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A novel CRISPR-Casl2a-based diagnostic for rapid
and highly sensitive detection of West Nile virus
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Climate change is increasing the global threat of vector-borne diseases, including West Nile Virus (WNV),
a significant human and animal pathogen transmitted primarily by Culex mosquitoes. Current WNV
diagnostic methods, while including sensitive techniques like RT-PCR, have limitations in early detection,
practicality, and cost-effectiveness. There is an urgent need to develop novel and more efficient
strategies to address these challenges and to facilitate the surveillance and management of WNV
infections and their spread. This study presents a highly specific and sensitive CRISPR-Casl2a-based
detection protocol for WNV detection. Through systematic analysis of key reaction parameters (time:
0-60 min; reporter concentration: 1-80 nM, Casl2a and crRNA concentration: 5.625-90 nM; and
template amount: 1072-10° pg) and integration with reverse transcriptase recombinase polymerase
amplification to enhance sensitivity through an isothermal technique, this assay demonstrates a novel
strategy for the rapid detection of WNV, achieving 10 femtomolar sensitivity within one hour. Moreover,
the assay retained its efficacy at different temperatures (25 °C and 37 °C) and in biological matrices
containing the host (fly or human) genetic material, which supports its applicability in resource-limited
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settings. Therefore, the method presented here has the potential for broad application in diverse point-
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Introduction

Climate change is anticipated to impact the prevalence of vector-
borne diseases significantly. Rising temperatures and shifts in
precipitation patterns are projected to facilitate the expansion
of vector species (e.g., mosquitoes, sandflies, fleas, and ticks)
into previously unaffected regions, thereby exposing resident
populations to a spectrum of diseases, including malaria,
dengue, Zika virus disease, and West Nile fever."> Moreover,
these changes can significantly impact vector abundance and
accelerate the development of pathogens within vectors, poten-
tially enhancing their virulence or reducing the incubation
period, and present a challenge to the effective prevention
and control of vector-borne diseases.>* Consequently, it is
critical to develop novel strategies to detect vectors in situ with
high sensitivity and specificity, while simultaneously being
user-friendly and cost-effective.
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of-care settings for rapid diagnosis of WNV.

Orthoflavivirus nilense (West Nile virus - WNV) is a member
of the Orthoflavivirus genus, which contains other significant
human pathogens such as Orthoflavivirus zikaense (Zika virus),
Orthoflavivirus denguei (Dengue virus), and Orthoflavivirus flavi
(Yellow fever virus). Primarily transmitted by Culex mosquitoes,
WNV infection manifests with a spectrum of clinical outcomes,
ranging from mild fever to severe neurological complications
such as encephalitis and meningitis, with fatal cases reported.’
WNV exhibits significant neurotropism, with clinical symptoms
reflecting its impact on the central nervous system. Histopatho-
logical studies further revealed that WNV causes characteristic
lesions, including neuronophagia, microglial nodules, and
perivascular inflammation, primarily in the thalamus, basal
ganglia, brainstem, and spinal cord.® Since its initial discovery,
WNV has emerged as a global health concern, causing recur-
rent outbreaks across all continents. The economic impact of
WNV is substantial, including the costs of patient care, disease
control programs, and losses within the livestock and agricul-
tural sectors. The limitations of existing antiviral treatments
and the lack of effective vaccines exacerbate the disease burden
and contribute to the persistent occurrence of outbreaks in
both endemic and non-endemic regions. Notably, a marked
increase in human cases has been observed over the past two
decades in Europe, starting with a significant 1996 Romanian
outbreak of 393 human cases, leading to annual summer
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outbreaks across the continent. Following its 1999 introduction
to North America, the USA alone recorded over 55000 WNV
cases by 2021.>” WNV infection, therefore, poses a significant
threat to public and animal health due to its potential to cause
unpredictable and widespread epidemics.®

Current diagnostic approaches for WNV infection include
enzyme-linked immunosorbent assays (ELISAs),’ immuno-
histochemistry,"° viral culture,"* and nucleic acid amplification
tests (NAATs)."> Among these, ELISA-based assays detect anti-
WNV antibodies in serum. However, during the initial acute
stage of the infection, there is a serological window period
when antibodies are not detectable, making serological tests
unreliable.® Furthermore, antibody cross-reactivity among
flaviviruses presents a significant challenge in serological
analyses."® Detection of a WNV antigen via immunohisto-
chemical analysis requires brain tissue biopsy, limiting its
applicability to post-mortem investigations. Viral culture, a
sensitive but time-consuming technique, involves isolating the
virus from biological specimens such as blood, cerebrospinal
fluid (CSF), or brain tissue obtained through biopsy or autopsy.
Successful viral isolation necessitates specialised expertise in
handling of orthoflaviviruses and access to a biosafety level 3
containment facility."" NAATs, such as reverse transcription
polymerase chain reaction (RT-PCR), are employed to detect the
presence of the WNV genetic material in blood or other body
fluid specimens.’'* In recent years, RT-PCR has emerged as
the gold standard for the diagnosis of numerous viral infec-
tions due to its standardised format, reproducibility, sensitivity
and specificity.”> While being highly reliable, NAATs may
exhibit limitations in detecting the virus during the early stages
of infection. Furthermore, the use of high primer concentra-
tions (e.g., 0.6 pM) and stringent control of experimental
conditions is required, as well as preventing contamination to
avoid false-positive results."* Finally, in the context of most
orthoflavivirus-associated diseases, the routine application of
gRT-PCR on serum, plasma, and CSF samples faces limitations
due to the short duration and low levels of viremia, presenting
false-negative results."

