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Trans-activated Cas12a

ABSTRACT: Despite the widespread application of the CRISPR-Casl2a system in vitro diagnostics due to its high
programmability and distinctive trans-cleavage activity, the susceptibility of its crRNA component to degradation and sensitivity
to storage and working conditions poses a significant challenge to improving the practical efficacy of these diagnostic systems. Here,
we show that engineered crRNA with a covalently closed circular structure (C-crRNA) can replace traditional linear crRNA to form
functional complexes with Casl2a protein,

. Based on this finding, a circular crRNA-mediated CRISPR molecular diagnostic (CRCD)
toolkit is developed and successfully integrated with a standard nucleic acid amplification technique to detect synthesized Human
Papillomavirus type 16 (HPV-16) plasmids down to 10 aM sensitivity levels. Furthermore, the CRCD system is applied for
ultrasensitive detection of 40 HPV-16 and 40 influenza A viruses in clinical samples, with results consistent with those from
PANTHER detection and quantitative real-time polymerase chain reaction (QRT-PCR). In conclusion, this strategy introduces a
novel paradigm for engineering crRNA to program Casl2a, which has the potential to revolutionize the use of crRNA in CRISPR-
based molecular diagnostics.

H INTRODUCTION a short half-life, make it a relatively fragile component of the

The clustered regularly interspaced short palindromic repeats CRISPR system. It is highly prone to degradation by

(CRISPR) system is an adaptive immune system for ribonucleases, which are ubiquitous in various environments
prokaryotes.' > CRISPR technology has become a revolu- and sample matrices.”"”* Additionally, in practical clinical
tionary toolkit in vitro diagnostics due to its high sample testing, the CRISPR system usually involves complex
programmability and distinctive nuclease activity.*” CRISPR operational procedures and the addition of various reagents
RNA (crRNA) guides Cas protein to specifically target a and necessitates specialized laboratories. These limitations may

complementary activator, after which Casl2a nicks the
activator and indiscriminately digests nonspecific
ssDNA.'"™"* Particularly, the highly efficient trans-cleavage
activity of the Casl2a protein has been widely explored and
successfully applied for the detection of various patho-
gens.'”"*™'7 Moreover, the high programmability of Casl2a
has led to the development of innovative biosensors, expanding

significantly restrict the application scenarios of CRISPR-based
molecular diagnostic technologies and their compatibility with
various portable detection technologies.””> Consequently,
building a robust CRISPR system often requires a rational
design and meticulous optimization.

the application scope of CRISPR technology beyond nucleic Received: November 12, 2024
acid targets,lg_20 Revised:  January 29, 2025
The CRISPR-Casl2a system comprises Cas protein and Accepted:  January 30, 2025

crRNA, with the integrity of these components being essential Published: February 6, 2025

for the functional lifespan and the effectiveness of CRISPR-
based assays. However, crRNA’s inherent properties, including
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It is precisely because the crRNA is a less stable component
in the CRISPR-Cas12a complex that it is usually engineered to
enhance the stability of the CRISPR system. Modifying the
backbone of crRNA is a conventional strategy to improve RNA
stability, including 2’-O-methyl-3’-phosphonoacetate, locked
nucleic acid, and replacement of ribonucleotides with
deoxyribonucleotides.”*~** Nonetheless, the existing modifica-
tion strategies, which often require intricate and expensive
chemical syntheses as well as specialized procedures, are
challenging to implement in many standard laboratories.
Alternatively, exploring the topological structure of RNA to
enhance stability represents another strategy. Nelson et al
engineered guide RNA with pseudoknots to protect from
degradation.”” Zhang et al. and Liu et al. in vivo synthesized
guide RNA with covalently closed circular structure to enhance
the stability of gene editing.”** However, little is known about
the trans-cleavage efliciency of circular crRNA-guided Casl2a
and whether circular crRNA can replace linear crRNA to form
complexes with Cas12a to enhance the anti-interference ability
of CRISPR-Casl2a systems. Circular RNA (circRNA), a newly
identified category of noncoding RNAs in eukaryotic
organisms, is arose from the back-splicing of precursor
mRNA.>"** Predominantly composed of exons, circRNA is
characterized by the covalently closed circular structure.”” The
absence of 5’ end-caps nor 3’ end poly(A) tail in circRNA
enables it to evade deadenylation and decapping, and the
distinctive structure of circRNA reduces the probability of
circRNA being recognized and degraded by the cellular RNA
decay mechanisms.”® Furthermore, the lack of free ends in
circRNA confers an increased resistance to exonucleases,
which contributes to its extended half-life relative to linear
RNA 3536

