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ABSTRACT: Nucleic acid testing with high sensitivity and specificity is of great importance for accurate disease diagnostics. Here,
we developed an in situ one-tube nucleic acid testing assay. In this assay, the target nucleic acid is captured using magnetic silica
beads, avoiding an elution step, followed directly by the polymerase chain reaction (PCR) and clustered regularly interspaced short
palindromic repeats (CRISPR)-Cas12a detection. This assay achieved visual readout and a sensitivity of 120 copies/mL for detecting
SARS-CoV-2. More importantly, the assay demonstrated over 95% sensitivity and 100% specificity compared to the gold standard
real-time quantitative PCR (RT-qPCR) test by using 75 SARS-CoV-2 clinical samples. By integrating nested PCR and Cas12a, this
all-in-one nucleic acid testing approach enables ultrasensitive, highly specific, and cost-effective diagnosis at community clinics and
township hospitals.

1. INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
remains a global health threat because of its high trans-
missibility and rapid spread.”” Symptoms of SARS-CoV-2
infections vary from mild influenza-like illness to severe,
necessitating the development of highly sensitive early
detection assays.’~> Various SARS-CoV-2 detection methods
exist.” Antigen detection, often paired with lateral flow assays
(LFA), can identify the N and E proteins.” Although rapid and
user-friendly for self-testing, most antigen detection lacks
sensitivity. Serological assays, which detect IgM/IgG antibod-
ies in serum via LFA,*’ are typically used as supplementary
tests because antibodies are detectable 1 week postinfection."’
Conversely, viral nucleic acid testing, known for its high
specificity and sensitivity, is crucial for SARS-CoV-2 contain-
ment, as emphasized by the WHO.'"'* Key nucleic acid
amplification tests (NAATs) include the polymerase chain
reaction (PCR), isothermal amplification tests (IATs), and
clustered regularly interspaced short palindromic repeats
(CRISPR)-based methods. PCR, especially real-time quantita-
tive PCR (RT-qPCR), is the benchmark for detection because
of its precision and sensitivity.”~"> However, RT-qPCR
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requires specialized personnel and equipment, making it costly,
time-intensive, and inaccessible for resource-limited healthcare
settings.11

Nucleic acid-based IATs,'®"” such as transcription-mediated
amplification (TMA),"® loop-mediated isothermal amplifica-
tion (LAMP),"” recombinase polymerase amplification
(RPA),””?" and exponential amplification reaction
(EXPAR),22 are PCR alternatives.”> LAMP, however, is
susceptible to contamination because of rapid amplification.
Further, its sensitivity to very low viral loads is inferior to PCR
assays.””*> RPA, introduced in 2006 and advanced by
TwistDx,”**” can detect SARS-CoV-2 down to a few copies
per reaction, matching the limit of detection (LOD) of RT-
qPCR.28 Nevertheless, RPA is expensive, requiring complex

. . 29,30
proteins and chemical probes.
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Recently, CRISPR associated (Cas) systems, combined with
nucleic acid amplification technologies like LAMP, RPA, or
PCR, have emerged for pathogen detection.”*'™* For
instance, Guo et al. achieved a LOD of 1 X 10* copies/mL
using recombinase-aided amplification (RAA) with CRISPR-
Cas12a.*® Similarly, Broughton et al. reached the same LOD
combining LAMP with CRISPR-Casl2a and readout by
LFA.”” Fozouni et al. developed an amplification-free nucleic
acid detection with CRISPR-Cas13a and smartphone readout,
achieving a LOD of 1 X 10° copies/mL.”® However, these
CRISPR-integrated methods are less sensitive than qPCR.
Recently, Ali et al. reported a single-tube RT-LAMP coupled
with CRISPR-Casl2a system that had a LOD of 10 copies/
reaction, which is higher than that of qPCR (S copies/
reaction).”” Thus, an ideal diagnostic method would combine
the sensitivity and specificity of nucleic acid amplification with
the efficiency and stability of CRISPR, making this promisin%
research direction for ultrasensitive nucleic acid detection.'*”

In this study, we presented an ultrasensitive, visible (to the
naked eye) nucleic acid test combining magnetic beads (MBs)-
based RNA purification with a one-tube nested PCR/CRISPR-
Casl2a system. We first assessed the compatibility of the PCR
with MBs, then optimized the nested PCR/CRISPR-Casl2a
system. Further, we evaluated 75 SARS-CoV-2 clinical samples
using our developed method. Notably, the method does not
require large instruments or centralized laboratories, making it
suitable for primary healthcare in small communities.

