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Abstract
Impact Statement

Active case finding programs have been initiated
in many countries worldwide to control the out-
break of COVID-19. In this study, we demonstrated
that our previously established clustered regularly
interspaced short palindromic repeats (CRISPR)-
Cas12a-based assay could detect several vari-
ants of concern including Alpha, Beta, Delta, and
Omicron strains of SARS-CoV-2. Moreover, saliva
self-collection combined with the CRISPR-based
assay was a simple, field-deployable, and cost-
effective approach, which would be practical and
attractive for COVID-19 surveillance programs in
low-resource settings.

COVID-19is an infectious disease caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) virus affecting the world population. Early detection
has become one of the most successful strategies to alleviate the epidemic and
pandemic of this contagious coronavirus. Surveillance testing programs have
been initiated in many countries worldwide to prevent the outbreak of COVID-19.
In this study, we demonstrated that our previously established clustered regularly
interspaced short palindromic repeats (CRISPR)-Cas12a-based assay could detect
variants of concern during 2021 in Thailand, including Alpha, Beta, and Delta strains
as well as Omicron strain in early 2022. In combination with the newly designed
saliva collection funnel, we established a safe, simple, economical, and efficient
self-collection protocol for the COVID-19 screening process. We successfully
utilized the assay in an active case finding with a total number of 578 asymptomatic
participants to detect the SARS-CoV-2 in saliva samples. We finally demonstrated
that the validation and evaluation in a large-scale setting could provide valuable
information and elaborate the practicality of the test in real-world settings. Our

optimized protocol yielded effective results with high sensitivity, specificity, and diagnostic accuracy (96.86%). In addition, this
study demonstrates COVID-19 active case findings in low-resource settings, which would be feasible and attractive for surveillance

and outbreak prevention in the future.
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Introduction

COVID-19 is an infectious disease caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). As of
February 7, 2022, there were more than 394 million infected
cases and 5.7 million deaths worldwide. The outbreak of this
disease caused the World Health Organization (WHO) to
declare the COVID-19 pandemic on March 11,2020 (https://
covid19.who.int/). A key approach to prevent the spread of
disease is to have routine testing of this virus.
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A standard technique for COVID-19 testing is the detec-
tion of SARS-CoV-2 RNA by quantitative reverse transcrip-
tion real-time PCR (qRT-PCR) from the nasopharyngeal
swab. This method has high specificity and sensitivity.
However, it takes at least a few hours and requires a real-
time PCR machine, making it difficult for mobile testing
or laboratory settings in low- or middle-income countries.
Apart from inadequate availability, the costly machines must
be operated and analyzed by professionally trained techni-
cians.!” These limitations, together with the requirement of
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authorized healthcare personnel to collect nasopharyngeal
swabs from patients and other time-consuming steps, the
deadly disease has not been under control in many countries.
Another convenient approach is based on the detection of
SARS-CoV-2 antigen by lateral flow assay. This approach is
fast (15-30min), but it has a high false-negative rate due to
the late onset of the antigen.*

Meanwhile, the use of the CRISPR (clustered regularly
interspaced short palindromic repeats)-Cas system in molec-
ular diagnostics has increased exponentially.?5¢ Several
CRISPR/Cas-based assays have been developed because the
system offers highly specific nucleic acid detection. In our
previous studies, we reported the detection of SARS-CoV-2
RNA based on CRISPR-Cas12a. Our assay acquired the limit
of detection of 10 copies/pL.” The highest detectable Ct
value was approximately 35.8 We showed that this approach
could detect SARS-CoV-2 RNA from nasopharyngeal swabs
with high specificity (100%), high accuracy (= 95%) and with
less than 2 h turnaround time.”8 However, the SARS-CoV-2
virus constantly mutates. During the previous study, only
wild-type and Alpha strains were prevalent. Subsequently,
there were new emerging strains such as Beta, Delta, and
Omicron in 2021 (https://www.who.int/en/activities/
tracking-SARS-CoV-2-variants/). Hence, we tested the diag-
nostic performance of our CRISPR-Cas12a-based assay with
new variants of concern (VOC), especially those reported in
Thai patients.

In addition to developing the assay for a non-invasive
active case findings purpose, we also designed a saliva
collection funnel and tested the diagnostic performance of
the CRISPR-Casl2a-based detection using saliva samples.
We would like to improve and extend the usage of our assay
for large-scale active case findings and make it accessible
for the low-resource settings. Here, we show that our pro-
tocol consisting of a saliva self-collection step followed by
CRISPR-Cas12a-based assay could provide highly sensitive
and specific results suitable for applying to the surveillance
programs in local areas. The assay has also been confirmed
to detect all VOC, including the Omicron strain.