Inspired by the inherent stability of circRNA, our study
utilized a simple biotechnological technique to circularize
linear crRNA (L-ctRNA), confirming that the optimized
circular crRNA (C-crRNA) is more resistant to ribonuclease
digestion while maintaining comparable sensitivity and
specificity. By integrating C-crRNA with the CRISPR-Casl2a
system, we developed a more robust CRISPR-Casl2a
detection system, termed the circular crRNA-mediated
CRISPR molecular diagnostic (CRCD) toolkit. We further
validated that our CRCD platform is capable of detecting
synthesized Human Papillomavirus type 16 (HPV-16)
plasmids with a concentration as low as 10 aM within 60
min. Ultimately, we implemented the CRCD system for the
ultrasensitive detection of HPV-16 and influenza A virus in
clinical samples and extended the technology to lateral flow
analysis to meet point-of-care criteria. The clinical sample
testing presented above validates the practical applicability of
the CRCD system.

B EXPERIMENTAL SECTION

Preparation of C-crRNA. Brief, the circularization of
crRNA was performed using 1X T4 RNA Ligase Reaction
Buffer (50 mM Tris—HC], 10 mM MgCl,, 1 mM DTT, and 40
UM ATP), S'-phosphorylated linear crRNA (50 pmol), SO0 U
(units) of T4 RNA ligase 1, 20 U of RNase inhibitor, 10%
PEG8000 and RNase-free water to a total volume of 20 L.
After incubation at 25 °C for 1 h, the obtained C-crRNA
molecules were analyzed by 12% polyacrylamide gel electro-
phoresis (PAGE) to identify the target RNA band. Then, the
gel block was transferred to the blue light cutter (LABGIC,
China). The target bands were then excised with a clean blade,
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transferred to centrifuge tubes, and crushed with a disposable
pestle. Nucleic acid extraction and purification were carried out
using the HiPure Poly gel RNA Kit according to the
manufacturer’s protocol. Finally, the purified RNA was
subsequently quantified using the NanoPhotometer N60
Touch (Implen GmbH, Germany).

trans-Cleavage of CRISPR-Cas12a Assays. In a 20 uL
reaction system, Cas12a (10 nM) and crRNA (10 nM) were
preincubated with target DNA in the 1X NEBufferTM r2.1
bufter at 37 °C for 20 min to form ternary complexes, followed
by the addition of ssDNA FQ reporter with a final
concentration of 250 nM. Each Reaction was conducted in
three replicates to ensure reliability of the results. The real-time
fluorescence was detected by a CFX Connect Real-Time PCR
Detection System (Bio-Rad) at 37 °C for 1.5 h, with signals
being recorded every 30 s.

cis-Cleavage of CRISPR-Cas12a Assays. For the cis-
cleavage assay, a 10 pL reaction mixture was prepared with 1
uL of 10X NEBuffer r2.1 buffer, 1 uL of Cas12a (1 uM), 1 uL
of crRNA (1 uM), 1 uL of PCR amplicons, and 6 uL of
RNase-free water. The Casl2a and crRNA were preincubated
at room temperature for 30 min before being mixed with PCR
products. The mixture was then incubated at 37 °C for 60 min.
The reaction was stopped by heating the mixture to 65 °C for
10 min, and the products were visualized on PAGE gels.

RNase R Digestion Assay. For the RNase R digestion
assay, a 20 uL reaction mixture containing 2 uL of 10X RNase
R buffer, 1 uL of RNase R (2 U/uL), 10 uL of crRNA (1 uM),
and 7 uL of RNase-free water was incubated at 37 °C for 0,
0.5, 1, 2, 4, 8 12, and 24 h. The reaction was stopped by
heating at 80 °C for 10 min, and the products were analyzed by
PAGE assays and trans-cleavage.