2. EXPERIMENTAL SECTION

2.1. Materials. Primers, probes, and CRISPR RNA
(ctRNA) were synthesized by Ruibo Biotech (Beijing,
China) (Table S1). Sodium hydroxide (NaOH), sodium
chloride (NaCl), hydrochloric acid (HCl), and anhydrous
ethanol were sourced from Macklin Biochemical (Shanghai,
China). Ethylenediaminetetraacetic acid disodium salt (EDTA-
Na2), guanidine thiocyanate (GuSCN/C2H6N4S), and
hydroxymethyl aminomethane (Tris) buffer were obtained
from Solarbio Life Sciences (Beijing, China). Phosphate-
buffered saline (PBS, 0.0067 M, pH7.4, Ca/Mg-free) was
obtained from BI Biological Industries (Beijing, China).
Ultrapure water (182 MQ - cm at 25 °C) was produced
with a Milli-Q reference system. The lysis buffer for nucleic
acid extraction contained 2.5 mM EDTA, 20 mM Tris, 4 M
GuSCN, and 2 M NaCl at pH 6. Silicon-hydroxyl (Si—OH)
MBs (25 mg/mL) were obtained from Puri Mag Biotech
(Xiamen, China). Mineral oil was purchased from Sigma-
Aldrich (St. Louis, MO, USA). The SuperRT One-Step RT-
PCR Kit and 50 X TAE buffer were obtained from CoWin
Biosciences (Beijing, China). EnGen Lba Casl2a (Cpfl) and
NEB buffer 2.1 were purchased from New England Biolabs
(NEB, USA). The QlAamp Viral RNA Mini Kit was from
QIAGEN (Hilden, Germany). The One-Step TB Green
PrimeScript RT-PCR Kit (Perfect Real Time) was obtained
from Takara (Dalian, China). Regular agarose G-10 was from
Bioweste (Spain). Genecolour nucleic acid dye and DNA
loading buffer (6X) were obtained from GeneBio and
TransGen Biotech (Beijing, China), respectively, whereas
RB2000 DNA markers were obtained from Ruibo Biotech
(Beijing, China). The Qubit dsDNA HS Assay Kit was from
Thermo Fisher Scientific (USA). GX/P2 V betacoronavirus*'
was isolated from Vero E6 cells.

2.2. Nucleic Acid Extraction. The GX/P2 V coronavirus,
which shares over 85% nucleotide sequence similarity with

SARS-CoV-2,*" was utilized to assess the MBs-based RNA
extraction method. The procedure involved: (1) mixing MBs
(10 uL, 25 mg/mL) with lysis buffer in a 1.5 mL Eppendorf
tube (Nonpyrogenic or DNase-/RNase-free); (2) adding
samples, mixing, incubating at room temperature for 5 min,
and agitating every 2 min; (3) centrifuging briefly (FRON-
TIER 5306, OHAUS, USA) and transferring to a magnetic
rack (DynaMag-2, Thermo Fisher Scientific, USA); (4)
discarding the supernatant on achieving transparency; (S)
adding 80% ethanol (200 wL), standing for 30 s, and
discarding the supernatant; (6) repeating step 5 and air-drying
for S min to evaporate residual ethanol; and (7) adding PCR
premixture for subsequent reactions. For comparison, SARS-
CoV-2 RNA extraction was also performed using the QIAamp
Viral RNA Mini Kit, as recommended by the US Centers for
Disease Control and Prevention.

