H
Nucleic Acids Research, 2025, 53, gkaf1293
https://doi.org/10.1093/nar/gkaf1293
Chemical Biology and Nucleic Acid Chemistry
o OXFORD
ANNIVERSARY

CRISPR/Cas12a2 enables ultra-sensitive amplification-free
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Abstract

Advances in clustered regularly interspaced short palindromic repeat (CRISPR) technologies have led to the use of diverse CRISPR-associated
(Cas) proteins in diagnostic applications. Herein, we present a CRISPR/Cas12a2-based amplification-free RNA detection method that exhibits
sub-attomolar sensitivity and substrate versatility. Cas12a2, a recently characterized RNA-guided nuclease, uniquely integrates bimolecular recog-
nition through CRISPR RNA (crRNA)-target complementarity and protospacer flanking sequence identification, enabling highly specific trans-
cleavage of single-stranded DNA, double-stranded DNA, and RNA. We have optimized key biochemical parameters, including pH, ionic strength,
and temperature, to enhance the catalytic efficiency of Cas12a2. Based on the optimal activity conditions of Cas12a2, we have achieved ultra-
sensitive viral RNA detection with a limit of detection of 46.7 aM through the strategic design and cooperative activation of crRNAs targeting
conserved regions of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) genome. The diagnostic accuracy of the Cas12a2-based
assay has been demonstrated for 26 SARS-CoV-2 variants, and it has further resulted in the definitive diagnosis of 317 clinical samples. This work
establishes Cas12a2 as a promising molecular diagnostic tool that provides an amplification-free, rapid, and versatile solution for RNA detection.
The adaptability and simplicity of the platform render it particularly well suited for point-of-care applications, paving the way for next-generation
CRISPR diagnostics.

Graphical abstract

Optimal Cas12a2 trans-cleavage activity Ultra-Sensitivty Amplification-free RNA Detection

( Cas12a2 sSDNA \ ( - \

(_:rRNA %.. =7
trans %, dsDNA | = L. > >
a5 g e

L S R ee— S I

Target RNA b m{

[ree——

Received: March 18, 2025. Revised: September 29, 2025. Accepted: October 22,2025

© The Author(s) 2025. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the
original work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints and translation rights for reprints. All other
permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information please contact
journals.permissions@oup.com.

GZ0z JaquanoN g uo 1senb Aq 68601£8/£62 LieXB/1LZ/cG/e101 e/ leu/woo dno-ojwapeoe//:sdiy wolj papeojumoq


https://doi.org/10.1093/nar/gkaf1293
https://orcid.org/0000-0003-2793-3700
https://orcid.org/0000-0002-1969-321X
https://orcid.org/0000-0001-6983-0270
https://orcid.org/0000-0002-5387-6458
mailto:kangtaejoon@kribb.re.kr
mailto:ruuua@kribb.re.kr
mailto:ejwoo@kribb.re.kr
https://creativecommons.org/licenses/by-nc/4.0/
mailto:reprints@oup.com
mailto:journals.permissions@oup.com

Introduction

The rapid advancement of molecular diagnostic technologies
has significantly enhanced the capacity to detect and monitor
infectious diseases and genetic anomalies. At the forefront of
this progress are clustered regularly interspaced short palin-
dromic repeats (CRISPR)/CRISPR-associated (Cas) systems
[1], which have expanded the frontiers of biomolecular de-
tection beyond the conventional methodologies of polymerase
chain reaction (PCR) and isothermal amplification techniques
[2]. Among the Cas proteins, Cas12a and Cas13a have signif-
icantly broadened the versatility of CRISPR-based diagnos-
tic platforms [3]. Each of these proteins exhibits distinctive
substrate preferences and molecular mechanisms, thereby en-
abling the development of bespoke applications for the de-
tection of DNA or RNA molecules [4]. For example, Cas12a
and Cas13a have been successfully employed in platforms
such as DNA Endonuclease Targeted CRISPR Trans Re-
porter (DETECTR) [5], Specific High-sensitivity Enzymatic
Reporter unLOCKing (SHERLOCK) [6], and Self-amplified
and CRISPR-aided Operation to Profile extracellular vesi-
cles (EVs) (SCOPE) [7], enabling highly sensitive detection
of pathogens and biomarkers, including severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2), Zika virus,
and EV messenger RNA (mRNA) [8]. The recent discovery
of novel Cas proteins has further transformed the landscape
of CRISPR diagnostic technologies. One example is Cas12j, a
compact protein with robust frans-cleavage activity on short
single-stranded DNA (ssDNA), which has been applied to mi-
croRNA detection [9]. The continuous expansion of the Cas
protein repertoire enhances the adaptability and effectiveness
of CRISPR diagnostics, equipping researchers with versatile
tools to address an increasingly wide range of diagnostic chal-
lenges [10, 11].

Casl12a2, a recently characterized Cas protein, represents
a mechanistically distinct component of prokaryotic adaptive
immunity. Its molecular architecture contains both a WED do-
main and a RuvC domain, which are shared with Type V sin-
gle effectors. However, it exhibits only 10%-20% sequence
similarity with other members of this group [12]. Interestingly,
Cas12a2 necessitates dual molecular recognition for activa-
tion in contrast to RNA-specific nucleases such as Type VI
Cas13a and Type III Csm/Cmr complexes [13]. This distinc-
tive mechanism integrates target RNA binding with the identi-
fication of the protospacer flanking sequence (PFS), triggering
conformational changes that expose the RuvC nuclease do-
main. The dual molecular recognition mechanism of Cas12a2,
which requires both RNA target binding and PFS identifica-
tion, offers an additional degree of specificity, thereby mini-
mizing off-target effects and enhancing assay reliability. Upon
activation, Cas12a2 initiates broad-spectrum nuclease activ-
ity, cleaving indiscriminately ssDNA, double-stranded DNA
(dsDNA), and RNA, resulting in comprehensive nucleic acid
degradation [14]. Moreover, Cas12a2 exhibits a rapid re-
action speed, allowing for fast signal amplification and de-
tection, which is beneficial for time-sensitive diagnostic ap-
plications [12]. These distinctive biochemical properties of
Cas12a2 suggest its potential as an adaptable, rapid, and ro-
bust tool for the advancement of CRISPR-based diagnostics.
However, the application of Cas12a2 in molecular diagnos-
tics is rarely investigated. A significant challenge hindering the
widespread adoption of Cas12a2 in the diagnostic field per-
tains to the limited understanding of its activation dynamics

and cleavage efficiency under physiological conditions. To ap-
ply the characteristics of Cas12a2 to a diagnostic workflow,
extensive optimization is necessary.

Herein, we systematically optimized the biochemical pa-
rameters of Cas12a2 and developed an amplification-free
RNA detection method. First, we optimized key biochem-
ical parameters, including pH, ionic strength, temperature,
and reducing conditions, to establish robust operational pro-
tocols. Under these optimized conditions, Cas12a2 demon-
strated higher trans-cleavage activity compared to Casl3a.
Second, we designed multiple CRISPR RNAs (crRNAs) tar-
geting conserved severe acute respiratory syndrome coron-
avirus 2 (SARS-CoV-2) genomic regions with appropriate PFS
elements, achieving enhanced sensitivity through cooperative
Cas12a2 activation. The quadruplex Cas12a2/crRNAs system
exhibits a thousand-fold enhanced sensitivity in comparison
with single crRNA approach. The limit of detection (LOD)
of Cas12a2-based assay was in the sub-attomolar range. Fur-
thermore, we validated the assay across 26 SARS-CoV-2 vari-
ants and 317 clinical samples, demonstrating its potential as
a reliable and scalable diagnostic tool. The findings of our re-
search endeavor to facilitate the broader implementation of
this CRISPR effector within the domain of molecular diag-
nostics.