Materials and methods
Sample collection

Participants registered and signed the informed consent
for the COVID-19 active case findings program during
April-August 2021. A saliva collection kit was provided to
participants for self-saliva collection with the instructions.
The saliva collection kit consists of a funnel and 2.0mL
screw-cap tube containing 0.5mL of 2X DNA/RNA shield
(Zymo Research, USA), which lysed the viral particle and
preserved nucleic acid at ambient temperature. The saliva
samples (approximately 0.5mL) were collected and sent
to the express analysis mobile unit within 24 h after saliva
collection.

Nucleic acid extraction

Saliva samples were mixed by vortexing, and were heated at
95°C for 10min. Then, the 200 pL of each sample was used
for viral nucleic acid extraction using Nextractor® NX-48S
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Viral NA kit (Genolusion, South Korea) according to the
manufacturer’s recommendations. The extracted nucleic
acids (approximately 50 uL) were used for SARS-CoV-2
detection or kept at —80°C until used.

Reverse transcription, recombinase polymerase
amplification, and CRISPR-Cas12a-based assay

To detect the SARS-CoV-2 gene, the RT, recombinase poly-
merase amplification (RPA), and CRISPR assay were per-
formed following the previously reported protocol” with
minor modification. Briefly, the RT mixtures consisting of
1X reaction buffer, 1 mM dNTPs, 5 uM random hexamer, 20
U RiboLock RNase inhibitor (Thermo Scientific, USA) and
100 U RevertAid RT (Thermo Scientific, USA) were mixed
with 11.5 uL of extracted RNA. Then, the reaction was incu-
bated at 39°C for 30min, and then at 70°C for 10min. The
RPA reaction consisting of 0.48 uM forward primer, 0.48 uM
reverse primer, 14 mM MgOAc, 29.5 uL rehydration buffer,
and lyophilized RPA enzyme (TwistAmp®, UK) was pre-
pared and mixed with 5 uL of cDNA. The RPA reaction was
incubated at 39°C for 30min followed by heat inactivation
at 75°C for 5min. The CRISPR assay mixture consisted of
1X NEBuffer 2.0 (NEB, USA), 30 mM crRNA-5S1, 30 mM
crRNA-S2, 33 nM EnGen® Lba Cas12a (NEB, USA), 200 nM
fluorescence reporter, and 1 uL of RPA product. The reac-
tions were incubated at 39°C for 15min, and then the fluo-
rescent signal was visualized using BluPAD Dual LED Blue/
White Light Transilluminator (BIO-HELIX, Taiwan). Two of
three concordant results from three interpreters were used
as a final result. For the reactions performed using undiluted
RNA from specimens compared to their 1:10 and 1:100 dilu-
tions, the purified RNA samples were 10-fold serially diluted
with diethylpyrocarbonate (DEPC) treated water before the
RT-RPA-Cas steps.

qRT-PCR reaction

The SARS-CoV-2 detection was performed using prim-
ers and the probe for the CDC-N1 gene from the previ-
ous report.” The reaction mixture consisted of 1X Luna®
Universal Probe qPCR Master Mix (New England Biolabs,
USA), 7.5 U WarmStart® RTx Reverse Transcriptase (New
England Biolabs, USA), 0.5 uM of each primer, 0.125 uM
TagMan probe, and 2.5 pL of extracted RNA in the final vol-
ume of 10 uL. All samples were replicated at least twice. The
qRT-PCR reaction was carried out in the CFX96™ Real-Time
PCR instrument (Bio-Rad, USA) using the thermal profile as
follows: RT at 55°C for 10 min, initial denaturation at 95°C
for 1min, followed by 45 cycles of 95°C for 105, and 55°C for
1min. The samples obtaining the mean Ct<35 were inter-
preted as positive for SARS-CoV-2.