2.3. One-Tube Nested PCR Amplification. Nested PCR
primers for the N and ORF1lab genes of GX/P2 V and SARS-
CoV-2, respectively, were designed using NCBI/BLAST/
Primer-BLAST. Inner amplicon lengths were 90—120 bp,
and those of the outer amplicons were 200—450 bp. Note that
the inner amplicon sequence is included in the outer amplicon
sequence. The one-tube nested RT-PCR used the SuperRT
One-Step RT-PCR Kit. The reaction mix (25 uL) included 2 X
SuperRT OneStep Buffer (12.5 L), 10 uM inner and outer
primer sets (2 uL), SuperRT OneStep EnzymeMix (0.5 uL),
and nuclease-free water (8—9 yL). This mix was combined
with viral RNA on MBs, transferred to a 0.2 mL PCR tube,
sealed with mineral oil, and amplified using a thermal cycler.
The protocol was 45 °C for 15 min, 95 °C for 2 min, followed
by 40 cycles of 94 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s,
and a final extension at 72 °C for S min, before cooling to 4
°C.

2.4. CRISPR-Cas12a Fluorescence Detection. CRISPR-
Casl2a crRNA was designed via GPP sgRNA Designer
(CRISPRko, broadinstitute.org). The inner PCR amplicon
required a TTTN protospacer adjacent motif (PAM) sequence
for Cas12a/crRNA complex efficiency. The Cas12a system (20
uL) included 20 nM EnGen Lba Casl2a, 5 uM ssDNA
reporter, 100 nM crRNA, 10 X NEB buffer 2.1 (2 yL), and
nuclease-free water (12 uL). PCR products were added to the
above CRISPR mixture, incubated at 37 °C for 40 min, and
fluorescence was detected using gel imaging or UV excitation.
Alternatively, reactions were visualized under natural light with
a smartphone.

2.5. Sensitivity and Specificity. Sensitivity was first
assessed using SARS-CoV-2 RNA with five 10-fold serial
dilutions (107" to 10* copies/uL). Then, the LOD for the one-
tube assay was determined using probit analysis with a SARS-
CoV-2 plasmid solution (600 uL). The negative controls
(NTCs) used nuclease-free water. Specificity was tested using
GX/P2 V coronavirus spiked into negative swab samples at 1.0
X 10° copies/mL using a 600-uL aliquot.

2.6. Clinical Specimen Analysis. Seventy-five clinical
samples were analyzed using the one-tube nested PCR/
CRISPR-Casl2a assay. Forty-three positive specimens from
the Wuhan Hospital and 32 negative oropharyngeal swabs
from Tong Lab volunteers were tested.

2.7. Ethics Statement. In this study, our objective was to
develop a rapid diagnostic assay for SARS-CoV-2 to facilitate
the timely diagnosis of COVID-19. We utilized anonymized
surplus samples originally collected for SARS-CoV-2 diagnostic
testing to establish and validate our protocol. Ethical approval
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Figure 1. One-tube nested PCR/CRISPR-Cas12a assay schematic. (A) MBs-based viral RNA extraction and (B) assay with visual (fluorescence or

naked eye) readout.
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for this study was granted by the Review Board of Beijing
University of Chemical Technology. In accordance with ethical
standards, informed consent was obtained from all participants
involved in the study.

3. RESULTS

3.1. Construction of One-Tube Nested PCR-Cas12a
Assay. An integrated visual nucleic acid test combining one-
tube nested PCR with CRISPR-Casl2a was developed. As
shown in Figure 1, viral RNA was purified and concentrated
using MBs via an elution-free method. The enriched RNA on
the MBs was directly mixed with the PCR mixture and sealed
with mineral oil to avoid aerosol contamination. The resulted

39618

PCR products were added to the Casl2a reaction mixture for
detection. The CRISPR-Casl2a system includes a ssDNA
reporter modified with a FAM fluorophore at the 5’ end and a
BHQI quencher at the 3’ end. When the target was present,
the trans-cleavage activity of Casl2a was activated and the
ssDNA reporter was cut off. In the absence of the target,
Casl2a showed no frans-cleavage activity on the ssDNA
reporter. When the ssDNA FAM reporter was not cut by
Casl2a, its high concentration resulted in the light pink
coloration of the solution under natural light but no
fluorescence signal under UV light excitation. When the
ssDNA FAM reporter was cleaved, the solution changed from
light pink to light yellow under natural light, and the FAM
fluorescence signal was observed under UV light excitation.

https://doi.org/10.1021/acsomega.4c03911
ACS Omega 2024, 9, 39616—39625


https://pubs.acs.org/doi/10.1021/acsomega.4c03911?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03911?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03911?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03911?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03911?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03911?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03911?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03911?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03911?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

