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Visual detection of HPV16 using a
photoactivatable CRISPR–Cas12 system†
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Human papillomavirus (HPV) screening is crucial for the diagnosis

of cervical cancer. In this study, we have combined photoactivated

CRISPR–Cas12a with tube-in-tube structure and recombinase

polymerase amplification (RPA) to enable simple, rapid and con-

venient visualization detection of HPV16, facilitated by blue UV light

at 302 nm. It serves as a potential tool for on-site diagnostic use,

which could be beneficial in terms of portability and speed.

It is estimated that around 80% of women will be infected with
HPV at some point in their lives. In the majority of cases, the
immune system is able to clear the virus within 12 to 24
months. However, persistent high-risk HPV infections have
been linked to the development of associated conditions such
as cervical cancer.1 That’s why HPV testing is so important.2

Two main categories of HPV detection methods are used to test
uterine cervical specimens: signal amplification techniques
(liquid phase hybridization techniques) and target amplifica-
tion techniques (gene amplification or polymerase chain reac-
tion, PCR).3 Real-time quantitative PCR is a widely used method
that offers superior sensitivity and specificity, high detection
throughput, and ease of automation. However, the technique is
not without limitations that limit its full potential. For example,
the number of HPV genotypes that can be identified in a single
PCR reaction is limited by the fluorescent channel.4 In addi-
tion, the high cost of the necessary equipment and reagents
poses a significant challenge in regions with limited medical
resources.5 More recently, the advent of the CRISPR–Cas detec-
tion system has led to significant advances in HPV detection in
recent years(e.g., SHERLOCK, DETECTR).6 These developments

have the potential to overcome the limitations of traditional7

diagnostic methods, particularly in pathogen detection.8 In
addition, CRISPR technology offers significant advantages over
the traditional nucleic acid assays in terms of cost, efficiency,
portability, and uniqueness.

CRISPR–Cas is a recently developed biotechnology tool that
shows great promise.9 In order to increase the sensitivity of the
CRISPR detection reaction, it is recommended that nucleic acid
amplification be performed beforehand. However, this approach
poses a significant challenge due to the incompatibility between
recombinase polymerase amplification (RPA) and CRISPR. The
efficiency and sensitivity of nucleic acid amplification can be
affected by cis cleavage and the reaction buffer used in
CRISPR.10,11 As a result, most current CRISPR nucleic acid
detection strategies consist of two distinct steps. It is important
to note that this can indirectly lead to an increase in the number
of steps required, an increased risk of contamination, and an
increased likelihood of false positives. A number of potential
solutions have been proposed to address this issue, including the
use of superior one-pot buffers, the design and screening of
suboptimal PAM sites,12 and the spatial isolation of the
components.13 Microfluidics14 and dynamic aqueous multiphase
reaction (DAMR) systems15 have also been incorporated. Never-
theless, these strategies remain limited due to the problem of
incompatibility.

Photoactivatable CRISPR technology represents a transforma-
tive approach, offering unprecedented control with non-invasive,
high spatial and temporal precision.16 In recent years, a number
of CRISPR systems using ultraviolet (UV),17 blue7 and red
light18,19 have been developed and applied in various fields,
including gene editing, biosensing and tumour therapy.20–23

Current methods for photoactivation of CRISPR involve the use
of photoactivatable nanocarriers for Cas proteins,24 guide RNAs
and RNP complexes. In the context of light-activated CRISPR
biosensing, the use of transiently silenced crRNA, achieved by
incorporating the photocleavable motif 6-nitro-piperidoxymethyl
(NPOM) into the crRNA,25 or a complementary single-stranded
RNA (p-RNA) containing photocleavable (PC) linkers, has led to
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remarkable sensitivity and specificity in nucleic acid assays. For
non-nucleic acid detection, signal transduction and amplification
techniques are often used. For example, a light-activated one-pot
RCA-Cas12a method has been developed for simple and highly
sensitive detection of S. aureus using aptamers and silencing of
crRNA with photocleavable ssDNA (PC-DNA).26 In addition to
these applications, light-based CRISPR systems have also been
used for intracellular imaging.27