Materials and methods

Ethical statements

The study was reviewed and approved by the Institutional Re-
view Board (IRB) of Gyeongsang National University Chang-
won Hospital, Changwon, South Korea (IRB approval num-
ber 2022-10-012). All participants provided written informed
consent to participate in the research. All specimens were
anonymized with a unique number and access rights were re-
stricted to only relevant researchers.

Materials

All oligonucleotides used in this study were purchased
from Integrated DNA Technology (Coralville, TA, USA)
and their sequences are listed in Supplementary Table S1.
One Step TB Green® PrimeScript™ PLUS RT-PCR Kit
(Perfect Real Time) and In-Fusion® HD Cloning Kit were
purchased from Takara Korea Biomedical Inc. (Seoul,
Korea). ExiPrep™ 96 Viral DNA/RNA Kit was pur-
chased Bioneer (Seoul, Korea). Recombinant LwaCas13a
and LbuCasl13a proteins were purchased from Genscript
(Piscataway, NJ, USA). Ultrapure DNase/RNase-free dis-
tilled water was purchased from Bioneer and used in all
experiments. All other chemicals were analytical grade
and used without further purification. The genomic RNA
(gRNA) of SARS-CoV-2 (BetaCoV/Korea/KCDC03/2020;

GR, B.1.1.7, hCoV-19/Korea/KDCA43382/2021;
GH, B.1.351, hCoV-19/Korea/KDCA43383/2021;
GR, P2, hCoV-19/Korea/KDCA43384/2021; GH,

B.1.427, hCoV-19/Korea/KDCA43386/2021; G, B.1.525,

hCoV-19/Korea/KDCA43387/2021; GH, B.1.526,
hCoV-19/Korea/KDCA43388/2021; GR, P1, hCoV-
19/Korea/KDCA43389/2021; G, B.1.617.1, hCoV-
19/Korea/KDCA43405/2021; GK, B.1.617.2, hCoV-
19/Korea/kKDCA43407/2021;  GH,  B.1.621, hCoV-
19/Korea/kKDCA43411/2022; GRA, BA.1.1, hCoV-

19/Korea/KDCA43412/2022; GRA, BA.2, XBB, hCoV-
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19/Korea/KDCA43433/2022; GRA, BA2.3.20, hCoV-

19/Korea/KDCA43435/2022; GRA, XBA.2.75.5,
hCoV-19/Korea/KDCA43436/2022; GRA, XAY.1,
hCoV-19/Korea/KDCA43437/2022; GRA, XBC,

hCoV-19/Korea/KDCA43439/2023; BN.1, hCoV-
19/Korea/KDCA43440/2022; GRA, XBB.1.5, hCoV-
19/Korea/KDCA43441/2022;  GRA, CH.1.1, hCoV-
19/Korea/KDCA43442/2022; GRA, XB]J, hCoV-
19/Korea/KDCA43443/2022; GRA, XBE, hCoV-
19/Korea/KDCA43444/2022; GRA, XBK, hCoV-
19/Korea/KDCA43445/2022; GRA, CJ.1, and hCoV-
19/Korea/KDCA43446/2023; GRA, XBB.1.9.1), Middle
East respiratory syndrome coronavirus (MERS-CoV), in-
fluenza A/Brisbane/10/2007 (H3N2), and Human CoV
(NL63, OC43, 229E, and HKU1) were obtained from the
National Culture Collection for Pathogens operated by the
Korea National Institute of Health.

Protein expression and purification

The Cas12a2 enzyme used in this study is derived from the
sulfur-oxidizing e-proteobacterium Sulfuricurvum sp. PCO8-
66 (SuCas12a2). The gene sequence was confirmed based on
the information reported by Dmytrenko et al. [14] and codon-
optimized for Escherichia coli expression prior to synthesis.
The synthetic open reading frame was cloned into the pET-
28a(+) vector to express Cas12a2 with an N-terminal 6x
His tag, and the resulting plasmid was transformed into E.
coli recombinant inbred line cells for protein expression. The
cultures were grown at 37°C in Luria-Bertani (LB) medium
until the optical density at 600 nm (ODggo) reached 0.5-
0.7. Protein expression was induced by the addition of 1
mM isopropyl B-D-1-thiogalactopyranosid and continued at
18°C for 18 h. Following incubation, cells were harvested,
resuspended in lysis buffer (2M NaCl, 25 mM Tris, pH 7.2,
2 mM MgCl,, 10 mM imidazole, 10% glycerol, and 1 mg/ml
lysozyme), and lysed by sonication. The lysate was clarified
by centrifugation, and the supernatant was diluted 1:1 with
salt-free buffer (25 mM Tris, pH 7.2, 2mM MgCl,, 10 mM
imidazole, and 10% glycerol). The soluble protein fraction
was applied to a pre-equilibrated HisTrap HP 5 ml affinity
column (Cytiva, Marlborough, MA, USA) in A buffer (500
mM NacCl, 25 mM Tris, pH 7.2, 2 mM MgCl,, 10 mM imida-
zole, and 10% glycerol). Proteins were eluted using B buffer
(500 mM NaCl, 25 mM Tris, pH 7.2, 2 mM MgCl,, 250 mM
imidazole, and 10% glycerol), followed by further purifica-
tion via size-exclusion chromatography (SEC) on a Superdex
200 26/600 column (Cytiva) equilibrated in SEC buffer
[150 mM NaCl, 25mM 4-(2-hydroxyethyl)-1-piperazine
ethanesulfonic (HEPES) acid, pH7.2, 2mM MgCl,, and
5% glycerol]. The purified protein fractions were concen-
trated to 8 mg/ml using centrifugal filtration (Merck, Darm-
stadt, Germany), flash-frozen in liquid nitrogen, and stored
at —80°C.

Ribonucleoprotein preparation

To promote hairpin formation, the crRNA was heated at 95°C
for 3 min and subsequently cooled to 25°C. The Cas12a2 pro-
tein was diluted to 50 uM in SEC buffer, while the crRNA was
diluted to 50 uM in Ultrapure DNase/RNase-free distilled wa-
ter (DEPC-W). Both components were combined in a 1:1 ratio
and incubated at 25°C for 30 min.