1ab

OR
@ = '
OR
IF . .
@ | |
.................. n
OF N-crRNA
® | .
e =
IF N-crRNA
@ |
OR
Figure 3. Nested PCR primer design. Four amplification modes per set, each including crRNA target sequence.
A ww | 104102 101 O IN ON o B wwe | 104102 101 O IN ON o C..
RdRp
= = = = :
—_— — - - . 0.8 3 30Cycles
—_ —_— - - 3 ma 35 Cycles
— - - - Eu.s- 3 37 Cycles
30 cycles . RdRp --—— Ngene % | scycks
£ 0.4+
- - - - 2
- - = = D 0.2+ H
.. — - -
- - : - o"ll"ll - NN | BE N am ae |
35 cycles - - ¥ - VIS WSO B0 RGO
— — — - D 6o
= = = - I
— — E - ‘_50' [ 30 Cycles =
- — -— - ot 240- @3 35 Cycles
- - _. - ---.. - ; | =3 37 Cycles
37 cycles - %:o- 3 40 Cycles
E
w - - - 2 2.0
s N = = lll;
- - 1.0
R - - = - Dﬂﬂﬂn IR
w“ . bl L - VIS O Ve © w*o Ve

Figure 4. Inner/outer primer concentration optimization for nested PCR. (A, C) RdRp region and (B, D) N gene. The DNA fragments on the
agarose gel electrophoresis bands were 100, 250, 500, 750, 1000, and 2000 bp from bottom to top. I, O, IO indicate inner primers, outer primers
and nested primers, respectively. IN, and ON represent negative controls for I, and O, respectively. N indicates negative control with nuclease-free
water instead of positive template. 4, 2, and 1 indicate inner: outer primer molar ratios of 4:1, 2:1, and 1:1, respectively.

Therefore, the results of the one-tube assay could be visualized
based on the color change of the reaction solution under either
natural or UV light.

3.2. One-Tube Nested PCR Amplification on MBs.
Because MBs are present in the PCR solution, we first
investigated the tolerance of PCR amplification to the MBs. As
shown in Figure 2A, with the increase in MBs concentration,
the cycle threshold (Ct) value did not significantly decrease (p
< 0.05), indicating that the introduction of MBs did not
suppress the PCR. Sample input volume is critical for the
development of highly sensitive and robust PCR assays. For

the PCR tests, the probability of sampling a given number of
target molecules was calculated using Poisson distribution
assuming various sample input volumes.””~** For a sample
having an indicated concentration of 100 copies/mL, sampling
improved dramatically on increasing the sample input volume
from 100 to 400 uL (Figure 2B). Interestingly, we also
observed that 400 pL was sufficient for achieving robust one-
tube nested PCR amplification, and there was no need to
increase the sample input volume.

Next, at an indicated concentration of 7.8 X 10” copies/uL,
various volume of SARS-CoV-2 samples were concentrated

https://doi.org/10.1021/acsomega.4c03911
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using the MBs and then analyzed by one-tube nested PCR
assay. As shown in Figure 2C, increased sample volume of 4 yL
(original), 100 pL (25-fold), 200 uL (50-fold), 400 uL (100-
fold), and 600 uL (150-fold) showed decreased Ct values of
28.83, 24.74, 23.64, 23.15, and 22.35, respectively. This result
demonstrates that increasing sample input volume can
effectively concentrate the target of interest, thus improving
test sensitivity.

In addition, the relationship between ACt and the
concentration factor was analyzed. As shown in Figure 2D,
when the concentration factor is <6, the theoretical ACt aligns
with the experimental value. For instance, a sample
concentrated 6-fold by MBs yields a theoretical ACt of 2.58
(2>%% ~ 5.98, assuming PCR amplification efficiency is 100%),
compared to an experimental ACt of 2.39 (2*% x~ 5.24).
These results indicate that increasing the sample volume
enhances PCR test sensitivity and robustness.