Despite their limitations, with further refinement, NAATs
may offer high sensitivity, specificity, speed, and cost-effective-
ness. Among the emerging NAATs, the CRISPR-Cas systems,
particularly Cas12a, exhibit considerable promise and offer
several distinct advantages as a diagnostic tool. Cas12a, also
known as Cpfl, is a single RNA-guided endonuclease that
utilises a T-rich protospacer-adjacent motif (PAM) to recognise
its target, and cleaves DNA through the generation of staggered
double-stranded breaks, thereby enabling versatile targeting
capabilities.'® This unique characteristic, coupled with Cas12a’s
inherent high specificity in DNA targeting, minimises the
risk of off-target effects.'” Cas12a also exhibits a remarkable
potential for sensitive and specific detection of nucleic acids
due to the unique indiscriminate single-stranded DNA (ssDNA)
cleavage activity (i.e., trans-cleavage).'®'® The trans-cleavage of
ssDNA serves as a signal amplification mechanism, signifi-
cantly enhancing assay sensitivity.”® Various reporter systems,
including fluorescent probes, colorimetric indicators, and
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lateral flow assays, can be employed to detect Cas12a activity.
Furthermore, Cas12a, similar to other CRISPR-Cas systems,
demonstrates high target specificity, minimising the risk of
false-positive results and enabling early disease detection.>*

The versatility of Cas12a has allowed CRISPR-Cas12a-based
systems to become a valuable tool for a wide range of diagnostic
applications. Additionally, they have facilitated the develop-
ment of user-friendly, point-of-care (POC) diagnostic platforms,
offering several benefits over conventional methods, such as
providing rapid results and enabling timely clinical decision-
making cost-effectively.”>>® While CRISPR-Cas systems have
advanced molecular diagnostics of vector-borne viruses such
as dengue and Zika virus, several limitations remain.>*?®
Factors such as target abundance and interference from the
biological matrix may influence the detection limit. Optimising
these factors is crucial to ensure reliable detection and enhance
sensitivity and accuracy for achieving highly specific and
sensitive detection of pathogens.>*°

This study presents a CRISPR-Cas12a-based WNV detection
procedure, characterised by high specificity and sensitivity.
Key parameters, including the concentrations of target DNA,
Cas12a, crRNA, and fluorescent probe, as well as reaction
duration and temperature, were systematically evaluated to
maximise signal output and achieve efficient WNV detection.
Additionally, an isothermal amplification method, reverse tran-
scriptase recombinase polymerase amplification (RT-RPA), was
integrated into this protocol to enhance sensitivity and lower
the limit of detection (LOD) of the test system (Scheme 1). The
method demonstrated the capacity to detect WNV at picomolar
(pM) concentrations within one hour. This approach has the
potential to facilitate widespread adoption of CRISPR-Cas12a-
based sensors in diagnostic applications.

Results and discussion
Validation of Cas12a target specificity and temporal dynamics

To initially validate Cas12a’s catalytic activity and confirm its
target specificity, a series of controlled experiments were per-
formed (Fig. 1). The analysis included Human HPRT1 utilising a
corresponding specific crRNA, which served as a positive con-
trol, and the WNV E gene with its crRNA. Target specificity was
assessed through the inclusion of a negative control crRNA in
both reactions.

The data demonstrated a notable difference in relative
fluorescence units (RFUs) between assays employing negative
crRNA or target-specific crRNAs. HPRTI and WNV crRNAs
elicited RFU values exceeding 500, whereas negative control
crRNAs yielded RFU levels less than 100, thus corroborating the
system’s specificity and sensitivity (Fig. 1A). Another analysis
was subsequently conducted to characterise the temporal
dynamics of Casl2a activity. RFU levels were quantified at
discrete time intervals (0, 10, 20, 30, 40, 50, and 60 min) in
reactions containing the HPRT1 DNA. The data demonstrated a
rapid increase in RFU levels, with a detectable signal observed
within the first minutes of reaction initiation. Following this
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Scheme 1 Workflow of the CRISPR-Casl12a-based WNV detection assay. The study involved targeting the gene encoding WNV envelope protein (WNV
E gene) for specific detection. Synthetic 500 bp WNV DNA and isolated WNV RNA served as templates for isothermal amplification via RPA and RT-RPA,
respectively. The amplified products were then subjected to Casl2a-mediated target recognition, with target detection confirmed through the