Polyacrylamide gel electrophoresis analysis

A 10 pl reaction mixture was prepared, consisting of 2 ul
each of ribonucleoprotein (RNP) complex, target RNA, 5x
reaction buffer [250 mM NaCl, 50 mM Tris—=HCIL, pH 8, 50
mM MgCl,, 5 mM dithiothreitol (DTT), 500 pg/ml bovine
serum albumin (BSA), and 25% glycerol], DEPC-W, and re-
porter probe. The final concentrations were 1 uM for the RNP
complex, 250 nM for the target RNA (I, I, or III), and 250
nM for the FAM-labeled ssDNA, dsDNA, or RNA reporter.
The reactions were incubated at 37°C for 1 h. After incuba-
tion, 1 pl of 25 mg/ml proteinase K (Bioneer) was added to
the reactions, followed by further incubation at 37°C for 30
min. Subsequently, 11 ul of 2x RNA loading dye (Thermo
Scientific™, Waltham, MA, USA) was added to each reaction,
and the mixtures were heated at 95°C for 5 min. The reac-
tions were immediately placed on ice to stop the reaction. The
reaction mixture resolved on a 10% Novex™ TBE Gels (In-
vitrogen, Waltham, MA, USA) at a constant voltage of 110
V for 120 min, using 1x tris-borate-ethylene-diamine-tetra
acetic acid as the running buffer. Following electrophoresis,
the gel was stained with SYBR Safe DNA Gel Stain, and im-
ages were acquired using a GelDoc™ Imaging System (Bio-
Rad, Hercules, CA, USA).

In vitro trans-cleavage activity assay

For comprehensive analysis of Cas12a2 trans-cleavage activ-
ity, a 10 pl reaction mixture was prepared, consisting of 2 pl
each of RNP complex, target RNA, § x reaction buffer, DEPC-
W, and reporter probe. The final concentrations of RNP, target
RNA, and reporter probe (ssDNA, dsDNA, and RNA) were
all adjusted to 250 nM. The mixture was incubated at 37°C
for 20 min. To optimize the assay conditions, the pH of the re-
action buffer was varied between 7.0 and 9.0 using Tris—HCl,
NaCl concentrations were adjusted from 50 to 250 mM, dif-
ferent cofactors including MgCl,, CoSO4, CaCl,, CuSOy4, and
NiCl, were compared, and the chosen MgCl, concentrations
were adjusted from 0 to 20 mM. Additionally, DTT concen-
trations were varied between 0 and 20 mM, and BSA con-
centrations were tested from 0 to 600 pg/ml. The final buffer
conditions for the reactions at 1x were 50 mM NaCl, 10 mM
Tris—HCI (pH 8), 10 mM MgCl,, 1 mM DTT, 100 pg/ml BSA,
and 5% glycerol. Thermal dependency was assessed over a
temperature range of 25°C-65°C.

For comparative analysis of Cas12a2 and Casl13a trans-
cleavage activity across target BA.1 and XBB.1.9.1, assays
were performed using different reporter nucleic acid types.
Additionally, the impact of the presence or absence of a PFS
on the cleavage efficiency of Cas12a2 and Cas13a was com-
pared. Assay specificity was evaluated by introducing four nu-
cleotide mutations into 24 distinct target sequences. After the
reaction, samples were diluted 10-fold with a buffer contain-
ing 50 mM NaCl and 10 mM Tris—HCI at pH 8.0, and flu-
orescence intensities were measured using Infinite M200 Pro
(Tecan, Miennedorf, Switzerland) with an excitation wave-
length of 488 nm and an emission wavelength of 535 nm, us-
ing black 96-well microplates (Thermo Scientific™) for the
analysis.

For a more rigorous comparative analysis, we employed
two Cas13a orthologs (LwaCas13a and LbuCas13a). Each
crRNA comprised a Casl3a-specific handle sequence and a
spacer region complementary to SARS-CoV-2 RNA. To ensure
equivalency in target recognition, the spacer sequences were
designed to match those of Cas12a2 crRNAs 6, 7, 9, and 10.
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The complete sequences are provided in Supplementary Table
S1. For single crRNA-based comparisons, the experimental
conditions were identical to those used in the previous com-
parative analysis targeting BA.1 and XBB.1.9.1, with the sole
modification that 100 pM of SARS-CoV-2 gRNA was used
as the target in this study. For multiple crRNA-based com-
parative analysis, the SARS-CoV-2 gRNA was serially diluted
10-fold. The diluted SARS-CoV-2 gRNA (1 ul) was combined
with the other reaction components (9 pl), consisting of four
kinds of RNP complex, reaction buffer, DEPC-W, and reporter
probe. The final concentrations used were 20 nM RNP (5 nM
of each RNP), 100 nM reporter, and 1x reaction buffer (50
mM NacCl, 10 mM Tris-HCI, pH 8, 10 mM MgCl,, 1 mM
DTT, 100 pg/ml BSA, and 5% glycerol). Subsequently, the
mixture was incubated at 37°C, and the fluorescence signal
was monitored at 1 min intervals using a CFX Opus 96 RT-
PCR system (Bio-Rad).

The reporter saturation assay was conducted in a total re-
action volume of 30 ul, consisting of 6 ul each of RNP com-
plex, target RNA, 5x reaction buffer, DEPC-W, and reporter
probe. For reporter tests, the final concentrations used were
20 nM RNP, 40 nM target RNA, and 100 nM reporter. Reac-
tions were carried out in 384-well microplates (Thermo Scien-
tific™), and fluorescence measurements were recorded every
minute for a total of 30 min using Infinite M200 Pro (Tecan)
with an excitation wavelength of 488 nm and an emission
wavelength of 535 nm.

Kinetic assays were performed in a total reaction volume of
30 ul, consisting of 6 ul each of RNP complex, target RNA,
5x reaction buffer, DEPC-W, and reporter probe. For assays
using ssDNA or RNA reporters, final concentrations of 500
pM RNP and 1 nM target RNA were used. For dsDNA re-
porters, final concentrations of 25 nM RNP and 50 nM target
RNA were used. Reporter concentrations ranged from 1000
nM to 0 nM, with 10 serial 1/2 dilutions. Reactions were car-
ried out in 384-well plates (Thermo Scientific™), and fluores-
cence measurements were taken every minute for 1 h using
Infinite M200 Pro (Tecan) with an excitation wavelength of
488 nm and an emission wavelength of 535 nm. The fluores-
cence data were then converted into reaction velocities by nu-
merical differentiation. Initial reaction velocities (V) were de-
termined by performing linear fitting on the control-corrected
fluorescence intensity values over the initial time points. The
dependence of V( on substrate concentration [S] was analyzed
by fitting the data to the Michaelis-Menten equation:

Vi [8]
" Km + (S]]

where V.« represents the maximum reaction velocity
(nM/s) and K, is the Michaelis—-Menten constant (nM). Non-
linear regression analysis was performed using the SciPy li-
brary in Python, applying the curve fit function to estimate
Vmax and K, from the experimental data. The coefficient of
determination (R?) was used to assess the goodness of fit. To
ensure the reliability of the estimated kinetic parameters, all
experiments were conducted in triplicate, and the mean values
were used for Michaelis—Menten fitting. The turnover number
(kear) was calculated using the equation:

VmaX
[Enzyme]’

Vo

kcat =

where the enzyme concentration used in the reactions dif-
fered depending on the type of reporter. Specifically, for assays
using ssDNA or RNA reporters, the final enzyme concentra-

tion was 500 pM, while for dsDNA reporters, the final enzyme
concentration was 25 nM.