3.3. Screening of One-Tube Nested PCR Primers.
Primers are crucial for obtaining sensitive PCR assays. To
target the ORFlab and N genes of SARS-CoV-2, we first fixed
the CRISPR-Cas12a crRNAs containing a 5' PAM sequence
(TTTN). Figure 3 shows inner (IF and IR) and outer (OF and
OR) PCR primers based on crRNA sequences. The nested
structure amplifies more targets and prevents missed detection
due to primer region variations. Nested PCR primer sets offer
four amplification modes (OF/OR, IF/IR, OF/IR, IF/OR),
each incorporating the crRNA target sequence.

Next, the nested PCR primers were evaluated for generating
four distinct PCR products at different target concentrations
(1:1 inner/outer primer ratio). Figure S1A,S1B shows that the
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amplification effect of the outer primer was predominant at
high target concentrations, followed by those of the inner
primer and their combinations (RdRp target >78 copies/uL, N
target >120 copies/uL). At lower concentrations, the effect of
the inner primer was slightly more pronounced. However,
nested amplification, capable of simultaneous multiple product
amplification, proved superior. Therefore, the nested primers
I03 and 101, targeting RARp and N genes, respectively, were
chosen for their high efficiency in low-concentration samples.

The impact of inner/outer primer concentration ratios and
cycle numbers on nested PCR was investigated. Figure 4A,C
shows that electrophoretic analysis struggled to detect
amplified fragments below 35 cycles at an RdRp concentration
of 7.8 copies/uL. Beyond 37 cycles, no bands appeared with
inner or outer primers alone, whereas the nested primers
produced clear bands and were more pronounced at 40 cycles.
A 1:1 primer ratio yielded the most PCR products after 40
cycles.

Figure 4B,D shows no amplification below 30 cycles for a 12
copies/uL. SARS-CoV-2 N gene. However, products were
detectable beyond 35 cycles, and the quantity increased with
the increase in cycle number. Therefore, one-tube nested PCR
was initially performed with a 1:1 ratio of inner and outer
primers and 40 cycles of amplification.

Moreover, the CRISPR-Casl2a assay was employed to
detect nested PCR products across varying cycle numbers and
primer ratios. As shown in Figure S2, for the SARS-CoV-2
RdRp target (7.8 copies/uL), no detection was noted at 30
PCR cycles with only the outer primer. However, detection
was achieved using inner or nested primers. With the N gene
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Figure 6. LOD for nested PCR/CRISPR-Cas12a assay. (A) RdRp region linearity curve, (B) N gene linearity curve, (C) RdRp region LOD, and

(D) N gene LOD.

target (12 copies/uL), CRISPR-Casl2a identified the PCR
products at 30 cycles, demonstrating its heightened sensitivity
for pathogen detection compared to electrophoretic analysis.

3.4. CRISPR-Cas12a Detection System Optimization.
Optimization of the CRISPR-Cas12a system involved assessing
the ssDNA reporter length and concentration, as well as the
crRNA and Casl2a concentrations. The background fluo-
rescence intensity of the ssDNA reporter increased with the
increase in length (S to 20 nt) and concentration (Figure S3).
Reporters shorter than 10 nt maintained low background
fluorescence, even at high concentrations, peaking at 10 X 10°
a.u. at 100 uM. Longer reporters (over 1S nt) exhibited less

quenching between 5" FAM and 3’ BHQ], leading to higher
background fluorescence. After Casl2a cleavage, fluorescence
intensity of reporters longer than 15 nt increased significantly
at concentrations below 10 uM. At 100 uM, the high
background masked changes postcleavage (Figure SA,B).

Therefore, the optimal ssDNA reporter length is below 10

nt, with S nt being ideal, within a concentration range of 1—

100 uM. Color transitions from red to yellow post-Casl2a

cleavage at 100 M suggest that visual assessment is feasible

(Figure SC). As shown in Figure SD,E, a Cas12a concentration

of 50 nM, particularly with a 1:2 crRNA ratio, resulted in

enhanced cleavage activity; thus, the optimal concentrations
for Cas12a and crRNA were 50 and 100 nM, respectively.
Next, the optimized length of the ssDNA reporter of 5 nt
was used, which yielded a light red color at 5—7.5 yM, turning
light yellow after Casl12a cleavage, after which there were only
subtle visual changes. For 10—12.5 uM, the color change was
more distinct, indicating that 10 M is the optimal