Human Clinical Sample Detection. The study was
approved by the Ethics Committee of Chongqing Medical
University (reference number: 2024128). A total of 40 human
cervical cell samples and 40 IVA samples were collected. A
crude DNA preparation was made using a nucleic acid
extraction or purification reagent. The kit employs the Chelex
100 high-temperature method to rapidly lyse cells and release
genomic DNA. The Influenza A and B virus nucleic acid
detection Kit was used to extract IVA RNA from clinical
samples in a biosafety level II laboratory. The human cervical
cell samples were assayed in the clinical laboratory using the
PANTHER detection system (HOLOGIC Corporation,
America), while IVA samples were tested using the standard
quantitative real-time polymerase chain reaction (qQRT-PCR)
method. Prior to the CRCD assay, 2 yL of the sample’s nucleic
acid extract was amplified by PCR or RT-PCR, and then 2 uL
of the amplicon was immediately added to the CRCD system
for fluorescence detection. For the lateral flow assay, the trans-
cleavage step was performed as described above, with the
exception of using a FAM-biotin reporter instead of the
original FQ reporter. After the reaction was completed, 30 uL
of ultrapure water was added to achieve a final volume of 50
uL. A CRISPR lateral flow strip was then dipped in each
reaction mixture and allowed for rapid visualization.

B RESULTS AND DISCUSSION

Engineered C-crRNA-Mediated Activation of Cas12a.
Previous study has employed the Tornado expression system
to generate circular guide RNA (cgRNA) intracellularly.””
However, the Tornado expression system can only be applied
in vivo, which undoubtedly limits the in vitro applications of

https://doi.org/10.1021/acs.analchem.4c06107
Anal. Chem. 2025, 97, 36173624


pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.4c06107?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

A

target
'S 3 E —— / > »
(@] 8 Y Z
g 8 . I ~ .
§ s EO-?’ CC;B —_—> w -
S ' S T4 RNAligase 1 - it
/2] =} »
C-crRNA 7 . ot
L-crRNA RNP -
B C D
25000 ~ C-crRNA40 20000+ PC
P L-crRNA40 NTC
‘_J\ e FL-crRNA I
20000 - 15000
L-crRNA -
> 15000 -
+ =p T T 10000-
10000 - =
‘ C-crRNA 5000
T4 RNA liagse 1 5000 - B . -
T T 1 T 0 1 1 1
0 20 40 60 80 C-crRNA L-crRNA FL-crRNA
l Time (min)
E F
6000 10000+
1 2 3 12345678910 ILI
Cas12a + FH+ 4+ o+ T 8000 -
C-crRNA + + + + .
- 4000 NEBuffer™ 21+ +++ + 6000
= o Target + 4+ o+ 4+ E
o o
' : < 4000-
2000
— : T 2000
O 1 I T 1 1 1 1 T -I— 1 0 1 1
172 3 4 5 6 7 8 910 RNase R - +

Figure 1. (A) Schematic diagram of the CRCD platform for nucleic acid detection. (B) PAGE analysis of C-crRNA. Lane 1: L-crRNA40, lane 2:
enzymatic ligation of L-crRNA40 followed by RNase digestion, lane 3: gel-purified C-crRNA40. The top panel is a schematic diagram of C-crRNA
synthesis. (C) Real-time fluorescence curves for detecting synthesized HPV-16 plasmids using three different crRNAs. (D) Histogram depicts the
fluorescence intensity at 60 min. (E) Components deletion experiment. The histogram shows the difference in fluorescence intensity between
experimental groups (1—10) at 60 min. The ARFU was determined by subtracting the background fluorescence of the probe-only group from the
total fluorescence intensity of the experimental group. (F) Histogram shows the comparison of fluorescence intensity before and after RNase R
digestion. PC, positive sample, NTC, negative sample. ns, not significant. Data are represented as the mean + SD (n = 3 replicates).