Selection of optimal crRNAs for SARS-CoV-2
detection using Cas12a2

The wild-type (WT) SARS-CoV-2 gRNA was employed in the
optimization experiment. Single crRNA assay was performed
in a total reaction volume of 10 ul, consisting of 2 ul each of
RNP complex, target RNA, 5x reaction buffer, DEPC-W, and
reporter probe. For this assay, the final concentrations used
were 20 nM RNP, 100 pM target RNA, and 100 nM reporter.
Subsequently, the mixture was incubated at 37°C, and the flu-
orescence signal was monitored at 1 min intervals using a CFX
Opus 96 RT-PCR system (Bio-Rad).

In assays comprising multiple ¢crRNAs, the Casl12a2-
crRNA RNP complexes were separately assembled by incu-
bating for 15 min at 25°C, then combined in the reaction at a
ratio of 1:2 (in 2 RNP combinations), 1:3 (in 3 RNP combina-
tions), 1:4 (in 4 RNP combinations), 1:5 (in 5 RNP combina-
tions), or 1:6 (in 6 RNP combinations) to maintain a constant
total concentration of RNP.

Amplification-free detection of SARS-CoV-2 using
Cas12a2

To assess the sensitivity, the SARS-CoV-2 gRNA was serially
diluted 10-fold. The diluted SARS-CoV-2 gRNA (1 ul) was
combined with the other reaction components (9 ul), consist-
ing of four kinds of RNP complex, reaction buffer, DEPC-W,
and reporter probe. The final concentrations used were 20 nM
RNP (5 nM of each RNP), 100 nM reporter, and 1x reaction
buffer (50 mM NaCl, 10 mM Tris—-HCI, pH 8, 10 mM MgCl,,
1 mM DTT, 100 pg/ml BSA, and 5% glycerol). Subsequently,
the mixture was incubated at 37°C, and the fluorescence sig-
nal was monitored at 1 min intervals using a CFX Opus 96
RT-PCR system (Bio-Rad).

To assess the universality and specificity, a variety of SARS-
CoV-2 strains and non-SARS-CoV-2 strains (HCoV-NL63,
MERS-CoV, HCoV-OC43, HCoV-229E, H3N2, and HCoV-
HKU1) were employed in accordance with the aforemen-
tioned protocol. The concentration of each virus sample was
10 pM.

Diagnosis of COVID-19 using amplification-free
Cas12a2 assay

A total of 277 clinical specimens (nasopharyngeal swabs)
from individuals suspected of having SARS-CoV-2 infection
were obtained from Gyeongsang National University College
of Medicine and stored in universal transport media at —70°C.
The viral RNA was extracted using the ExiPrep™ 96 Viral
DNA/RNA Kit (Bioneer) with the Bioneer extractor system
in accordance with the manufacturer’s instructions. For the
RNA extraction-free test, 5 pl of the clinical sample was mixed
with 2 ul of 5x lysis buffer [500 mM Tris=HCIL,pH 8,25 mM
ethylenediaminetetraacetic acid (EDTA), and 500 mM Tris(2-
carboxyethyl)phosphine (TCEP)] and 3 ul of DEPC-W, then
the sample was reacted at 55°C for § min and 95°C for 5 min.
The extracted RNA or lysed solution (1 ul) was combined
with the reaction components (9 ul) and incubated follow-
ing the aforementioned protocol. The fluorescence signal was
measured using a CFX Opus 96 RT-PCR system (Bio-Rad)
or the portable isothermal nucleic acid amplification device
(Revosketch, Daejeon, Korea).
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For the blinded evaluation, 40 de-identified clinical sam-
ples were newly obtained from Gyeongsang National Univer-
sity College of Medicine. Viral RNA was extracted follow-
ing the same protocol used in the previous diagnostic assess-
ments. The Cas12a2 assay was then performed on these sam-
ples, and the results were interpreted independently, without
prior knowledge of the corresponding PCR outcomes. To fa-
cilitate a comparative analysis of this detection platform, a
PCR was conducted using the Takara One-Step TB Green®
PrimeScriptTM RT-PCR Kit II, in accordance with the pro-
tocol delineated by the manufacturer. In brief, the extracted
RNA (2 pl) was combined with a reaction mixture (18 pl)
comprising a gene-specific primer set (0.5 uM each), 1x One
Step TB Green RT-PCR Buffer, and PrimeScript 1 Step En-
zyme Mix. The samples were initially reverse transcribed for
a period of 5 min at 42°C, after which they were amplified by
means of a PCR procedure comprising 39 cycles. Each cycle
consisted of a § s period at 95°C, followed by a 30 s period at
60°C. The fluorescence intensities of the samples were mea-
sured at each cycle using a CFX96 Real-Time System (Bio-
Rad) based on MIQE guidelines [15]. The MIQE checklist is
provided in Supplementary Table S2.

Results

Comprehensive analysis of Cas12a2 trans-cleavage
activity

Cas12a2 is characterized by its strict dependence on PFS
and its ability to indiscriminately degrade a variety of nu-
cleic acid substrates (ssDNA, dsDNA, and RNA) upon tar-
get RNA-mediated activation (Fig. 1A) [14]. To investigate
the trans-cleavage activity of Cas12a2 in detail, we performed
evaluations for each substrate under various reaction condi-
tions. These evaluations provided insights into the substrate-
specific catalytic activity of Casl12a2. Consequently, these
evaluations enabled the optimization of biochemical condi-
tions for Cas12a2 and the development of a highly sensitive,
amplification-free RNA detection platform.

Initially, we investigated the PFS dependence of Cas12a2
by polyacrylamide gel electrophoresis analysis and found
that only purine (adenine, guanine) PFS sequences can in-
duce trans-cleavage activity, whereas pyrimidine (uracil) PFS
sequences or the absence of PFS did not activate Cas12a2
(Fig. 1B and C). Subsequently, we quantitatively assessed the
substrate-specific degradation activity of Cas12a2 under var-
ious conditions using fluorescence-based assays with FAM
and quencher-labeled nucleic acid substrates. Initial observa-
tions indicated that pH exhibited a marginal effect on the
substrate preference of Cas12a2, with ssDNA activity peak-
ing at pH 7.5-8.0, dsDNA activity increasing up to pH 9.0,
and RNA activity remaining stable over pH 7.0-9.0 (Fig. 1D
and Supplementary Fig. S1A). Furthermore, an analysis of
ion strength demonstrated that Cas12a2 exhibited signifi-
cant activity even at physiological salt concentrations (~154
mM NaCl), with a modest decline in cleavage efficiency
at higher salt concentrations (Fig. 1E and Supplementary
Fig. S1B). In addition, an essential role of the Mg?*t ion in
Cas12a2 activity was identified, with trans-cleavage activity
saturating at Mg?* concentrations above S mM (Fig. 1F and
Supplementary Fig. S1C and D). The presence of the reducing
agent DTT enhanced trans-cleavage activity for all substrates,
especially RNA cleavage, suggesting the importance of main-
taining reduced cysteine residues for optimal Cas12a2 func-
tion (Fig. 1G and Supplementary Fig. S2A). The supplemen-

tation of BSA led to a significant enhancement in Cas12a2 ac-
tivity, with optimal cleavage observed at concentrations above
100 pg/ml (Fig. 1H and Supplementary Fig. S2B). The temper-
ature stability assay demonstrated robust frans-cleavage ac-
tivity of Cas12a2 over a wide range (25°C-65°C) (Fig. 11 and
Supplementary Fig. S2C). This broad thermal stability empha-
sizes the potential application of Cas12a2 in a variety of di-
agnostic settings.