concentration for visual detection with CRISPR-Casl2a
(Figure S4A). End point fluorescence imaging under UV
excitation displayed a clear bright green for low-concentration
ssDNA reporters, in contrast to the colorless NTC (Figure
S4B). The detection of the SARS-CoV-2 RdRp target (7.8
copies/uL) using one-tube nested PCR (40 cycles)/CRISPR-
Casl2a showed positive real-time fluorescence at ssDNA
reporter concentrations of 5—12.5 uM (Figure S4C,D),
indicating that assay results are easily interpretable without
complex equipment and can be quickly obtained through real-
time fluorescence or UV excitation. Moreover, three crRNAs
targeting the SARS-CoV-2 RdRp region were designed, with
crRNA3-Casl2a complexes showing the highest cleavage
efficiency (Figure S5).

3.5. One-Tube Nested PCR-CRISPR 12a Assay Per-
formance. The specificity of the one-tube nested PCR-
Casl2a assay was confirmed using GX/P2 V simulated samples
with SARS-CoV-2 RdRp/N gene-targeting primers and
crRNAs.*" Stable detection of RdRp/N plasmids was observed,
whereas GX/P2 V and the NTCs showed no detection (Figure
S6A,S6B), demonstrating the high specificity of the assay

without cross-reactivity.
Sensitivity was assessed with a SARS-CoV-2 RNA reference,
achieving the detection of 1 copy/uL of RdRp using any
primer set, although the nested primers yielded more PCR
products because of the increased fluorescence by CRISPR-
Casl12a. For the N gene, the LOD was 10 copies/uL with inner
and outer primers and 1 copy/pL with nested primers,
indicating a 10-fold increase in sensitivity over conventional
PCR/CRISPR-Cas12a (Figure S6C,D). We next evaluated the
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Figure 7. Real-time fluorescence results for nested PCR/CRISPR-Casl2a assay on clinical specimens.

amplification efficiency of nested PCR test (Figure 6A,B). For
RdRp region detection, the amplification efficiency was 93%,
and that for N gene was 95%. Then, LOD of the one-tube
nested PCR/CRISPR-Cas12a assay was further evaluated using
600 uL SARS-CoV-2 RdRp-/N-plasmid samples. The probit
analysis results showed that LODs for RdRp region and N
gene were 120 and 127 copies/mL, respectively (Figure 6C,D;
Table S2).

It is crucial to detect mutant strains during pathogen
identification. Therefore, we compared sequence variations
between wild-type SARS-CoV-2 and five variants of concern
(VOCs) in the PCR amplicon and CRISPR-Casl2a crRNA
regions. Figure S7A shows that only the Beta variant exhibits a
single “C” to “T” mutation at position 46 from the 5’ end in
the RdRp amplicon. In contrast, the Delta and Omicron
variants match the wild-type, indicating the conservation of
RdRp and reliable hybridization of primers and crRNA with
VOC sequences, thus avoiding misidentification. The N gene
region of VOCs has up to ten mutations compared to the wild-
type: five within the inner primer region; however, outer
primer and crRNA regions are unaffected (Figure S7B—D).
Notably, Delta and Omicron change the first three bases of the
inner primer IF from “GGG” to “AAC”, but this minimally
affects primer annealing and amplification initiation. Further-
more, primers OF and OR, OF and IR amplify effectively,
ensuring no interference with the results. The precise pairing at
the 3’ ends of the primers is crucial for the initiation of
amplification by DNA polymerase. This analysis indicates that
the one-tube nested PCR primers, which have multiple
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amplification combinations, can mitigate the reduction in
PCR products caused by mutations, thereby preventing off-
target amplification of mutant strains.

3.6. Clinical Samples Validation. Lastly, we evaluated the
performance of one-tube nested PCR/CRISPR-Casl2a assay
using 75 clinical samples. As shown in Figure 7 (only 16 out of
75 clinical samples were presented here), results from real-time
fluorescence analysis and end-point fluorescence image were
the same, demonstrating that the real-time fluorescence
analysis can be replaced by a much simpler end-point
fluorescence image. Furthermore, a concordance analysis
between nested PCR/CRISPR-Casl2a assay and RT-qPCR
assay was performed. The results show that the one-tube
nested PCR/CRISPR-Cas12a assay achieved 100% (Ct < 35)
or 95% (Ct< 40) positive detection, and 100% negative
detection compared to the gold standard RT-qPCR assay
(Figure 8). Accordingly, the clinical sample validation
confirmed the high sensitivity and specificity of the assay.
Moreover, on targeting the RdARp/N genes, the assay achieved
a 95.3% positive match rate (41/43) and a 96.9% negative
match rate (31/32) for RdRp, and 95.3% positive (41/43) and
100% negative (32/32) for the N gene compared to RT-qPCR
assay (Figures S8 and S9).