the CRISPR system. Therefore, we aimed to engineer crRNA
to achieve a stable RNA conformation, thereby creating an
enhanced CRISPR system (Figure 1A). To test our hypothesis,
we initially carried out the circularization of the L-crRNA using
T4 RNA ligase 1, which catalyzes the generation of an
intramolecular linkage between the S’-phosphate and the 3'-
hydroxyl of an oligoribonucleotide. Table S1 shows the widely
used full-length crRNA (FL-crRNA), which consists of a 21
nucleotide (nt) direct repeat region and a 20 nt spacer region
for target recognition. Since RNA with a 3’ end cytosine is not
a suitable substrate for T4 RNA ligase 1, we synthesized a 40
nt ctRNA (comprising a 21 nt repeat sequence and a 19 nt
spacer region) for preliminary validation. The successful
preparation of C-crRNA was first evaluated by 12% PAGE.
As shown in Figure 1B, lane 1 represents the characteristic
band of linear crRNA40 (L-crRNA40). After an enzymatic
ligation and Ribonuclease R (RNase R) treatment, a band
migrating faster than L-crRNA40 is observed (lane 2), which is
assigned to the characteristic band of circular crRNA40 (C-
crRNA40). Since RNase R is a 3’-to-S’ exoribonuclease that
digests linear RNA and hardly digests circular RNA, the
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presence of the characteristic band of C-crRNA40 in lane 2
further confirms the successful preparation of C-crRNA40.
However, a small quantity of larger circular byproducts is still
observed, appearing as a band positioned above the C-
crRNA40 band. To eliminate the potential impact of these
byproducts, we purified the C-crRNA40 from PAGE gels to
obtain the gel-purified C-crRNA40 (lane 3).

To validate whether C-crRNA could assemble with Casl2a
to form a complex that recognizes the target, thereby activating
the trans-cleavage activity of CRISPR-Cas12a, we conducted a
fluorescence assay using a plasmid containing the HPV-16
gene as the target. For signal readout, we used a FRET-based
reporter consisting of a 6-carboxyfluorescein (HEX) and a
black hole quencher 1 (BHQ1) connected by a 12 nt sequence
(TTATTTATTTAA), termed the FQ reporter, which
produces enhanced fluorescence upon trans-cleavage. As
shown in Figure 1C,D, C-crRNA40 can activate the CRISPR
system, albeit with slightly lower intensity compared to L-
crRNA40. Comparing the fluorescence intensities of the FL-
crRNA and the L-crRNA40 indicates that a reduction in the
length of the spacer region leads to a decrease in fluorescence

https://doi.org/10.1021/acs.analchem.4c06107
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intensity, which is consistent with previous research.'’ To
preclude the potential influence of 5'-phosphate modification
of crRNA on the CRISPR-Casl2a system, we also compared
the fluorescence signals of S’-phosphorylated and non-
phosphorylated crRNAs. For identical crRNA sequences, the
CRISPR-Cas12a system showed no significant distinction
between 5’-phosphorylated and nonphosphorylated crRNAs
(Figure S1). Subsequently, we conducted cis-cleavage assays
(Figure S2). The PAGE analysis results confirm concordance
with those of the trans-cleavage assay. Moreover, we performed
a component deletion experiment. The results demonstrate C-
crRNA as a key component mediating Cas12a activation with
high specificity (Figure 1E). In addition, considering the
possibility of residual L-crRNA in the gel-purified C-crRNA,
which could also contribute to increased fluorescence intensity,
we treated the C-crRNA with RNase R. The results reveal that
the generation of a fluorescent signal is indeed based on the
presence of C-crRNA (Figure 1F). Overall, the above results
suggest that C-crRNA can mediate the activation of Casl2a.

Enhanced Ribonuclease Resistance of C-crRNA.
Casl2a is a crRNA-guided nuclease, and its trans-cleavage
activity is activated only when the crRNA guides it to bind to
the activator. The stability of gRNA during storage and
application is a crucial factor in determining the effectiveness
of the CRISPR-based assays. To assess the ribonuclease
resistance of L-crRNA and C-crRNA, we first exposed both
types of crRNA to RNase R for varying durations and then
analyzed the samples via PAGE. Significantly, the characteristic
band of L-crRNA is barely detectable after 30 min of digestion,
indicating rapid degradation of the linear form (Figure 2A). In
contrast, C-crRNA remains visible even after a 12 h of
incubation (Figure 2B). We further conducted fluorescence
assays to measure degradation efficiency at different time
intervals. Concurrently, the trans-cleavage assays for Cas12a-L-
crRNA complex reveal a significant decline in trans-cleavage
efficiency to 30.1% =+ 0.5% after 30 min of exposure to RNase
R (Figure 2C). In contrast, the Casl2a-C-crRNA complex
sustains an average trans-cleavage efficiency of 75.2% + 0.3%.
Even after an extended 8 h incubation, the Casl2a-C-crRNA
complex preserves nearly half of its initial cleavage capacity,
while the Casl2a-L-crRNA complex almost completely loses
its cleavage activity (Figure 2D). These results demonstrate the
superior stability of C-crRNA, indicating its potential to
outperform L-crRNA in applications of the CRISPR
technology. Furthermore, we employed RNase R to simulate
ribonuclease contamination during the detection process. As
shown in Figure S3, the fluorescence intensity of the
conventional CRISPR system markedly decreased with the
increase of RNase R, which is attributed to the degradation of
crRNA by RNase R, leading to a decrease in the formation of
Cas-crRNA functional complexes in the system. The enhanced
resilience of C-crRNA against ribonuclease degradation may
lead to more reliable and reproducible outcomes in CRISPR-
based assays.