Under the optimized Cas12a2 conditions (Supplementary
Table S3), time-course analysis revealed rapid degradation of
both ssDNA and RNA, with fluorescence signals reaching sat-
uration within 3 min. In contrast, dSDNA exhibited slower
reaction kinetics (Fig. 1]). The results of the kinetic analysis
demonstrated that Cas12a2 exhibited the highest catalytic ef-
ficiency (kca/Km) for ssDNA (8.66 x 10° M~1s~1), followed
by RNA (4.85 x 10° M~'s~1), and the lowest efficiency for ds-
DNA (1.64 x 10* M~'s~1). It is noteworthy that dsDNA ex-
hibited the highest substrate affinity (K;,, = 61.01 nM), yet the
lowest maximum reaction rate (V. = 0.033 nM/s) (Fig. 1K
and L). These observations suggest that Cas12a2 exhibits a
pronounced preference for single-stranded nucleic acids, par-
ticularly ssDNA, and imply potential structural constraints in
processing dsDNA substrates. This distinctive substrate speci-
ficity profile offers insights into the unique molecular mech-
anism of Cas12a2 and its potential biotechnological applica-
tions.

Comparative analysis of Cas12a2 and Cas13a
trans-cleavage activities and effect of target RNA
mismatch on Cas12a2 trans-cleavage efficiency

To elucidate the functional distinctions between RNA-
targeting CRISPR/Cas systems, a comparative analysis of
Cas12a2 and Casl3a trams-cleavage activities was con-
ducted. In this experiment, two target RNAs originating from
the SARS-CoV-2 BA.1 and XBB.1.9.1 variants were used
(Supplementary Table S1). Cas12a2 exhibited robust cleav-
age activity across various substrate types, including ssDNA,
dsDNA, and RNA in both target RNAs, with the peak effi-
ciencies observed in ssDNA and RNA (Fig. 2A and B, and
Supplementary Fig. S3A). In contrast, Cas13a exhibited cleav-
age activity exclusively on RNA substrates when the same tar-
get RNAs were present, with negligible activity against DNA
reporters (Fig. 2A and B, and Supplementary Fig. S3B). In-
triguingly, Cas12a2 exhibited a stronger fluorescence signal
than Casl13a for the same target RNA. This suggests that
Cas12a2 may provide better sensitivity compared to Casl13a,
which is the most widely used protein for CRISPR-based
RNA detection [16]. The effect of PFS on the activity of
these two enzymes was also analyzed (Fig. 2C and D, and
Supplementary Fig. S3C). It was found that, in the presence
of PFS, Cas12a2 exhibited a significant enhancement of trans-
cleavage activity. In contrast, Cas13a activity showed mini-
mal PFS dependence, with ~1.3-fold higher activity when the
target RNA had a PFS compared to when it did not. Collec-
tively, these observations offer insights into the selection of
target RNA sequences and the type of substrates for the opti-
mal Cas12a2 function.

Subsequently, a systematic examination was conducted to
assess the tolerance of Cas12a2 to mismatches within its tar-
get sequence (Fig. 2E and F, and Supplementary Fig. S4). F
value is the fluorescence intensity in the presence of the target
RNA and F value is the fluorescence intensity in the absence
of the target RNA. For target BA.1, Cas12a2 exhibited the
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Figure 1. Comprehensive analysis of Cas12a2 trans-cleavage activity. (A) Schematic representation of Cas12a2 showing the binding of crRNA with
target RNA and the trans-cleavage of various nucleic acid substrates (ssDNA, dsDNA, RNA). (B) Schematic representation of target RNA sequences and
their respective mutations for Cas12a2 activation. The WT sequence (Target |), mutated variants (Target Il), and no PFS sequence (Target Ill) are shown,
illustrating how the target RNA sequence was altered to assess its impact on Cas12a2 activity. (C) Gel electrophoresis results showing the cleavage
activity of Cas12a2 for ssDNA (left), dsDNA (middle), and RNA (right) substrates with different target RNA sequences (Target |, Il, and Ill). Purine PFS
sequences are the sole agents capable of inducing trans-cleavage activity. Pyrimidine PFS sequences and the absence of PFS do not elicit activation of
Cas12a2. Trans-cleavage efficiency of Cas12a2 under different buffer conditions of (D) pH, (E) salt concentration, (F) divalent metal ions, (G) DTT
concentration, (H) BSA concentration, and (I) temperature. The activity of the enzyme with ssDNA, dsDNA, and RNA substrates is indicated by distinct
colored fluorescence signals (orange for ssDNA, red for dsDNA, and blue for RNA). The mean fluorescence intensities from three technical replicates
are represented as bars and individual dots indicate raw fluorescence data from each experiment. Error bars indicate standard deviations. (J)
Fluorescence intensity curves over time, demonstrating Cas12a2 trans-cleavage activity on different types of substrates. (K) Michaelis-Menten kinetics
curves for different substrates. The mean values from three technical replicates are represented as circles and error bars indicate standard deviations.
(L) The kinetic parameters (Vinax, K, Kcat, and keat/Kn) obtained from the Michaelis—Menten analysis in (k), providing quantitative insight into the catalytic
efficiency of Cas12a2 for each substrate type.
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Figure 2. Comparative analysis of Cas12a2 and Cas13a Trans-cleavage activities and effect of target RNA mismatch on Cas12a2 Trans-cleavage
efficiency. Bar graphs represent the trans-cleavage activity of Cas12a2 and Cas13a on different substrates (ssDNA, dsDNA, and RNA) for target (A) BA.1
and (B) XBB.1.9.1. Cas12a2 is shown in purple and Cas13a is in green. The mean fluorescence intensities from three technical replicates are represented
as bars and individual dots indicate raw fluorescence data from each experiment. Error bars indicate standard deviations. Examination of the PFS
dependency for Cas12a2 and Cas13a trans-cleavage activities, using target (C) BA.1 and (D) XBB.1.9.1. Cas12a2 is shown in purple and Cas13a is in
green. The mean fluorescence intensities from three technical replicates are represented as bars and individual dots indicate raw fluorescence data
from each experiment. Error bars indicate standard deviations. (E, F) Effect of target RNA mismatch on Cas12a2 trans-cleavage efficiency. PM and MM
indicate the perfect match and mismatched target RNA, respectively. Red text in left panels indicates the mutations introduced into the target (E) BA.1
and (F) XBB.1.9.1 sequence. Bar graphs (right panel) indicate the impact of mutations in the target (E) BA.1 and (F) XBB.1.9.1 on Cas12a2 trans-cleavage
activity. F/Fq value represents the relative differences, calculated by dividing the fluorescence with a target by the fluorescence without a target. The
mean F/Fg value from three technical replicates are represented as bars and individual dots indicate raw fluorescence data from each experiment. Error

bars indicate standard deviations.

highest F/F; value for the ssDNA reporter when the crRNA
exhibited a perfect match (PM) to the target sequence. More
importantly, the decrease in fluorescence intensity due to se-
quence mismatch (MM) between the crRNA and target RNA
was more pronounced closer to PFS, and #rans-cleavage activ-
ity was completely suppressed in the MM4, MMS, and MM6
regions. When target XBB.1.9.1 was used, a similar pattern
was observed. We further evaluated the mismatch tolerance of
Cas13a using a setup identical to the Cas12a2 assay against
XBB.1.9.1 (Supplementary Fig. S5). MM1-5 suppressed the
trans-cleavage activity of Cas13a, while MM6 caused only
a slight reduction. This pattern of suppression differs sig-
nificantly from that of Cas12a2. These findings suggest that

Cas13a lacks a PFS recognition mechanism and relies exclu-
sively on direct crRNA~target RNA complementarity, particu-
larly within the seed region. This highlights the importance of
careful crRNA design for Cas-protein-based sequence-specific
target recognition.