Clinical performance of CRISPR-Cas12a assay
using saliva samples

To evaluate the clinical performance of the CRISPR-Cas12a
assay tested with saliva samples, a comparison between the
results obtained from CRISPR-Cas12a and standard qRT-PCR
(CDC-NT1 gene) was analyzed. The diagnostic test evaluation
calculator (https:/ /www.medcalc.org/calc/diagnostic_test.
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Figure 1. The representative result obtained from CRISPR-Cas12a assay targeting S gene’ for three SARS-CoV-2 variants of concern detection. The assay was
tested against the RNA extracted from patients infected with different strains of SARS-CoV-2 (verified by Sanger sequencing). The Ct values of tested samples range
between 16 and 30. The positive control is the RNA of the SARS-CoV-2 wild-type strain. (A color version of this figure is available in the online journal.)
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Figure 2. Saliva collection vial and funnel. (A) Design of the assembled device and (B) self-collected saliva collection package.

php) was used to calculate sensitivity, specificity, positive
predictive values (PPVs), negative predictive values (NPVs),
and diagnostic accuracy.

DNA sequencing for identification of SARS-CoV-2
variants

Samples with false-negative results obtained from the
CRISPR-Cas12a assay were subjected to confirmation by
PCR and direct nucleotide sequencing. Briefly, the cDNAs
were amplified by PCR using primers specific to the S gene
of SARS-CoV-2, as described previously.! The PCR products
were separated by 1% agarose gel electrophoresis and puri-
fied by QIAquick® gel extraction kit (QIAGEN, Germany).
The Sanger sequencing was performed by the nucleotide
sequencing service company (BIONIC, South Korea). The
nucleotide sequences were aligned with reference sequences
using BioEdit and identified by nucleotide BLAST analysis.

Results

Detection of various variants of SARS-CoV-2 by
CRISPR-Cas12a-based assay

To become an effective and practical screening assay, the
approach must successfully detect all VOC suspected to be
contagious in the area during the testing period. We inves-
tigated the performance of our CRISPR-Cas12a-based assay
in detecting three VOC reported to be found in Thailand in
April-August 2021, including Alpha, Beta, and Delta strains
in nasopharyngeal (NP) swab samples, as shown in Figure 1.
The results showed that the assay could efficiently detect
those VOC.

Saliva collection funnel design

To accomplish the goal of the COVID-19 active case find-
ings pipeline with the most effective method, we decided
that the sample collection step should be simple, inexpen-
sive, and minimize the exposure risks between health-care
workers and the participants. Recently, saliva has become a
more attractive and suitable option for surveillance testing
because the saliva test has shown comparable performance
to the NP swabs, while sample collection is non-invasive.!1-13

Since we proposed to develop the screening procedure for
saliva samples which were aimed to be self-collected indi-
vidually to reduce the risks of the personnel contacting with
infectious clinical specimens, we designed a saliva collection
funnel to be attached on top of the uncapped sample collec-
tion vial as shown in Figure 2. The funnel perfectly fits the
vial, and it was tested to ensure there would be no leakage
during the saliva collection step. Inside the vials, 0.5mL of
the 2XDNA /RNA Shield solution (Zymo research, USA) was
added before saliva collection to lyse the viral particles and
preserve the viral RNA for the extraction step. More impor-
tantly, to ensure that all infectious agents were completely
inactivated, the saliva collection vials were incubated in the
heat block at 95°C for 5min before RNA extraction. Our sam-
ple collecting tool helped provide an easy-to-manage and
safe procedure for both testing participants and health-care
professionals.

Active case finding program and sample collection

Next, we set up a COVID-19 active case finding program
and enrolled 578 participants in Bangkok, Thailand, during
April-August 2021. We wished to determine the performance
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Figure 3. Flow chart demonstrating the experimental plan.

of our screening procedure using CRISPR-Cas12a assay
tested with RNA extracted from saliva samples. All volun-
teering individuals were asymptomatic or presymptomatic
during sample collection.

To proceed the surveillance screening with self-collected
samples, the package, including a vial and a saliva collection
funnel packed in a zipped lock plastic bag (Figure 2), was
provided to each participant. Each participant collected the
specimen individually by following the instructions. The
saliva collection tubes were disinfected with 70% ethanol,
carefully packed in double zipped lock bags, and then sent
back to the express analysis mobile unit by the following day.
All the experimental steps are depicted in Figure 3.