C-crRNAs with Different Lengths Affecting Cas12a
trans-Cleavage Activity. The trans-cleavage experiments
indicate that the activity of the Casl2a-C-crRNA complex is
slightly lower than that of the Casl2a-FL-crRNA complex.
Initially, we hypothesized that the diminished trans-cleavage
activity might be ascribed to the additional preprocessing of
circular crRNA by Cas12a. It has been reported that Cas12a is
able to process precursor ctrRNAs (pre-crRNAs) through its
own nuclease activity to generate mature crRNAs.”’ ™ These
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Figure 2. Ribonuclease resistance assay. (A) Schematic workflow of
L-crRNA40 and C-crRNA40 targeting the HPV-16 gene treated with
RNase R. 12% PAGE analysis of equal molar (B) L-crRNA40 and (C)
C-crRNA40 after incubation with RNase R for different times.
Cleavage activity of the CRISPR system based on incubation of (D)
L-crRNA40 and (E) C-crRNA40 with RNase R for different times.
Data are represented as the mean + SD (n = 3 replicates).

mature crRNAs can subsequently bind to Casl2a proteins to
form an active ribonucleoprotein complex. Figure S4 indicates
that Casl2a does not preprocess circular crRNAs. We
therefore suggest that this reduced signal may be attributed
to the conformational restriction imposed by the circular
structure of the C-crRNA, which could mildly impede its
affinity for Cas12a or decelerate the target recognition process.
Based on this hypothesis, we speculate that increasing the
length of C-crRNA might enhance its trans-cleavage activity.
Therefore, we engineered C-crRNA by extending the spacer
region with different lengths of uridinylates. Concurrently, to
explore the effect of C-crRNA length on Cas12a activation, we
reasonably designed truncated crRNA based on the principle
that the 3’ end should not contain cytosine (Table S1). The
top panel of Figure 3A illustrates the schematic diagram of
these engineered C-crRNAs with lengths ranging from 37 to 51
nt. As can be seen from Figures 3A and SS, the fluorescence
signal increases with the length of C-crRNA and approaches
that of FL-crRNA when the length reaches S1 nt.
Furthermore, to elucidate the enzymatic activity of Casl2a
triggered by FL-crRNA and C-crRNASI, we conducted a
Michaelis—Menten kinetic study using varying concentrations
of FQ reporters (Figures 3B,C, and S6). The results indicate
that the catalytic efficiency (k./K,) for the Casl2a-C-
crRNAS1 complex is comparable to that of the Casl2a-FL-
crRNA complex. The detailed kinetic parameters are shown in
Table SS. Therefore, to navigate the trade-off between stability

https://doi.org/10.1021/acs.analchem.4c06107
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Figure 3. (A) Top panel shows the schematic diagram of the
engineered C-crRNAs with lengths ranging from 37 to 51 nt. The
histogram compares the trans-cleavage activity of C-crRNAs of
varying lengths. The Michaelis—Menten plots for trans-cleavage
activity induced by (B) Casl2a-FL-crRNA complex and (C) Casl2a-
C-crRNASI complex. NTC, negative sample. ns, not significant, **p
< 0.01. Data are represented as the mean + SD (n = 3 replicates).

and sensitivity in the CRISPR system, we selected the S1 nt C-
ctRNA to replace the traditional FL-ctrRNA as the core
component to construct our enhanced CRISPR detection
method, a circular crRNA-mediated CRISPR molecular
diagnostic (CRCD) system.