fluorescence signal readout.
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Fig. 1 Verification of the Casl2a’s ability to cleave target DNA. (A) Target-
specific cleavage activity of Casl2a was confirmed using crRNAs targeting
human HPRT1 and WNV E genes, along with a negative control. (B) A time-
course analysis revealed a rapid and efficient cleavage of HPRT1 DNA by
Casl2a, with detectable activity starting at t = 0.
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initial increase, RFU values reached a plateau of approximately
700 by 10 minutes, which was maintained throughout the
remaining time course (Fig. 1B). In contrast, reactions contain-
ing a negative control crRNA exhibited consistently low RFU
values. Collectively, these findings provide compelling evidence
for Cas12a’s ability to efficiently and specifically cleave diverse
target DNA sequences in a relatively short period.

Systematic optimisation of Cas12a-mediated WNV detection

Next, a comprehensive analysis was conducted by testing
different parameters to achieve maximal signal output, quanti-
fied as RFUs (Fig. 2). This analysis focused on the evaluation of
temporal dynamics of the Cas12a and the concentration of key
reaction constituents, specifically: reaction incubation time
(Fig. 2A), reporter concentration (Fig. 2B), crRNA concentration
(Fig. 2C), Cas12a concentration (Fig. 2D), and template DNA
concentration (Fig. 2E). Furthermore, the robustness of the
assay was assessed by evaluating its performance at both room
temperature (RT) and 37 °C, thereby investigating its potential
for use in resource-limited settings where precise temperature
control may be challenging (Fig. 2F).

In terms of temporal dynamics, the WNV reaction yielded
similar results to those observed with HPRT1, illustrated in Fig. 1B,
with a few differences. A detectable RFU value was observed at
around 3 min, although to a lesser extent than HPRT1 since RFU
levels were approximately 100 and 300 for WNV E and HPRTI,
respectively. Signal in the WNV reaction reached 400 at 10 min,
and reached a plateau after 20 min (Fig. 2A). A maximum signal
was observed at 40 min in both reactions. To facilitate a rapid
procedural workflow, 30 minutes was determined as the optimal
duration for the subsequent analyses.

Another aim of this study was to optimise the Cas12a-based
WNV detection system by minimising reagent concentrations

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Systematic optimisation of the Cas12a-mediated detection of the WNV. Various parameters, such as (A) time and concentrations of (B) reporter,
(C) crRNA, (D) Casl2a, and (E) template DNA, were tested to achieve the maximal fluorescence signal output, quantified as RFUs. (F) The reactions were
also run at room temperature (RT) and 37 °C to test the adaptability of the test system to different environments. The standard reaction mixture consisted
of 45 nM Casl2a, 45 nM crRNA, 40 nM reporter, and 100 ng of template DNA, unless otherwise stated.

while preserving assay sensitivity, a crucial factor for reducing
the economic burden of Cas-based diagnostics. To this end, the
impact of varying reagent concentrations on the signal output
was assessed. A near-linear relationship between the RFU and
both the reporter concentration (Fig. 2B) and template DNA
amount was observed (Fig. 2E). The limit of detection was
established at 10 nM reporter concentration, while template
DNA concentrations ranging from 1 to 100 pg (corresponding to
0.15-15 pM) yielded comparable and reliable signal outputs.

This journal is © The Royal Society of Chemistry 2025

Notably, crRNA and Cas12a concentrations exhibited a weaker
correlation with RFUs (Fig. 2C and D). This observation aligns
with the established mechanism of Cas12a activation, where a
complex of crRNA and Cas12a is essential for target recognition
and subsequent collateral activity.>” Thus, these results support
previous findings that maintaining a 1:1 crRNA: Cas12a ratio
appears to be critical for optimal assay performance,”® since
increasing either component independently does not substan-
tially enhance the signal output. Furthermore, while 37 °C
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represents the optimal reaction temperature, reliable signal
detection was confirmed at ambient temperature (Fig. 2F).
The data demonstrate the system’s robustness, as evidenced
by negligible RFUs in negative crRNA controls, and its capacity
to detect WNV with high specificity and sensitivity.

Confirmation of Cas12a-mediated cleavage of template DNA

To validate the cis-cleavage activity of CRISPR-Cas12a on tem-
plate DNA, agarose gel electrophoresis was performed (Fig. 3).
Specificity was established by comparing reactions using a
negative control and WNV-specific crRNA on the WNV template
(Fig. 3A). The absence of cleavage products in the negative
control (lane #4), as opposed to the presence of the expected
two bands (uncleaved template of 430 bp and the longer
cleavage product of 276 bp) in the WNV-specific crRNA reaction
(lane #6), confirmed the system’s specificity.

