The
reliability of this system made it suited to be used with real
clinical samples: the workflow used, schematically represented
in Figure 5a, relies on the extraction of nucleic acid from
vaginal swabs before being treated with the photoinitiated
CRISPR/Cas12a system. We used two different reading
options, the fluorescence for its sensitivity, and lateral flow
test strip for its practical convenience. We first confirmed the
sensitivity of these readout methods using HPV-16 detection
as a model: as seen in Figure 5b−e, the detection of HPV-16
was possible down to 1 copy/μL by fluorescence, and down to

Figure 3. Design of photocontrolled CRISPR regulatory strategy. (a) Schematic representation of the photocontrolled chimeric CRISPR-G4
system and regulation of Cas12a cis-cleavage. Negative control (NC) and positive control (PC) indicate no RNP was added and dsDNA template
treated with Wt/Cas12a, respectively; “UV-” represents the dsDNA template was treated with Wt-PC-G4/Cas12a without being exposed to UV
light. The dsDNA template concentration is 5 nM, the RNP concentration is 65 nM, and the raw data are shown in Figure S11. (b) DNA cleavage
efficiency calculated from the gel in panel (a). (c) Photoinitiated trans-cleavage of Cas12a. The concentration of ssDNA activator used is 1 nM, and
RNP is 10 nM. The reaction is incubated at 37 °C for 20 min and then irradiated with UV lamp (λ = 365 nm, 40 W) for 1 min to activate the
CRISPR system. (d, e) Sensitivity analysis of the CRISPR/Cas12a system using UV-treated Wt-PC-G4 (d) or wild crRNA (e) with various
concentrations of dsDNA target (RNP was 10 nM). (f) Comparison of fluorescence intensity of the CRISPR/Cas12a system using Wt or UV-
treated Wt-PC-G4. Data for (b−f) are presented as mean ± standard deviation (n = 3 technical replicates).

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.5c04782
Anal. Chem. 2025, 97, 24634−24642

24638

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5c04782/suppl_file/ac5c04782_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5c04782/suppl_file/ac5c04782_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5c04782/suppl_file/ac5c04782_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c04782?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c04782?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c04782?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5c04782/suppl_file/ac5c04782_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c04782?fig=fig3&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.5c04782?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


10 copies/μL using strips. Next, we tested 50 clinical samples
suspected of an HPV-16 infection. We first tested these
samples by qPCR, the gold standard method in clinical testing:
with a cycle threshold (Ct) fixed at 38, qPCR investigations
showed that 23 samples were HPV-16 positive and 27 negative
(Figures 5f, S21 and S22). Quite satisfyingly, the photo-
initiated CRISPR/Cas12a system led to 22 positive and 28
negative samples (Figures 5g and S23), with a unique false-
negative result (sample 35, Ct = 29.41). The false-negative
result for sample 35 is likely due to the extremely low
abundance of the target HPV-16 gene, which led to a weak
fluorescence signal that did not reach the detection threshold
(Figure S23). We believe that increasing the RPA incubation
time would enhance the signal response.

The sensitivity of this method was calculated to be 95.7%
and its specificity was 100% (Figure 5h), which further
highlights its clinical potential. The performance of this system
was further assessed by the receiver operating characteristic
(ROC) curve analysis (Figure 5i): the area under the curve
(AUC) value was 0.978, suggesting strong concordance with
the qPCR results. Beyond its efficiency, this system is also
faster than qPCR (results are obtained within 25 min versus ca.
1 h for qPCR), and it does not rely on complicated
manipulation and/or expensive equipment (such as qPCR
instruments), notably when implemented with lateral flow test
strips. The integration of the photoinitiated CRISPR system
with various readout methods can be used for nucleic acid

diagnostics in different scenarios, especially important for
point-of-care testing in resource-poor areas. Furthermore,
compared with previously reported sensing platforms, our
method exhibits significant advantages in terms of turnaround
time, analytical sensitivity, and portability (Table S5).

■ CONCLUSIONS
In this study, we have shown that both the cis- and trans-
cleavage activities of Cas12a could be directly controlled by the
introduction of a photoremovable G4 trigger in the 3′ region
of crRNA. The reason for the G4-mediated Cas12a inhibition
is that the G4 acts as steric barrier that prevents the DNA
target from accessing the protein channel of Cas12a, thereby
inactivating the whole CRISPR system. We introduced a PC-
linker in order to gain control over the CRISPR/Cas12a
activity in a spatiotemporal manner, as its activity could be
fully restored upon irradiation. This was further exploited
designing a one-pot assay which integrates both CRISPR/
Cas12a and RPA systems, though RPA is incompatible with
CRISPR detection: the photocontrol step was thus used to
make this possible and results in the development of a one-pot
detection system which is fast, simple, and, above all, efficient.
This was demonstrated with the diagnosis of 50 clinical
samples for HPV infection: this system turned out to be 95.7%
sensitive and 100% specific, which must be added to its
rapidity (25 min) and practical convenience (being imple-
mentable as lateral flow test strips). Therefore, we believe that

Figure 4. Photocontrolled chimeric CRISPR-G4 system for nucleic acid detection. (a) Schematic of the photoinitiated one-pot CRISPR assay; the
target is first amplified by RPA, and at this time, the amplicon cannot be recognized by CRISPR system, and only through the UV light can activate
the CRISPR system to produce fluorescent signals. (b) Feasibility of the photoinitiated one-pot assay (the top shows the corresponding image
captured under UV light). The concentration of target HPV-16 is 100 fM, and the corresponding raw data are shown in Figure S18. (c−e)
Sensitivity analysis of the L1 gene of HPV-16 standard nucleic acids using the traditional one-pot assay (c), two-step assay (d), and this work (e),
respectively. (f) Accumulation of RPA amplicons in the one-pot assay. The RPA component, 50 nM RNP, and 100 fM HPV-16 dsDNA are
incubated at 37 °C for 0, 3, 6, 9, 12, 15, 18, 21, 24, and 27 min, respectively. The results were analyzed by 1% agarose gels. “NTC” indicates the no-
target control test. (g) Specificity of the photoinitiated one-pot assay (the top shows the corresponding image captured under UV light). The target
HPV-16 concentration is 100 fM, and the interfering targets are 1 pM. The raw data are shown in Figure S19. Data for parts (b−e) and (g) are
presented as mean ± standard deviation (n = 3 technical replicates).
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this photocontrolled CRISPR-G4 system has a great potential
for clinical applications but not only, as it could be adapted to
other fields (bioimaging, gene expression regulation) straight-
forwardly. It is noteworthy that several limitations warrant
consideration for our findings herein: (i) the PC-linker in the
photoactivatable crRNA (Wt-PC-G4) is photosensitive.
Although we demonstrated that it remains intact under
ambient light for several hours, it should be preserved under
light-protected conditions; (ii) the cost of Wt-PC-G4, which
cannot be synthesized via reverse transcription, is higher than
that of conventional crRNA; and (iii) G4 destabilizers
potentially present in complex sample matrices may interfere
with G4 formation, thereby reducing the efficiency of this
method. Thus, the incorporation of more resistant and
affordable blockers should be considered for further develop-
ments.
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