Amplification-free detection of SARS-CoV-2 using
Cas12a2

Based on the optimized Cas12a2 reaction conditions, we
tried to develop the amplification-free detection method for
SARS-CoV-2 gRNA. Initially, the regions of the SARS-CoV-2
genome, where the PFS sequence of Cas12a2 is present, were
identified. Then, 11 target regions were randomly selected
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(Fig. 3A). Subsequently, we designed crRNAs for each tar-
get region and used the 11 Cas12a2/crRNAs to detect SARS-
CoV-2 gRNA (100 pM), respectively (Supplementary Fig. S6).
Briefly, SARS-CoV-2 gRNA was mixed with Cas12a2/crRNA
and ssDNA reporter probe, and the mixture was incubated
under fluorescence monitoring. The results demonstrated that
all Cas12a2/crRNA systems exhibited enhanced fluorescence
signals in the presence of SARS-CoV-2 gRNA. However, it
remained challenging to reliably detect picomolar levels of
SARS-CoV-2 gRNA using a single type of Cas12a2/crRNA.
Therefore, we decided to increase the sensitivity of viral RNA
detection by incorporating multiple crRNAs (Fig. 3B). Previ-
ous literature has shown that multiple Cas/crRNA RNPs can
bind to different regions within a single target RNA to in-
crease detection sensitivity [17]. We adopted this strategy for
amplification-free RNA detection using Cas12a2.

For the selection of optimal crRNAs for SARS-CoV-2 de-
tection using Cas12a2, we meticulously investigated the com-
bination of crRNAs. Initially, crRNAs 5 and 11 were excluded
due to their weak fluorescence signal intensity and large stan-
dard deviation in RNA detection (Supplementary Fig. S7).
The remaining nine crRNAs were then evaluated for their vi-
ral RNA detection performance by combining them in pairs
(Fig. 3C and Supplementary Figs S8 and S9). The results
demonstrated that combinations containing crRNA 6, 7, 9,
or 10 exhibited high average fluorescence change (AVG F/F)
values in the presence (F) or absence (Fy) of SARS-CoV-2
gRNA. Conversely, the combination containing crRNA 8 ex-
hibited the lowest AVG F/Fy value, therefore, crRNA 8 was
excluded from the subsequent optimization process. Next, we
performed SARS-CoV-2 gRNA detection experiments with
three combinations of eight crRNAs in a similar manner to the
previous experiment (Fig. 3D and Supplementary Figs S10 and
S11). Analogous to the double crRNA combination test result,
the combination containing crRNAs 6, 7, 9, and 10 exhibited
the most significant average fluorescence change between the
presence and absence of RNA. The combinations containing
crRNAs 1 and 2 demonstrated substantially lower AVG F/F
values and were thus excluded from further testing.

With the exception of crRNAs 1, 2, 5, 8, and 11, the re-
maining six crRNAs were evaluated in combinations of 4,
5, and 6, respectively (Fig. 3E and Supplementary Fig. $12).
The outcomes of the tests demonstrated the higher F/Fy val-
ues with five or six crRNA combinations than with four cr-
RNA combinations. This phenomenon can be attributed to
the activation of more Cas12a2 collateral cleavage with an
increased number of crRNAs, resulting in an enhancement
of the fluorescence signal [18-20]. However, the most effec-
tive combination for the detection of SARS-CoV-2 RNA was
found to be that consisting of only crRNAs 6, 7, 9, and 10.
The high #rans-cleavage efficiency of these crRNAs was con-
sistently demonstrated in all tests conducted. Consequently,
the decision was taken to proceed with the amplification-free
detection of SARS-CoV-2 gRNA using these four crRNA com-
binations.

Lastly, a comparative analysis for all combinations of the se-
lected crRNAs 6, 7, 9, and 10 was conducted (Supplementary
Fig. S13). The highest F/Fy values were obtained when all
four crRNAs were used simultaneously. Notably, while the
single Cas12a2/crRNA allowed detection of up to 4 pM
of viral RNA (Supplementary Fig. S14), the quadruplex
Cas12a2/crRNA assay allowed detection of RNA at concen-
trations as low as 1 fM (Fig. 4A and B). To further explore

the quantitative detection capability of the amplification-
free Casl12a2 assay, we plotted the fluorescence signal as a
logarithmic function of SARS-CoV-2 gRNA concentration
(Fig. 4C). The resultant plot exhibited a linear relationship
(R? = 0.99), and the LOD was calculated to be 46.7 aM. This
sensitivity is superior to the existing Cas13a-based RNA de-
tection methods (Supplementary Table S4) [17, 19, 21-25].
The sensitivity of Cas12a2 assay is even comparable to the nu-
cleic acid amplification combined Cas assays (Supplementary
Table S5) [26-33].

To evaluate the versatility and specificity of the devel-
oped assay, experiments were performed with different SARS-
CoV-2 variants (WT, beta, zeta, epsilon, eta, iota, gamma,
kappa, delta, mu, BA.1.1, BA.2, XBB, BA.2.3.20, XBA.2.75.5,
XAY.1, XBC, BN.1, XBB.1.5, CH.1.1, XBJ, XBE, XBK, CJ.1,
XBB.1.9.1, and XBB.1.16), human coronaviruses (NL63,
XOC43, 229E, and HKU1), influenza virus (H3N2), and
MERS-CoV. As shown in Fig. 4D, all types of SARS-CoV-2
viruses showed high fluorescence signals, while other viruses
showed weak fluorescence signals similar to the negative
control. This suggests that the developed platform possesses
the capability to selectively detect SARS-CoV-2 genes. A
comparison was conducted between the amplification-free
Cas12a2 assay and PCR for the detection of SARS-CoV-2
variants. A strong correlation was observed between fluores-
cence and Cy—C; values for all types of SARS-CoV-2 viruses
(Supplementary Fig. S15). Cy represents the cycle threshold
for NC and C; denotes the cycle threshold for SARS-CoV-2.
Overall, the Cas12a2 assay can detect SARS-CoV-2 variants
versatilely but no other viruses, as the selected crRNA is de-
signed to target conserved gene regions of SARS-CoV-2.