4. DISCUSSION

Emerging infectious pathogens such as SARS-CoV-2 and
monkeypox virus have triggered a serious public health crisis
worldwide. Highly specific and ultrasensitive detection plat-
forms are indispensable for early pathogen diagnosis to contain
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Figure 8. Concordance analysis between the one-tube nested PCR/
CRISPR-Casl2a assay and the RT-qPCR assay.

the spread of contagious diseases efficiently. The gold standard
RT-qPCR method is cumbersome and highly dependent on
specialized operators and sophisticated qPCR instruments.* In
recent years, many studies have demonstrated that CRISPR-
based techniques combined with preamplification show great
potential in developing accurate and sensitive nucleic acid
detection. ™"

Herein, we developed an all-in-one ultrasensitive and visible
(to the naked eye) nucleic acid assay that combines an MBs-
based extraction method with a nested PCR/CRISPR-Cas
system. First, viral nucleic acids were concentrated by MBs
directly from the original samples, thereby drastically
simplifying the extraction process. This elution-free approach
mitigates the shortcomings of conventional extraction methods
due to the loss of target molecules.** Meanwhile, such an
elution-free process minimizes the cross-contamination caused
by sample transfer and centrifugation, and enables the
advantages in large-scale purification.””*’ Increasing sample
volume and using one-tube nested PCR are particularly
beneficial for improving test sensitivity. Besides, the one-tube
nested PCR providing multiple combination modes can
effectively mitigate the loss of PCR products caused by
mutations, thereby preventing off-target detection of mutant
strains. The visual test results can be directly read by the naked
eye, which not only significantly reduces the reliance on
fluorescence readers but also makes the assay more accessible
and user-friendly.

Ultimately, this assay achieved a LOD of 120 copies/mL,
which is comparable to RT-qPCR, and is more sensitive than
the one-pot RT-RPA/Casl2a assay (iSCAN-V2) (LOD: 8 X
10° copies/mL).”" The RPA assay is relatively more costly as it
relies on multiple enzymes. Zhang et al. built a one-pot SNP
assay using a LbCasl2a variant with enhanced sensitivity
(seCasl2a), whereas our visible assay is more facile and
applicable for detecting infectious diseases in resource-limited
settings.”” Compared to currently reported RAA/CRISPR-
Casl12a and LAMP/CRISPR-Cas12a/LFA assays (LOD: 1 X
10* copies/mL), our developed assay is more sensitive and
cost-effective.”>”” Even though an RCA-coupled EXTRA-
CRISPR assay offers a visual readout of the result, our assay
shows a relatively high sensitivity.”

Collectively, our one-tube visible ultrasensitive nested PCR/
CRISPR-Cas assay excels in cost, convenience, specificity,
sensitivity, intuitiveness, versatility, and robustness, promising
significant advantages and immense development potential.
We believe that this testing system will further promote the
development of ultrasensitive, highly specific, and cost-eftective

diagnostic strategies in community clinics and township
hospitals.

5. CONCLUSION

We developed a streamlined visual nucleic acid assay
integrating one-tube nested PCR with CRISPR-Casl2a
detection. Viral RNA, purified with MBs, was directly used
in one-tube nested PCR without prior RNA elution. The PCR
product is detectable via CRISPR-Casl2a, and results are
observable through colorimetric changes. Thus, this assay
visually detects SARS-CoV-2 with a LOD of 120 copies/mL
and reliably identifies various VOC mutants. Clinical
evaluations demonstrated 95% positive and 100% negative
agreement with RT-qPCR results. Overall, the one-tube nested
PCR/CRISPR-Casl2a assay offers sensitivity and specificity
comparable to qPCR, thus fulfilling the ultrasensitive nucleic
acid detection requirements of community healthcare centers
and rural clinics.
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