Analytical Performance of the CRCD System. Prior to
the formal testing, we optimized the key parameters of the
CRCD method, including the preincubation time of the
ternary complex and the ratio of Cas12a-C-crRNAS1 (Figure
S7). As a proof of concept, the plasmid containing the HPV-16
gene was serially diluted to obtain activators at varying
concentrations, thereby verifying the detection performance of
our method. The results show that the Limit of Detection
(LoD) for both the conventional CRISPR-Cas12a system and
the CRCD system is 5 pM, suggesting that C-crRNAS1 has the
potential to replace FL-crRNA (Figure 4A,B). Besides, we also
compared the LoD of the two systems in the presence of
RNase R (Figure S8). The results show that the sensitivity of
the CRCD system (5 pM) is enhanced about 10-fold
compared to the conventional CRISPR system (50 pM). To
improve the sensitivity, we combined a nucleic acid
preamplification. As illustrated in Figures S9 and S10, with
the combination of canonical PCR amplification, the optimized
CRCD-PCR assay allows for a LoD as low as 10 aM. This
result demonstrates that the sensitivity of the CRCD-PCR
system has been improved by nearly 6 orders of magnitude
over the nonamplified system.

In addition to high sensitivity, good specificity also
determines whether C-crRNA can serve as a core component
of the proposed enhanced CRISPR system. Previous studies
have shown that CRISPR-Casl2a is sensitive to target
sequences and has promising specificity. Therefore, for the
first time, we assessed the specificity of the C-crRNA-based
CRISPR system, using a series of activators containing single
base mutations (Table S6). We designed a hairpin DNA that is
fully complementary to the crRNA spacer region as the wild-
type (WT) activator, characterized by a double-stranded stem
stabilized by a loop structure. Additionally, a single base
mutation was introduced at different positions (1, 3, 6, 9, 12,
15, 18) within the target sequence that is complementary to
the crRNA spacer region (Figure 4C). The results indicate that
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Figure 4. Sensitivity analysis of (A) the conventional CRISPR-Cas12a
system and (B) the CRCD system. (C) The complementary sequence
(WT) and mismatch sequences (MT-1-MT-18). (D) End point
fluorescence intensity for detection of complementary sequence
(WT) and mismatch sequences (MT) using the CRCD system at 60
min. (E) Schematic diagram comparing the specificity of the two
systems. (F) Heat map of the specificity tests of the conventional
CRISPR-Casl2a system and CRCD system. Discrimination factor
formula: DF = (Fyr — background)/(Fyr — background). NTC,
negative sample. ***p < 0.001, ****p < 0.0001, ns, not significant.
Data are represented as the mean + SD (n = 3 replicates).

the CRCD system has a good single nucleotide sensitivity
(Figures S11 and 4D). Moreover, the specificity of the system
was evaluated using the DF value (discrimination factor,
indicative of the capacity to differentiate between target and
interfering strands with only a single base difference). As
shown in Figure 4E,F, the specificity of the two systems did not
exhibit significant differences, and the CRCD system
demonstrated better specificity at positions 1, 3, 6, and 15.
In summary, the CRCD system has comparable sensitivity and
specificity to the conventional CRISPR-Casl2a system,
especially with superior stability, features that give it significant
application potential in molecular diagnostics.

Clinical HPV-16 Sample Detection by the CRCD
System. To verify the qualification of the CRCD system for
molecular diagnosis, we directly detected the viral genome to
assess the practicality of this method. Notably, HPV-16 is one
of the most predominant subtypes causing cervical cancer, and
it is critical for early diagnosis and treatment of cervical
cancer.””™" In this study, clinical research was conducted
using cervical swab samples. The PANTHER detection system,
certified by CFDA, was utilized to genotype 40 collected
samples, identifying 24 HPV-16 positive and 16 negative
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Figure S. (A) Schematic illustration of the analysis of HPV-16 infected clinical samples by CRCD. (B) HPV-16 detection in 40 cervical swab
samples. The red dotted line represented the threshold for a positive sample, which was calculated from the average fluorescence plus 3 SDs of
NTC. (C) Heat map shows the results of the CRCD system on the detection of 40 cervical swab samples. (D) Evaluation of CRCD sensitivity and
specificity compared with standard PANTHER system. (E) ROC curve analysis of the detection accuracy in clinical applications. (F) Principle of
CRCD-LFA. (G) Test results of lateral flow assay of 40 cervical swab samples. Data are represented as the mean + SD (n = 3 replicates).