Diagnosis of COVID-19 using amplification-free
Cas12a2 assay

An amplification-free Cas12a2 RNA assay was used to detect
SARS-CoV-2 in clinical samples. Between the third quarter of
2022 and the fourth quarter of 2023, a total of 245 nasopha-
ryngeal swab samples were collected, stored at —70°C, and
applied to the assay (Fig. 5A). The Cas12a2 assay accurately
identified the clinical samples as either positive (158 samples)
or negative (87 samples) for SARS-CoV-2, proving its capac-
ity for precise diagnosis of SARS-CoV-2 infection (Fig. 5B).
The receiver operating characteristic (ROC) curve, a statis-
tical tool used to assess the performance of diagnostic tests,
revealed an area under the curve (AUC) value of 1.000, indi-
cating the assay’s remarkable accuracy in identifying patient
infection status (Fig. 5C). A comparison was made between
the fluorescence intensity of the amplification-free Cas12a2
assay obtained for all clinical samples and the C; value of RT-
PCR (Fig. 5D). The resultant data revealed an inverse corre-
lation between the fluorescence signal value and the C; value.
Considering that the C, values increase as the amount of viral
RNA decreases, this result proves that the Cas12a2-based as-
say exhibits a diagnostic performance comparable to that of
RT-PCR, the gold standard for virus diagnosis [34]. In addi-
tion, a comparison was made of the diagnostic results accord-
ing to the period at which the clinical samples were collected.
As demonstrated in Fig. SE, the diagnostic results obtained
through RT-PCR in hospital and the results obtained through
the Cas12a2 platform were 100% consistent, irrespective of
the clinical samples collected period. However, a negative cor-
relation was found between the average fluorescence signal
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Figure 3. Selection of optimal crRNAs for SARS-CoV-2 detection using Cas12a2. (A) Sequence of 11 crRNAs for SARS-CoV-2 RNA detection. (B)
Schematic representation of amplification-free SARS-CoV-2 RNA detection using a single Cas12a2/crRNA (upper) and multiple Cas12a2/crRNAs (lower).
(C) Heatmap showing the relative fluorescence signals for SARS-CoV-2 RNA detection with different pairs of nine crRNAs (1, 2, 3, 4, 6, 7 8, 9, and 10).
F/Fq value represents the relative differences, calculated by dividing the fluorescence with viral RNA by the fluorescence without viral RNA. The mean
fluorescence intensities of three technical replicates are used. AVG denotes the mean F/Fg values of the data in each column, showing that the
combination containing crRNA 8 had the lowest value. (D) Heatmap showing the relative fluorescence signals for SARS-CoV-2 RNA detection with three
combinations of eight crRNAs (1, 2, 3, 4, 6, 7. 9, and 10). F/Fq value represents the relative differences, calculated by dividing the fluorescence with viral
RNA by the fluorescence without viral RNA. The mean fluorescence intensities of three technical replicates are used. AVG denotes the mean F/Fg
values of the data in each column, showing that the combinations containing crRNAs 1 and 2 had substantially lower values. (E) Evaluation of 6 crRNAs
(3,4, 6,79, and 10) in combinations of 4, 5, and 6 to detect SARS-CoV-2 RNA. crRNAs 6, 7, 9, and 10 were selected as optimal for SARS-CoV-2 RNA
detection. Fluorescence intensities are shown in the bar graphs (left y axis) in the presence (filled bars) or absence (unfilled bars) of SARS-CoV-2 RNA,
while fold-changes normalized to samples without viral RNA are presented in the line graph (right y axis). NC denotes the negative control. Error bars
represent the standard deviation from three independent replicates.
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Figure 4. Amplification-free detection of SARS-CoV-2 using Cas12a2. (A) Schematic representation of amplification-free SARS-CoV-2 detection using
Cas12a2-based assay. (B) Plot of fluorescence versus the concentration of SARS-CoV-2 gRNA (1 fM, 10 fM, 100 fM, 1 pM, 1.34 pM, 2pM, 4 pM, and 10
pM). The mean fluorescence intensities from three technical replicates are represented as bars and individual dots indicate raw fluorescence data from
each experiment. Error bars indicate standard deviations. (C) Correlation of fluorescence to the logarithm of SARS-CoV-2 gRNA concentration. Red line is

linear fit, indicating LOD of 46.7 aM [LOD =

(y intercept — LOB)/slope, LOB = mean of blank + 1.645 x (standard deviation of blank + standard

deviation of 1 fM)]. The mean fluorescence intensities from three technical replicates are represented as circles. Error bars indicate the standard
deviation. (D) Plot of fluorescence intensity versus the type of virus. Twenty-six SARS-CoV-2 variants showed high fluorescence signals, while other
viruses showed weak signals. Dashed black line indicates the cut-off intensity calculated by the mean value of NC + 3 x mean standard deviation of NC.
The mean fluorescence intensities from three technical replicates are represented as bars and individual dots indicate raw fluorescence data from each

experiment. Error bars indicate standard deviations.

and the collection time, with older samples exhibiting lower
fluorescence signal values (Fig. SF). As proven above (Fig. 4D),
the fluorescence signal of the Cas12a2 assay remains stable
across different viral variants. Therefore, the observed de-
crease in the fluorescence signal with prolonged storage du-
ration can be attributed to sample degradation. Importantly,
negative samples exhibited no time-dependent change in flu-
orescence, whereas positive samples archived for longer du-
rations showed reduced signals. This pattern indicates loss of
target RNA during extended storage rather than assay drift.

To ensure accurate diagnosis of infectious diseases, it is imper-
ative to perform diagnostic tests promptly after sample collec-
tion [35].

To further validate the clinical performance of the as-
say, an additional blinded evaluation was conducted using
40 de-identified clinical samples. The results demonstrated
100% concordance between the Cas12a2 assay and RT-
PCR outcomes, indicating that the assay can deliver accu-
rate and unbiased diagnostic results under blinded conditions
(Supplementary Fig. S16). The Cas12a2-based RNA detection
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Figure 5. Diagnosis of COVID-19 using amplification-free Cas12a2 assay. (A) Schematic representation of COVID-19 diagnosis using amplification-free
Cas12a2 assay. (B) Plot of fluorescence intensity versus 245 nasopharyngeal swab samples. Positively diagnosed samples showed high fluorescence
signals (red), while negatively diagnosed samples showed weak signals (black). Dashed black line indicates the cut-off intensity calculated by the mean
value of negatively diagnosed samples + 3 x mean standard deviation of negatively diagnosed samples. The mean fluorescence intensities from three
technical replicates are represented as bars and individual dots indicate raw fluorescence data from each experiment. Error bars indicate standard
deviations. (C) ROC curves generated from the diagnostic results of clinical samples. Clinical sensitivity and specificity are 100% and 100%,
respectively. (D) Comparative plot of fluorescence intensity (red) and C; value (blue) versus the positive diagnosed samples. The mean fluorescence
intensities from three technical replicates are represented as bars and individual dots indicate raw fluorescence data from each experiment (left y axis).
The mean C; values from three technical replicates are presented as bars and individual dots indicate raw data from each experiment (right y axis). (E)
Diagnostic results of clinical samples using amplification-free Cas12a2 assay. Positive predictive agreement and negative predictive agreement are
based on the clinical decision of the hospital. (F) Box-and-whisker plot of the diagnostic results of clinical samples using amplification-free Cas12a2
assay. The central box spans from the first quartile (Q1) to the third quartile (Q3), with a horizontal line at the median (Q2). Whiskers extend to the 5th
and 95th percentiles, representing the range of most data points.
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method has the potential to serve as a valuable diagnostic plat-
form for infectious diseases, as it facilitates straightforward
RNA detection without the need for gene amplification.