SARS-CoV-2 detection in saliva samples by
CRISPR-Casi2a-based assay

After the samples were transferred to the mobile analysis
unit, the vials were disinfected with 70% ethanol and heated
at 95°C for 10min to inactivate viruses and to ensure no infec-
tious agent was left outside or inside the vials. Then, viral
nucleic acids were purified by magnetic-based automated
extraction. The protocol for the CRISPR-Cas12a-based assay
used in this study was slightly modified from our previously
published work.” The RT and RPA steps were separated to
maximize the detection efficiency of samples with low viral
loads because all enrolled participants had no symptoms.
The representative of positive and negative results from our
screening is shown in Figure 4. There were 69 positive and
509 negative cases based on CRISPR-Cas12a, compared to 67
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positive and 511 negative cases using qRT-PCR. The results
from CRISPR-Cas12a were compared in parallel with qRT-
PCR to evaluate the sensitivity, specificity, and diagnostic
accuracy of the assay tested with RNA extracted from saliva
specimens (Table 1). The results indicated that our CRISPR-
Cas12a protocol achieved a sensitivity, specificity, and diag-
nostic accuracy of 88.06%, 98.04%, and 96.89%, respectively.

Delta strain detection using CRISPR-Cas12a-based
assay

During the period of our surveillance program (April-August
2021), there was an increasing number of COVID-19 cases
infected with the SARS-CoV-2 Delta variant. We suspected
that the mutated virus might cause the false-negative results
due to reducing the binding affinities of primers in the ampli-
fication step or crRNA in the CRISPR-Cas12a detection step.
Therefore, we investigated whether the false-negative samples
contained Delta strain virus. We performed Sanger sequenc-
ing of the amplified S gene and found that the sequences
of those false-negative samples belonged to the Delta vari-
ant of SARS-CoV-2. When aligning the nucleotide sequence
with the original primers and crRNA, the results showed no
major mismatches within the region critical for the bindings.”
We hypothesized that the variants of SARS-CoV-2 might not
significantly affect the assay’s efficacy, but the quality of some
saliva samples and the very low viral titers of asymptomatic
participants would. To prove this hypothesis, we further mod-
ified the primer set by changing the S1 RPA primer to perfectly
match the Delta strain sequence. We investigated whether the
performance of the CRISPR-Cas12a-based assay would be
improved by the new set of primers. We tested on the samples
identified as Delta strain of SARS-CoV-2 at different dilutions.
However, the original and new primer sets revealed simi-
lar results without significantly different fluorescence levels
(Supplemental material Figure S1).

Omicron strain detection using CRISPR-Cas12a-
based assay

In November 2021, the WHO announced the emergence of the
newest VOC. The strain was named Omicron (https://www.
who.int/en/activities/tracking-SARS-CoV-2-variants/). We
also have acquired several clinical specimens from patients
confirmed to have COVID-19 Omicron strain. Therefore, we
investigated how our assay would detect the novel VOC of
COVID-19. As shown in Figure 5, the results indicated that
the assay could successfully deliver strong fluorescence sig-
nals from the reactions.

Discussion

To increase the surveillance effectiveness and decrease the
COVID-19 transmission rate, an appropriate procedure for
a fast, safe, and effective alternative workflow is required to
accelerate the speed of the test. The gold standard protocol
such as qRT-PCR requires multiple critically controlled steps,
expensive instruments, and trained professionals. Although
the use of antigen test kits (ATKSs) from many developers
has been playing an important role in promoting a hygienic
environment in the communities, there still are various
concerns regarding the sensitivity and specificity of these
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Figure 4. The representative of positive and negative results from CRISPR-Cas12a-based assay targeting SARS-CoV-2 S gene tested with RNA extracted from
saliva specimens. The Ct values of positive representative samples range between 23 and 29. (A color version of this figure is available in the online journal.)

Table 1. Comparative performance of the CRISPR-Cas12a-based assay for SARS-CoV-2 detection between self-collected saliva and nasopharyngeal swab.

Parameters CRISPR-Cas12a-based assay for SARS-CoV-2 detection
Self-collected saliva (this study) NP swab®
Total samples tested 578 164
True-positive 59 51
True-negative 501 111
False-positive 10 0
False-negative 8 2
Sensitivity 88.06% 96.23%
Specificity 98.04% 100.00%
Positive predictive value (PPV) 85.51% 100.00%
Negative predictive value (NPV) 98.43% 98.23%
Diagnostic accuracy 96.89% 98.78%

CRISPR: clustered regularly interspaced short palindromic repeats; SARS-CoV-2: severe acute respiratory syndrome coronavirus 2; NP: nasopharyngeal.