samples (Table S7). The workflow of our method for clinical positive and negative samples by the CRCD system is based on
sample detection is depicted in Figure SA. The identification of a threshold value, and the results are shown in Figure 5B,C. As
3622 https://doi.org/10.1021/acs.analchem.4c06107
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can be seen, twenty-three out of 24 positive samples were
successfully identified by the CRCD system within a 20 min
test, with only one case remaining undetected. The sensitivity
and specificity obtained by this method were 95.8 and 100%,
respectively (Figure 5D). The receiver operating characteristic
(ROC) curve demonstrated an AUC value of 0.9870, which
confirms the excellent diagnostic performance of the CRCD
system (Figure SE). Additionally, the selectivity of the
detection method is also important. Therefore, we collected
several other common high-risk HPV subtypes and used PCR
primers and crRNA targeting the HPV-16 gene for detection.
As shown in Figure S12, no other subtypes were detected with
only HPV-16 being identified. In summary, the CRCD system
is applicable for HPV detection in clinical samples, exhibiting
good sensitivity and accuracy.

In addition, the point-of-care capability of the developed
CRCD system was demonstrated by integrating the lateral flow
assay (LFA) (Figure SF). The lateral flow readings
demonstrated that the CRCD-LFA system effectively distin-
guished between positive and negative samples, aligning with
the PANTHER results (Figure SG). The results highlight the
suitability and potential of the CRCD system for point-of-care
applications.

Clinical IVA Sample Detection by the CRCD System.
To further expand the applications of the CRCD system, we
believe that the CRCD system should also be applicable to
RNA detection. IVA is a highly contagious disease, emphasiz-
ing the need for robust nucleic acid detection strategies."***
We collected 40 throat swab samples and compared our
CRCD system with gqRT-PCR, which is the gold standard for
diagnosing IVA (Table S8).

The clinical samples from 30 patients infected with IVA
were identified using the qRT-PCR method (Figure S13). For
our method, we designed a SI nt ctRNA (crFluS1) based on
the sequence of the IVA gene and circularized it for use.
Subsequently, we tested its trans-cleavage activity compared to
that of traditional crRNA to validate the versatility of the
CRCD toolkit. Figure S14 shows that Cas-C-crFluS1 still
possesses excellent cleavage activity, although the activity is
slightly lower than that of conventional crRNA, which may be
due to the different sequence compositions with different
binding affinities for the target sequences and Cas protein.
After RT-PCR primer optimization, we conducted actual
sample assays using CRCD-RT-PCR (Figures S15 and S16A).
As shown in Figure S16B,D, our method was able to effectively
detect 30 positive samples within 20 min, yielding a sensitivity
of 100% and a specificity of 100%. Moreover, the results from
the CRCD method are almost consistent with those from
gRT-PCR. The ROC curve shows an AUC (area under the
curve) of 1.0 (Figure S16E). In summary, the proposed
detection system is an effective molecular diagnostic toolkit,
and its excellent discriminative capacity demonstrates its
potential in clinical diagnosis.

B CONCLUSIONS

Consequently, we developed a circular crRNA-mediated
CRISPR molecular diagnostic (CRCD) toolkit. The integra-
tion of circular crRNA into this system effectively resolves the
stability issues that are prevalent in traditional CRISPR-based
systems. This novel detection platform shows a 10-fold
increase in sensitivity upon exposure to RNase R compared
to the conventional CRISPR system, highlighting its potential
superiority as a component of the CRISPR toolkit. We then

successfully integrated CRCD with a standard PCR technique,
enabling the detection of synthesized HPV-16 plasmids at
concentrations as low as 10 aM. In further clinical trials, our
method demonstrated the ability to accurately detect clinical
samples of HPV-16 and IVA. Furthermore, the potential of this
system for practical point-of-care detection has been validated.

In this study, the current detection process still requires a
certain amount of time, which may limit its application in some
emergency situations. Therefore, optimizing the detection
procedure, especially the rapid preparation of circular RNA, to
reduce the detection time is an important direction for future
research. Additionally, while the CRCD toolkit exhibits slightly
superior specificity compared to the traditional CRISPR
system, there remains a need to further enhance its specificity
in order to broaden the application scenario. This enhance-
ment may be achieved through more rigorous guide RNA
selection and protein and crRNA engineering. In conclusion,
this research proposes a new conformationally engineered
crRNA for the construction of CRISPR molecular diagnostic
platforms. Moreover, CRCD is a universal and robust nucleic
acid detection method, which has potential clinical application
in the detection of infectious diseases.
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