Interestingly, we did not observe the second cleavage pro-
duct of 154 bp on the gel. The diminished intensity of this
product potentially results from ongoing, non-specific Cas12a
activity, leading to the degradation of smaller DNA fragments.>*
While template cleavage was not complete, this did not sub-
stantially compromise signal intensity, as evidenced by RFU
values of 913.5 and 73.7 for the WNV-specific and negative
control crRNA reactions, respectively (data not shown). To comp-
letely cleave the template DNA, reaction component concentra-
tions were increased (Cas12a: 225 nM, crRNA: 225 nM, reporter:
200 nM, template DNA: 250 ng (37.5 nM)), and the cleavage profile
of Cas12a was assessed. This resulted in a substantial increase
in the cleaved:uncleaved template DNA ratio, as evidenced by
agarose gel electrophoresis (Fig. 3B). Furthermore, the inclusion
of reporters in a subset of these reactions allowed for the assess-
ment of their potential influence on Cas12a cleavage activity. The
analysis revealed that the presence of reporters did not signifi-
cantly alter the observed band patterns, suggesting a negligible,
if any, effect on the cleavage process (Fig. 3B).

Optimisation of reverse transcriptase recombinase polymerase
amplification (RT-RPA)

The results presented so far were obtained by using synthetic
DNA purchased from IDT (New Jersey, US), corresponding to
the WNV E gene fragment. The pre-amplification of this frag-
ment was performed by traditional PCR. However, the require-
ment for a thermal cycler in PCR does not adhere to the
ASSURED criteria (affordable, sensitive, specific, user-friendly,
rapid, equipment-free, and deliverable) essential for point-of-
care (POC) applications, thereby restricting its use in such
settings.*® To make our method of CRISPR-Cas12a-based WNV
detection applicable to POC platforms, we employed a faster and
simpler isothermal pre-amplification technique, reverse transcrip-
tase recombinase polymerase amplification (RT-RPA), eliminating
the need for expensive and complex thermal cycling equipment.
RT-RPA, despite its distinct amplification mechanism from
RT-PCR, consistently demonstrates comparable or even super-
ior detection sensitivity and speed across various pathogens,
including canine distemper (CDV), cassava brown streak (CBSV),
murine hepatitis (MHV), and severe acute respiratory syndrome
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Fig. 3 CRISPR/Casl2a reactions run on a 1.5% agarose gel. (A) WNV DNA
was used as a template in Casl2a reactions with negative (ncrRNA) or
WNV-specific crRNA (WcrRNA). The reaction mixtures consisted of 90 nM
Casl2a, 90 nM crRNA, 80 nM reporter, and 100 ng (15 nM) of template
DNA. (B) WNV DNA was either run directly on the gel or used as a template
in Casl12a reactions with ncrRNA or WcrRNA, with or without reporter. The
reaction mixtures consisted of 225 nM Cas12a, 225 nM crRNA, 200 nM
reporter, and 250 ng of template DNA. Red arrows represent 430 bp
template DNA alone, whereas blue and green arrows show 430 bp uncut
DNA and 276 bp CRISPR-Casl2a reaction product, respectively.

31734 While the detection limit

5

coronavirus 2 (SARS-CoV-2) viruses.
of RT-RPA varied across studies (e.g., 31.8 copies for CDV,*' 10~
for CBSV,?* 4.45 x 10" copies per uL for MHV,* and 1-3 copies for
SARS-CoV-2),** the high sensitivity and short reaction times
(under 30 min) were maintained. In the current study, RT-RPA
was utilised due to its comparable sensitivity to RT-PCR, and
combined with Cas12a for target detection.

For this purpose, viral RNA isolated from WNV or synthetic
WNV DNA was used as an initial template in the RT-RPA and
RPA reactions, respectively (Fig. 4). To evaluate the system’s
efficiency and specificity, multiple reactions were prepared.
Both RPA (lane #2) and RT-RPA (lane #3) reactions containing
the positive control (lane #1), provided within the RT-RPA kit,
produced bands of the expected size (143 bp). The third reaction
was specifically performed to ensure that reverse transcriptase did
not compromise the amplification efficiency (Fig. 4A). Subse-
quently, the RPA system’s efficacy was validated using synthetic
WNV DNA as input. A substantial increase in band intensity was
observed in the RPA reaction (lane #6) compared to its starting
material, Ze. 100 ng (15 nM) of WNV synthetic DNA (lane #5).
Finally, WNV RNA was introduced into RT-RPA reactions and
incubated for 30 (lane #7) or 60 (lane #8) min. Both time points
resulted in bands of the predicted size (430 bp), with the
60-minute reaction producing a higher amplicon yield as
indicated by an increased band intensity (Fig. 4A).