In this study, we have developed a photoactivatable CRISPR–
Cas12a system for rapid and cost-effective detection of HPV 16
in a single step. The crRNA in our system is decorated with three
6-nitropiperonyloxymethyl-caged thymidine (NPOM-dt)25,28,29

molecules and is lengthened at the 30-end with seven DNA-
extended (TATTATT) sequences, collectively abbreviated as 3N-
crRNA. In our scenarios, the Watson–Crick base pairing between
3N-crRNA and target DNA was disrupted by a steric hindrance
effect. This can be reversed by the process of decaging, which is
facilitated by UV light. To enhance the fluorescence for visual
inspection, the CRISPR–Cas12a system was integrated into a
tube-in-tube structure, which consists of an outer PCR tube and
an inner tube containing two hydrophobic holes. We demon-
strated that the RPA-assisted photoactivatable CRISPR–Cas12a
with a tube-in-tube structure enables efficient visual HPV diag-
nostics that circumvents the open cap step. It is anticipated to be
a valuable point-of-care testing (POCT) tool for rapid, self-testing
of HPV in applications with limited healthcare resources.

As shown in Fig. 1A and B, in addition to the 6-nitropiperoyl-
oxymethyl cage thymidine (NPOM-dt) incorporated into the
crRNA (designed for the HPV16-L1 gene) of the Lachnospiraceae
bacterium ND2006 Cas12a (LbCas12a), a 7-base DNA extension
(TATTATT) was also performed at its 30 end, termed photoacti-
vatable crRNA (3N-crRNA). To explore the efficacy of the photo-
activatable CRISPR/Cas12a, we investigated the cleavage of
ssDNA indicator (ssDNA of 30 nt) and generation of fluorescent

signal from the ssDNA-FQ reporter. As supported by the results
of the microplate reader (Fig. 1C and D) and the native poly-
acrylamide gel electrophoresis (PAGE) (Fig. 1E), after 30 s UV
irradiation at 365 nm and incubation at 37 1C for 20 min in the
dark, the NPOM modified in the nitrogen heterocycle of thymidine
could be rapidly discharged, and the trans-cleavage activity of
CRISPR–Cas12a mediated by photoactivated crRNA (3N-crRNA)
was significantly higher than that of ordinary crRNA (2.4-fold),
although its fluorescence intensity was slightly reduced compared
to that of the engineered crRNA with 7-base DNA extension at 30

end (3-crRNA). Further investigation revealed that this photoacti-
vatable crRNA showed sufficient stability without any leakage
when exposed to ambient light after 8 h at room temperature,
although its activity was slightly reduced compared with that in
avoid light (Fig. S1A and S2A, ESI†). The further study showed that
the detection performance was the best when the light intensity
was 35 W (Fig. S1B and C, ESI†) and at the height from the tube
was 5 cm (Fig. S1D and S2B, ESI†). We then evaluated the light
duration time of 3N-crRNA and found that the optimal signal-to-
noise ratio could be achieved when 365 nm light was applied for
30 s (Fig. S1E and F, ESI†). Furthermore, the detection perfor-
mance was the best when the concentration of LbCas12a was
20 nM (Fig. S1G and H, ESI†) and the ratio of LbCas12a to
3N-crRNA was 1 : 1 (Fig. S1I and S2C, ESI†).

Following by the exploration of the photoactivatable
CRISPR/Cas12a assay, we evaluated the efficiency of the assay
when combined with the recombinase polymerase amplifica-
tion (RPA) reaction. Initially, we optimized the concentration of
primer, MgOAc, and ssDNA-FQ probe in the conventional
photoactivatable CRISPR/Cas12a combined with RPA assay.
Based on the results, the efficiency was optimal when the
primer concentration was 0.3 mM (Fig. S3A, ESI†) and the
MgOAc concentration was 14 mM (Fig. S3B, ESI†). With
the increasing concentration of the ssDNA-FQ probe, the
fluorescence signal intensity improved accordingly (Fig. S3C,
ESI†). The final fluorescence also showed that the limit detec-
tion performance of conventional photoactivatable CRISPR–
Cas12a assisted by RPA was still better than that of normal
crRNA on a variety of HPV16 plasmids at different concentra-
tions (Fig. S3D–F and S4A–C, ESI†). Meanwhile, the detection
efficiency with 3N-crRNA was comparable to that with 3-crRNA.