+ = 1 2 3 4 5 6

CRISPR-Cas12a-based assay
( SARS-CoV-2 S gene)

Figure 5. The results of CRISPR-Cas12a-based assay tested with a total of 22 samples (labeled 1 to 22) of SARS-CoV-2 (Omicron variant) positive nasopharyngeal
swab samples. The representative samples contain different mean Ct values ranging from 20 to 28 based on gRT-PCR analysis. (A color version of this figure is
available in the online journal.)
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rapid assays.*1¢17 Moreover, when new VOC carrying many
mutations become dominant strains, the diagnostic accu-
racy of the rapid test kits might not be as high as previously
validated. Therefore, the molecular diagnostic strategy with
more precise and accurate detection is still in need for spe-
cific circumstances. Considering these challenges, we have
validated that our previously published workflow could
potentially detect major VOC in this study.
CRISPR-Cas-based diagnostic assay workflows have been
in the spotlight during the pandemic of COVID-19 because of
their ability to offer the users more precisely targeted tools.
In combination with the isothermal amplification technique,
several research groups have reported the advancement of
diagnostic tool designs originating from the CRISPR-Cas sys-
tem, and have developed various assays based on Cas12 and
Cas13 to detect SARS-CoV-2.256 Saliva samples were used as
an attractive choice owing to their non-invasive, repeatable,
and simple collection procedure. Moreover, during the first
week of infection, it has been reported that more viral par-
ticles could be retrieved from saliva compared to NP swab
samples.!3 Saliva-based CRISPR-Cas detecting tools have
been introduced by many groups and all of them were aimed
to promote fast, easy, and accurate protocols or devices.!8-22
Thus, we have put our efforts into optimizing the proto-
col to be employed with self-collected saliva samples using
custom-made, user-friendly collection funnels. We validated
the analytical sensitivity of the specimens by performing qRT-
PCR in parallel. The results clearly indicated that our modi-
fied CRISPR-Casl2a-based protocol to detect SARS-CoV-2
could potentially become an alternative assay for active case
findings with high diagnostic accuracy at 96.89% without an
expensive real-time PCR machine. Although the performance
might be comparatively lower than our previous report, we
speculated that it was mainly because our enrolled partici-
pants were entirely asymptomatic with very low viral titer
(Ct values >28). In addition, the use of the self-collection
protocol may affect the quality of some collected specimens,
affecting the assay performance. Nonetheless, studies have
shown that the patients with high Ct values (>33) can almost
be non-contagious with very low infectivity.2>-2°
Although many RNA-extraction free protocols have been
suggested by several groups,!®?122 and we, therefore, also
considered skipping this step. We have tried multiple proto-
cols to detect SARS-CoV-2 RNA from crude saliva; however,
we subsequently found that the diagnostic capabilities could
possibly become significantly decreased and affected the effi-
ciency of the whole workflow. Therefore, our final decision
was to maintain the extraction step in the protocol to achieve
high efficacy and have an equivalent limit of detection com-
pared to our published protocol.” Also, there are several
options for the extraction kits, which are simple yet efficient.
This study investigated the feasibility of using the CRISPR-
Casl2a-mediated diagnostic assay and applying it with saliva
samples. Overall results suggest that saliva is suitable for
screening purposes and worked well in comparison with
our established CRISPR-Cas12a-based assay. The whole pro-
cess can be accelerated, using less well-trained health-care
professionals, and without the risk of close contact between
infected patients and medical staff during sample collection.
Moreover, this study might be considered as a showcase prior
to larger-scale surveillance for COVID-19 in the future. One
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beneficial point is that the overall cost per sample (~US$20)
is relatively cheaper than the regular qRT-PCR service price
(~US$100). We also provide the total cost breakdown of the
whole process to perform our CRISPR-Cas12-based assay, as
shown in Supplemental material Table S1.

Besides the visual inspection of fluorescence signals by
the blue light transilluminator, our group has been develop-
ing the machine learning—driven smartphone-based portable
fluorescence detector,?® which could supplement the process
in the future. Based on our current protocol, we might also
consider applying it to other detection platforms such as
lateral flow-based assay or automated machines.

More recently, in early 2022, there were many cases infected
with the Omicron variant of SARS-CoV-2 in Thailand. The
Omicron outbreak has rapidly expanded to many countries
within less than 3 months. From our data, we are confident
that our modified established protocol will also work effi-
ciently for active case findings with the Omicron strain.
In summary, the self-saliva collection combined with the
CRISPR-Cas12a assay is a simple, field-deployable, and cost-
effective approach, which would be practical and attractive
for COVID-19 active case findings in low-resource settings.
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