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Optimisation of the RT-RPA reaction and isothermal amplification
of the target sequence. (A) RPA and RT-RPA reactions were run with a
positive control supplied with the TwistAmp™® kit, synthetic WNV DNA or
WNV RNA. Reactions were as follows: (1) positive control DNA or template,
(2) RPA with positive control, (3) RT-RPA with positive control, (4) blank,
(5) 100 ng (15 nM) of WNV synthetic DNA, (6) RPA on WNV synthetic DNA,
(7) RT-RPA on WNV RNA for 30 min, and (8) RT-RPA on RNA for 60 min.
L: DNA ladder. (B) RFU values obtained from the RT-RPA followed by
CRISPR-Casl2a reactions run for 30 or 60 min, or CRISPR-Casl12a reac-
tions alone using either negative crRNA or WNV crRNA with synthetic DNA.

Following the confirmation of target amplification via RT-
RPA, downstream CRISPR-Cas12a detection assays were per-
formed on the resulting amplicons (Fig. 4B). Reactions contain-
ing synthetic WNV DNA or RT-RPA products derived from WNV
RNA yielded comparable results, as indicated by RFU values.

This journal is © The Royal Society of Chemistry 2025
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Notably, the duration of the RT-RPA reaction did not signifi-
cantly impact the average RFU values obtained in the CRISPR-
Cas12a assay, suggesting that shorter RT-RPA incubation times
were sufficient to generate a detectable signal. Together, these
findings demonstrate that our two-step approach involving pre-
amplification of WNV RNA with RT-RPA followed by CRISPR-
Casl2a-based detection is a reliable, highly sensitive and
specific assay that could be performed within one hour utilising
authentic viral RNA.

Assessing the performance of the WNV detection assay in
simulated biological matrices

As the final step of the methodological framework, this study
aimed to validate the efficacy of our detection protocol in the
presence of the host genomic material. Given the global health
implications of WNV, which induces severe neurological con-
ditions in humans and is primarily transmitted by Culex spp.,
genetic materials extracted from both human and mosquito
were employed as background matrices. To simulate authentic
samples obtained in a POC setting, human or fly DNA was
combined with the amplified products of RPA and RT-RPA
reactions conducted using synthetic WNV DNA or genuine
WNV RNA templates, respectively (Fig. 5).

The findings revealed that the RPA product generated a
robust fluorescent signal, while human DNA alone did not elicit
a notable RFU signal with the WNV-specific crRNA (Fig. 5A).

Furthermore, the inclusion of human DNA in the RT-RPA
product did not significantly hinder the fluorescent signal.
Similarly, mosquito DNA yielded an RFU value below 100 with
the WNV crRNA, which was established as the detection thresh-
old in matrix experiments (Fig. 5B). The RPA product produced
an RFU value of approximately 450, and the RT-RPA product
generated a strong fluorescent signal (app. 600) even with the
addition of mosquito DNA. The incorporation of mosquito DNA
resulted in a negligible increase of approximately 10% in the
RFU signal.

Finally, to establish the limit of detection for the CRISPR-
Cas12a-based detection protocol coupled with RT-RPA, a broad
range of initial WNV genetic material concentrations (10> pg
to 10° pg) was tested. The fluorescent signals obtained from
these reactions were consistently high (approximately 600 RFUs)
and similar to those observed in the positive control reaction
containing synthetic WNV DNA (Fig. 5C). This indicates that RPA
functions with remarkable efficiency even with a minute amount
of starting material. Interestingly, no linear relationship was
observed between WNV RNA concentration and RFU levels. This
suggests that even at concentrations as low as 10> pg, the viral
RNA was sufficiently amplified by RT-RPA to cleave all FAM-BHQ
reporters, leading to signal saturation. Therefore, higher WNV
RNA concentrations did not yield proportionally higher RFU
levels. Agarose gel electrophoresis further confirmed the relatively
similar amount of amplified products across these concentrations
(Fig. 5D). These results demonstrated that our diagnostic protocol
exhibited the capacity to detect WNV with high specificity and
sensitivity, and across diverse scenarios, including the presence
of distinct host genetic backgrounds and low viral loads.
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Fig. 5 Validation of the WNV detection in biological matrices and testing the LOD of the diagnostic system. Casl2a-mediated cleavage assays were
performed using 100 ng of synthetic WNV DNA, human DNA (A) or Culex DNA (B) alone, or a combination of human or fly DNA and 100 ng of WNV RT-
RPA product, with either a negative control crRNA or a WNV-specific crRNA. LOD analysis for the RT-RPA + CRISPR-Cas12a protocol was performed
with (C) different concentrations of the initial WNV genetic material. (D) Agarose gel electrophoresis of reaction products. L: DNA ladder. Lanes 1-8:
CRISPR-Casl12a reactions with WNV RNA concentrations from 10° to 102 pg, decreasing tenfold per lane.

Future research should focus on validating the system’s perfor-
mance in POC settings using samples from active or passive
surveillance studies of vectors and/or hosts.