Considering that the original intention of the optical control
was to solve the incompatibility problem, we next evaluated the
performance of photoactivated CRISPR/Cas12 with RPA in one-
pot assay (Fig. 2A). First, we investigated the optimal concen-
tration of primer, MgOAc, and ssDNA-FQ probe in one-pot assay.
As shown in Fig. 2B and C, the primer at 0.4 mM (Fig. 2B) and the
MgOAc at 16 mM (Fig. 2C) could achieve the best performance in
the one-pot assay. For the ssDNA-FQ probe, the fluorescence
intensity increased according to the increasing concentration of
ssDNA (Fig. 2D). In the light-controlled one-pot assay, the
presence of the primers would increase the background signal
of fluorescence. We then designed and examined the 8 pairs of
primers for the HPV-16-L1 gene in the RPA reaction (Fig. 2E). The
results showed that the presence of the primers increased the
fluorescence of the no target control (NTC) in the one-pot

Fig. 1 Design and validation of photoactivatable CRISPR–Cas12a system.
(A) Structure of NPOM-modified caged thymidine. Thymidine degradation
is achieved by irradiation with UV light. (B) Schematic of photoactivatable
CRISPR/Cas12a for nucleic acid detection. (C) Comparison of the fluores-
cence intensity of the CRISPR–Cas12a reaction using ordinary crRNA,
engineered crRNA with 7-base DNA extension at 30 end (3-crRNA),
photoactivatable crRNA (3N-crRNA) with HPV16 or NTC. (D) Quantifica-
tion of the fluorescence intensity in (C). (E) Native PAGE analysis of trans-
cleavage activity of LbCas12a with different crRNA: (1) crRNA; (2) 3-crRNA;
(3) 3N-crRNA UV +; (4) 3N-crRNA UV-; (5) ssDNA indicator (30 nt). (NTC:
No target control, ***P o 0.001, ****P o 0.0001).
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photoactivatable CRISPR–Cas12a with RPA assay (Fig. 2F), which
didn’t occur in the only photoactivatable CRISPR–Cas12a reac-
tion (Fig. 2G). Therefore, primer pair 4 was thus selected for the
subsequent reaction to reduce the false positive rate. As hypothe-
sized, the one-pot photoactivated CRISPR–Cas12a with RPA was
able to discriminate HPV16 plasmid at concentrations of 10�18 M
from NTC (Fig. S5A and B, ESI†), which can’t be achieved by the
one-pot assay with crRNA (Fig. S5C, ESI†) nor 3-crRNA (Fig. S5D,
ESI†).

Despite the excellent performance of the one-pot photoacti-
vated CRISPR/Cas12a with RPA assay, its fluorescence intensity
is still not sufficient for visual detection. To facilitate the result
output, we introduced a tube-in-tube structure in an attempt to
increase the fluorescence intensity for visual detection (Fig. 3A).
The inner tube was designed for the RPA reaction, containing
two hydrophobic pores on both sides. As illustrated in Fig. 3B,
simply by performing the RPA reaction (37 1C for 30 min in the
inner tube), a brief centrifugation (600 rpm) for 1 min or
vigorous shaking could mix the products of RPA with the
photoactivatable CRISPR–Cas12a components stored in the
outer tube through the hydrophobic pores.30 The photoactiva-
table CRISPR–Cas12a reaction was then initiated after
30 seconds of UV light at 365 nm. The tube-in-tube structure
was finally photographed under 302 nm to record the results
after incubation at 37 1C for 20 min. To check whether the tube-
in-tube structure could successfully transfer RPA components
from the inner tube to the outer tube through the hydrophobic
pores, trypan blue solution was added to 15 ml of RPA reaction
buffer. As shown in Fig. 3C and D, almost no liquid leaked from

the inner tube when the tube was gently shaken, capped and
moved, whereas all the RPA reaction buffer in the inner tube
could be completely transferred to the outer tube by vigorous
shaking or centrifugation (600 rpm).