Discussion

This study establishes Cas12a2 as a transformative platform
for direct RNA detection, underpinned by its molecular mech-
anisms and substrate versatility. The dual regulatory mecha-
nism of Cas12a2, which combines crRNA-target complemen-
tarity with purine-rich PFS dependency, distinguishes it from
other CRISPR systems, such as the PFS-independent RNA tar-
geting of Casl13a [36] and the protospacer adjacent motif-
dependent mechanisms of Cas9 [37] and Cas12a [38]. This
distinct feature, coupled with robust enzymatic stability across
a wide range of physiological conditions (pH 7.0-9.0, salt
concentrations up to 250 mM NaCl, and temperatures from
25°C-65°C), could position Cas12a2 as an efficient tool for
molecular diagnostics.

A major advancement in this study is the implementation
of a quadruple-crRNA system, which achieves sub-attomolar
sensitivity without the need for amplification steps. This rep-
resents a substantial improvement over single-crRNA ap-
proaches, achieving a sensitivity enhancement of up to 1000-
fold. Notably, the experimental results demonstrated that sen-
sitivity improved as the number of crRNA combinations in-
creased from one to six, with the exception of the four spe-
cific crRNAs combination (6, 7, 9, and 10). Given that the
only variable other than the number of crRNA is the sequence
of the crRNA, it was hypothesized that improvement in sen-
sitivity could be attributed to the change in thermodynamic
properties caused by the difference in sequence. To verify this
hypothesis, the GC content, melting temperature, Delta G,
and the number of U bases in the entire target recognition se-
quence of each crRNA were examined. Upon comparison of
these characteristics, no significant difference in the Delta G
value was detected, however, higher values of GC content and
melting temperature were observed in the four specific combi-
nations employed (Supplementary Table S6). Furthermore, a
comparison of the thermodynamic properties of more signif-
icant regions was deemed worthwhile. We hypothesized that
the MM4, 5, and 6 sequences (Fig. 2) might also exert a sub-
stantial influence on enhancing sensitivity. To this end, we con-
ducted a subsequent analysis of the thermodynamic properties
of the 12 bases from the 3’ end of the crRNA corresponding
to MM4, MMS, and MM&é. The analysis revealed that the GC
content and melting temperature were elevated in the optimal
crRNA combination, and the number of U bases was notably
high (Supplementary Table S7). While this finding alone does
not provide a definitive explanation for the superiority of a
specific combination of crRNAs, further research of the influ-
ence of U base and identifying the relevant interactions may
establish the foundation that could enhance diagnostic perfor-
mance.

Another key finding of this study is that Casl12a2 ex-
hibits superior performance compared to Casl3a. Previous
attempts to enhance detection without nucleic acid amplifica-
tion, including Cas13a-based multiple crRNA targeting strate-
gies [17, 22], have shown limited clinical utility. These meth-
ods consistently fail to detect samples with C; values above
22 [17], underscoring the need for sensitive detection sys-
tems. In this context, the Cas12a2 platform addresses these
limitations by offering high sensitivity, providing accurate

diagnosis of COVID-19. Its superior performance was fur-
ther substantiated through direct head-to-head comparisons
with two Cas13a orthologs, LbuCas13a and LwaCas13a. For
these assays, four newly designed crRNAs were employed,
each targeting the same genomic regions as Cas12a2 crRNAs
6, 7, 9, and 10, respectively. Initially, three kinds of single
crRNA approaches were compared with WT SARS-CoV-2
gRNA as the target. In all cases, the Cas12a2 system exhibited
higher F/Fy fold changes relative to both Cas13a orthologs
(Supplementary Fig. S17). Consistent results were obtained
in the assays employing four crRNAs simultaneously, where
the Cas12a2 platform demonstrated ~100-fold greater sen-
sitivity than LwaCas13a and 10-fold greater sensitivity than
LbuCas13a (Supplementary Fig. S18). Moreover, the strate-
gic design of crRNAs targeting highly conserved genomic re-
gions enabled versatile detection across 26 SARS-CoV-2 vari-
ants. Comprehensive clinical validation spanning Q3 2022 to
Q4 2023 demonstrated excellent diagnostic accuracy, despite
the emergence of 13 distinct viral variants in the period [39].
These features underscore its potential for widespread appli-
cation in clinical diagnostics and further public health surveil-
lance.

Statistical validation of clinical studies can establish the
clinical utility of the diagnostic platform. In this regard, cross-
validation was conducted using a modified version of the
Python script. For this validation, the dataset comprising 245
clinical samples was partitioned into six folds, and ROC
curves were generated for each fold as well as for the aggre-
gated mean. The results showed an average AUC of 0.9949
for the mean ROC curve, while each individual fold yielded
an AUC of 1.0000 (Supplementary Fig. S19). This slight dis-
crepancy is attributable to interpolation steps employed dur-
ing cross-validation, which allow for more precise estimation
of the AUC. To further ensure statistical robustness of our as-
say, we assessed whether the clinical sample size was sufficient
to substantiate claims of clinical utility. Sample adequacy was
evaluated in accordance with relevant U.S. Food and Drug Ad-
ministration (FDA) guidance for diagnostic accuracy studies
and through prospective calculations using MedCalc (Med-
Calc Software Ltd.) [40, 41]. Notably, the 245 clinical samples
analyzed in this study exceed both the minimum sample size of
120 recommended by the U.S. FDA for diagnostic evaluations
and the required sample size of 95 calculated using conserva-
tive assumptions in the MedCalc statistical software (Type 1
error = 0.01, Type Il error = 0.01, expected AUC = 0.75, null
hypothesis AUC = 0.5, and a negative-to-positive sample ra-
tio of 0.55). Collectively, these analyses highlight the potential
of our assay for broad implementation in clinical diagnostics
and public health surveillance.

In molecular diagnostics, a challenge lies in adapting assays
for point-of-care testing by simplifying or integrating the en-
tire detection process. To address this, we evaluated the po-
tential of Cas12a2 assay to streamline the detection steps.
First, we assessed the feasibility of bypassing nucleic acid
extraction. We demonstrated that RNA can be directly de-
tected from clinical samples pretreated with TCEP and EDTA,
thereby eliminating the need for kit-based RNA extraction
(Supplementary Fig. S20). Second, we investigated the appli-
cability of the assay for use in portable diagnostic platforms.
The results showed that the assay can be successfully inte-
grated into portable devices for the detection of clinical sam-
ples (Supplementary Fig. S21). Overall, this Cas12a2-based
approach simplifies diagnostic workflows, reduces the risk of
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contamination, and shortens detection times, making it well
suited for point-of-care testing applications.

Despite the encouraging results, there are several aspects
that require further investigation to maximize the diagnos-
tic utility of Cas12a2. Further structural analysis of the
Cas12a2/multi-crRNAs complexes may elucidate the molec-
ular basis of the observed activation, which could pave the
way for the rational design of crRNAs, tailored to optimize
target site accessibility and enhance cleavage efficiency. Fur-
thermore, the broad nuclease specificity of Cas12a2, which
enables its use with both DNA and RNA substrates, presents
opportunities for the development of various molecular diag-
nostic strategies.
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