Experimental
Virus preparation and viral RNA extraction

Vero cells were cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum and
1% penicillin-streptomycin. The cells were allowed to grow
for one day. A working solution of WNV was prepared through
the reconstitution of a frozen viral stock derived from prior
studies®>*® and cells were infected with the virus in DMEM.
After four days of incubation under standard conditions (37 °C,
5% CO,), the culture media were collected and centrifuged at
3000 rpm for 15 min at 4 °C. The supernatant containing the
virus particles was collected. The virus titer was determined to
be 10>7%/0.1 ml using the TCID50 assay. A stock solution was

1324 | J Mater. Chem. B, 2025, 13, 11318-11328

prepared from the supernatant and inactivated by heat (at 56 °C
for 30 minutes). The stocks were stored at —80 °C until
RNA extraction. WNV total RNA was extracted using High Pure
RNA Isolation Kit (Roche) according to the manufacturer’s
guidelines.

Isolation of Culex pipiens s.l. DNA

Genomic DNA was isolated from the thoracic tissue of indivi-
dual specimens using the Qiagen DNeasy Blood and Tissue
Kit (Hilden, Germany) following the manufacturer’s guidelines.
An overnight incubation at 56 °C was performed for Proteinase
K-mediated lysis, following a protocol described in a previous
study.”” Extracted DNA samples were maintained at —20 °C
until further analysis.

CRISPR-Cas12a system design

The CRISPR-Casl2a system was chosen for WNV detec-
tion based on its distinct advantages compared to other

This journal is © The Royal Society of Chemistry 2025
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CRISPR-Cas systems. Notably, while Cas9 and Cas12 primarily
target double-stranded DNA, and Cas13 targets single-stranded
RNA, the DNA specificity of Casl2a enables the pre-
amplification of the target oligonucleotide. This strategy offers
a significant signal enhancement, resulting in high sensitivity
and a low limit of detection (LOD). Furthermore, the inherent
DNA recognition of Cas12a, in contrast to the RNA-targeting
Cas13, eliminates the necessity for an additional transcription
step (i.e., RNA synthesis from DNA) prior to target recognition,
thereby simplifying the overall protocol.*®

The non-specific cleavage of nucleic acids following target
recognition is defined as the collateral cleavage or trans-
cleavage activity. Cas12a exhibits trans-cleavage activity against
single-stranded DNA (ssDNA) and Cas13 demonstrates this
activity against single-stranded RNA (ssRNA). In contrast, the
collateral cleavage activity of Cas9 is considerably less pro-
nounced. The ability of Cas12 to cleave ssDNA has been widely
adopted for diagnostic applications.”’***° Consequently, the
CRISPR-Cas12a system was selected to detect WNV in this study.

Target selection and crRNA design. The CRISPR/Casl2a-
based WNV detection exploits the enzyme’s non-specific ¢rans-
cleavage activity. Following crRNA-guided complex formation,
target recognition and Casl2a activation, this trans-cleavage
activity results in the cleavage of reporter molecules, generating
a fluorescent signal.'>*° The target sequence on the WNV genome
was selected based on specificity to WNV and possession of a PAM
sequence (TTTV). For optimisation experiments, synthetic DNA
composed of a 500 bp WNV envelope glycoprotein E gene (referred
to as WNV E gene throughout the manuscript) fragment was
purchased from IDT (New Jersey, US). The location of the target
sequence on the WNV genome is shown in Scheme 1. Human
HPRT1 gene fragment and HPRT1-specific crRNA, purchased from
IDT, were used as positive controls. A fluorescent reporter contain-
ing FAM was also purchased from IDT. Sequence information of
the positive and negative crRNAs, reporter, and primers is pro-
vided in Table 1.

Primer design. Primers for the pre-amplification were
designed using Primer-BLAST with default parameters, target-
ing amplicon lengths of approximately 460 bp for WNV E and
744 bp for HPRT1, encompassing the Cas12a PAM sequence.
The same forward and reverse primers (Table 1) were used for
WNV DNA amplification via both polymerase chain reaction
(PCR), recombinase polymerase amplification (RPA), and
RT-RPA. Primers were purchased from Sentebiolab Biotech
(Ankara, Tirkiye). Amplicons containing target sequences

Table 1 Sequences of the crRNAs, reporter, and PCR primers

Name Sequence (5" — 3')

HPRT1 crRNA GGTTAAAGATGGTTAAATGAT
WNV E crRNA GAGGGATGTCCTGGATCACACAGG
Negative crRNA CGTTAATCGCGTATAATACGG

HPRT1 - forward
HPRT1 - reverse

WNV E- forward
WNV E- reverse

Reporter

ACCATGGTACACTCAGCACGGATG
CCAGAGTAAGAGGCAGGTATTCAA
CACACTCAGAGGAGCTCAACGA
TTCTGCATGTGCTTTCTGGATAAT
56-FAM/TCGTATCCAGTGCGAATCACTC/3BHQ_1

This journal is © The Royal Society of Chemistry 2025
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on the WNV genome and human HPRTI1 gene are given in
Table 2.