As the gap and distance between the inner and outer tubes
may affect the optimum reaction temperature, we carried out a
series of tests. Based on our results, the final fluorescence at
37 1C and 39 1C could be distinguished by the naked eye under
302 nm (Fig. 4A and Fig. S6A, B, ESI†). However, the final
fluorescence observed by the naked eye was significantly reduced
at 45 1C and couldn’t be seen by the naked eye at 48 1C. For

Fig. 2 One-pot photoactivatable CRISPR/Cas12a combined with RPA
assay. (A) Schematic of one-pot photoactivatable CRISPR/Cas12a
combined with RPA assays. (B) Optimization of primer concentration.
(C) Optimization of MgOAc concentration. (D) Optimization of ssDNA-
FQ probe concentration. (E) Results of 1% agarose gel electrophoresis
analysis of RPA products for 8 primer pairs. (F) Background signals of 8 of
primer pairs in the one-pot photoactivatable CRISPR/Cas12a combined
with RPA assays. (G) Background signals of 8 primer pairs in the only
photoactivatable CRISPR/Cas12a reaction. (NTC: No target control,
*P o 0.05, ****P o 0.0001).

Fig. 3 Design of a tube-in-tube structure for HPV detection. (A) Sche-
matic diagram of the inner tube structure. (B) Detection procedure for
one-pot photoactivatable CRISPR/Cas12a with tube-in-tube structure.
(C) Schematic diagram of the tube-in-tube structure transferring inner
casing solution condition requirements. (D) The volume of liquid remain-
ing in the inner tube at different centrifuge speeds.

Fig. 4 HPV16 visual detection by photoactivatable CRISPR–Cas12 with
tube-in-tube structure. (A) The effect of different temperatures on the final
visual signal. (B) Sensitivity of photoactivatable CRISPR–Cas12 system with
tube-in-tube structure. (C) Specificity of photoactivatable CRISPR–Cas12 with
tube-in-tube structure. (D) and (E) Photoactivatable CRISPR–Cas12 system
with tube-in-tube structure was further applied to the detect of HPV16 in real
clinical samples. (NTC: no target control, positive: HPV16-L1 plasmids, N:
negative clinical samples validated by qPCR, P: positive clinical samples
validated by qPCR, nsP 4 0.05, *P o 0.05, ***P o 0.001, ****P o 0.0001).
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reasons of portability, 37 1C, the temperature of the human body
was used as the optimum to ensure the efficiency of our system
under modest conditions. Subsequently, we tested the sensitivity
and selectivity of the photoactivated CRISPR–Cas12a with tube-
in-tube structure under the above optimal conditions. As shown
in Fig. 4B and Fig. S6D, E (ESI†), for the sensitivity test, our
system can discriminate HPV plasmids with concentrations of
10�18 M from NTC by the naked eye under 302 nm. For the
specificity test, clinical samples of HPV16, HPV6, HPV11, HPV18,
and HPV61 were selected, and the reaction produced visually
distinguishable signals only when HPV16 samples were added
(Fig. 4C and Fig. S6C, S7A, ESI†). To evaluate the feasibility of our
system for HPV testing, 15 HPV16-positive samples and 30
HPV16-negative samples identified by quantitative PCR (qPCR)
(Fig. S7B and C, ESI†) were collected. As expected, the HPV16
detection accuracy reached 93.33%, which is consistent with the
clinical records (Table S2, ESI†). Among the samples, only 1
positive sample (#5) was misdiagnosed as negative (Fig. 4D, E and
Fig. S6F, ESI†).

In this study, we have developed a photoactivated CRISPR–
Cas12a system with a tube-in-tube structure for the visualiza-
tion detection of HPV16. In particular, in comparison with the
current two-step RPA-Cas12a detection method, this system is
more straightforward and circumvents the steps of opening the
lid and transferring the liquid, which reduces the probability of
aerosol contamination. Furthermore, the suitable temperature
and simplicity of operation make it suitable for use in areas
with limited medical resources. We believe that our photoacti-
vated CRISPR–Cas12a system with tube-in-tube structure may
provide an opportunity for on-site diagnostic use.

This study has been approved by The Biomedical Ethics
Committee of Health Science Center of Xian Jiaotong University
(Approval No. XJTU1AF2023LSK-502). Clinical cervical swab
samples were obtained from the The First Affiliated Hospital
of Xi’an Jiaotong University were used for the assay. The
informed consent was obtained from human subjects.
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