Amplification of the target regions

PCR. PCR reactions for the synthetic WNV DNA and human
HPRT1 gene fragment were carried out with a DreamTaq
PCR Master Mix (2X) (Thermo Scientific, US) according to the
manufacturer’s instructions. The reaction volumes were
adjusted to 50 pL with primer concentrations of 0.25 uM and
100 ng of DNA. PCR reactions were performed on a T100
Thermal Cycler (Biorad, US). The optimum annealing tempera-
tures were determined by running reactions with increasing
annealing temperatures from 57 °C to 63 °C. The conditions for
the PCR protocol used with the primers listed in Table 1 were
95 °C for 3 min, 35 cycles of (95 °C for 30 s, 61 °C for 30 s, and
72 °C for 1 min), 72 °C for 10 min and cooling to 4 °C. PCR
products were separated on 1.5% agarose gels in 1X TAE buffer
with gel electrophoresis, and visualised using a ChemiDoc MP
Imaging System (Biorad, US).

RT-RPA and RPA. Viral RNA, extracted from WNV-infected
Vero cells, served as the template for the RT-RPA reaction.
Following the manufacturer’s protocol, reverse transcription
was performed using RevertAid Reverse Transcriptase (Thermo
Scientific, US). RPA reactions were conducted utilising a Twis-
tAmp® Liquid Basic Kit (TABASO3KIT, TwistDx, Maidenhead,
UK) according to the manufacturer’s instructions. Each 50 pL
reaction comprised 10 uM of each primer, 150 U of reverse
transcriptase, 29.5 pL of rehydration buffer, 2.5 pL of 280 mM
MgOAc, and 1 pg of template RNA. Reaction optimisation was
performed at 37 °C. As a control, parallel RPA reactions were
prepared following an identical protocol, with the exclusion of
reverse transcriptase and the substitution of the RNA template
with 100 ng of DNA. Prior to separation on 1.5% agarose gels in
1X TAE buffer, amplicons were purified using a PureLink Quick
PCR Purification Kit (Invitrogen, US).

CRISPR-Cas12a assay

Upon the amplification of the target DNA, CRISPR-Cas12a reac-
tions were prepared using different concentrations of reporter,
crRNA, Cas12a, target DNA, and at different conditions (tempera-
ture and duration). Optimum conditions were selected based on
the results of these experiments. Initially, the human HPRTI gene
fragment and HPRT1 crRNA were used as a positive control to
validate the functionality of the assay. Subsequent experiments
performed with WNV DNA and crRNA included a negative crRNA
to ensure the specificity of the reaction. Standard reactions were
prepared using 45 nM L.b. Cas12a (Cpfl), 45 nM crRNA, and
40 nM FAM-BHQ reporter, all purchased from IDT (New Jersey,
US), 10X NEBuffer r2.1 (NEB, Massachusetts, US), 100 ng of DNA,
and nuclease-free water (Sigma-Aldrich, US) to adjust the volume
to 30 pL. The resulting RFU values were recorded using a
Nanodrop 3300 (Thermo Scientific, US).

Matrix experiments

To simulate authentic biological conditions and evaluate the
system’s capacity for WNV genetic material detection amidst
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Table 2 Target sequences on the human HPRT1 gene and WNV E gene
fragments

Target name Sequence (5" — 3')

TCACCTCTCCCACACCCTTTTATAGTTTAGGGATTGTATT
TCCAAGGTTTCTAGACTGAGAGCCCTTTTCATCTTTGCTC
ATTGACACTCTGTACCCATTAATCCTCCTTATTAGCTCCC
CTTCAATGGACACATGGGTAGTCAGGGTGCAGGTCTCA
GAACTGTCCTTCAGGTTCCAGGTGATCAACCAAGTGCCT
TGTCTGTAGTGTCAACTCATTGCTGCCCCTTCCTAGTAAT
CCCCATAATTTAGCTCTCCATTTCATAGTCTTTCCTTGGG
TGTGTTAAAAGTGACCATGGTACACTCAGCACGGATGA
AATGAAACAGTGTTTAGAAACGTCAGTCTTCTCTTTTGT
AATGCCCTGTAGTCTCTCTGTATGTTATATGTCACATTTT
GTAATTAACAGCTTGCTGGTGAAAAGGACCCCACGAAG
TGTTGGATATAAGCCAGACTGTAAGTGAATTACTTTTTT
TGTCAATCATTTAACCATCTTTAACCTAAAAGAGTTTTAT
GTGAAATGGCTTATAATTGCTTAGAGAATATTTGTAGAG
AGGCACATTTGCCAGTATTAGATTTAAAAGTGATGTTTT
CTTTATCTAAATGATGAATTATGATTCTTTTTAGTTGTTG
GATTTGAAATTCCAGACAAGTTTGTTGTAGGATATGCCC
TTGACTATAATGAATACTTCAGGGATTTGAATGTAAGTA
ATTGCTTCTTTTTCTCACTCATTTTTCAAAACACGCATAAA
AATTTAGGAAAGAGAATTGTTTTCTCCTTCCAGCACCTC
ATAATTTGAACAGACTGATGGTTCCCATTAGTCACATAA
AGCTGTAGTCTAGTACAGACGTCCTTAGAACTGGAACCT
GGCCAGGCTAGGGTGACACTTCTTGTTGGCTGAAATAG
TTGAACAGCTTTAATATACAATAATTGTTGCATTATTATT
TCAGATGATAAATGTGGTCATAAGTAAGAAATAAATGA
TCGAGTTTAGTCTTTTAATTCACTGTCCTTTGAATACCTG
CCTCTTACTCTGGAGGCAGAAGTCCCATGGATGTGTTTA
TGAACATGGTTGAGGAAGATTTAGGAAGACTGCAACAG
TACACTACCTAAAGCAGGTTTTTTACTCCATCTTTTTTTG
CCACGTACACTGGCCTCCCACTTTGATATGCTTGAAATTA
TCTCCTTGATTTGTCTTTCAAAACTACATATTGAGGCTGG
TTGCGGTGGCTCACACCTGTAATCCTAGCACTTTGGG

Human HPRT1
(Ref: NG_012329.2)

TACCACCACACTCAGAGGAGCTCAACGACTCGCAGCTCT
TGGAGATACTGCTTGGGATTTTGGATCAGTTGGAGGGG
TTTTCACCTCAGTGGGGAAAGCCATACACCAAGTCTTTG
GAGGAGCTTTTAGATCACTCTTTGGAGGGATGTCCTGG
ATCACACAGGGACTTCTGGGAGCTCTTCTGTTGTGGATG
GGAATCAATGCCCGTGACAGGTCAATTGCTATGACGTTT
CTTGCGGTTGGAGGAGTTTTGCTCTTCCTTTCGGTCAAC
GTCCATGCTGACACAGGCTGTGCCATTGATATTGGCAG
GCAAGAGCTCCGGTGCGGAAGTGGAGTGTTTATCCACA
ACGATGTGGAAGCCTGGATGGATCGTTACAAGTTCTAC
CCGGAGACGCCACAGGGCCTAGCAAAAATTATCCAGAA
AGCACATGCAGAAGGAGTCTGCGGCTTGCGTTCCGTTT
CCAGACTCGAGCACCAAATGTGGGAAGCCATTAAGGAT
G

WNV
(Ref: M12294.2)

The red and green letters refer to the sequences recognised by forward
and reverse primers, and target-specific crRNA, respectively.

host nucleic acids, matrix experiments were conducted employ-
ing Culex pipiens s.l. or human DNA samples as background
matrices. RPA and RT-RPA reaction products were subjected to
purification utilising a PureLink Quick PCR Purification Kit.
Upon purification, reactions for the Casl12a assay comprised
100 ng of background DNA (mosquito or human) combined
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with 100 ng of either synthetic WNV DNA or WNV RT-RPA
product, following the standard Cas12a protocol. The resulting
reaction products were analysed by 1.5% agarose gel electro-
phoresis or quantified by recording RFUs using a NanoDrop
3300 spectrophotometer. Dr Baran Erman (Institute of Child
Health, Hacettepe University, Ankara, Tiirkiye) kindly provided
human DNA samples.

Data visualisation

Data were visualised using GraphPad Prism Version 9 (California,
US). Scheme 1 was drawn using PowerPoint 2021 (Microsoft, US).
Data are presented as mean + standard deviation for bar graphs,
and as mean for line graphs. For each parameter tested, three
independent measurements were recorded.

Conclusions

This study successfully developed a rapid, highly specific, and
sensitive CRISPR-Cas12a-based assay for WNV detection, achiev-
ing 10 fM sensitivity within one hour through integration with RT-
RPA. The integration of RT-RPA significantly lowered the detec-
tion limit from 1 ng to 10 fg of target, corresponding to 2.15 x
10° DNA copies and 1.77 x 10° RNA copies, respectively. Key
reaction parameters, including duration, temperature, and reac-
tion constituent concentrations, were also systematically opti-
mised. Our data suggest that reporter and template amounts
are critical limiting factors for fluorescence signal levels. There-
fore, future studies involving CRISPR/Casl2a-based molecular
detection should prioritise these factors during optimisation.
The assay’s functionality at ambient temperatures and with the
host genetic material indicates its significant potential for use in
POC settings, addressing current limitations in WNV diagnostics.
Furthermore, the modular nature of the CRISPR-Cas system and
the isothermal amplification strategy employed suggest a strong
adaptability of this approach for the detection of other vector-
borne diseases and their associated pathogens. By simply rede-
signing the guide RNA to target specific nucleic acid sequences of
different pathogens transmitted by vectors such as mosquitoes,
ticks, or sandflies, this platform could be readily tailored for the
rapid and decentralised diagnosis of other vector-borne diseases.
These characteristics hold considerable promise for enhancing
global surveillance efforts and enabling timely interventions
against the growing threat of vector-borne diseases.
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